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Abstract

In this thesis we explore two distinct topics: a unique model of one dimensional
chemistry and the development of the generalised local density approximation.

The specific one dimensional system we study is one in which three dimensional
particles, both electrons and nuclei, have been strictly confined to move on a line.
This means we retain the Coulomb interaction of the three dimensional particles.
This is problematic, the singularity of this interaction is exceptionally strong in one
dimension and requires special techniques be used to circumvent it.

In our study we employ the Dirichlet boundary conditions, which require the
wavefunction to vanish whenever two particles touch. This brings some severe
consequences including, most controversially, that the nuclei are impenetrable to the
electrons. However it does permit finite binding energies of electrons to nuclei and
has a number of unique features which make it an interesting system to study for
insight into electron behaviour.

Here we explore the mechanics of chemistry within this model. We construct an
unusual periodic table for one dimensional elements and explore the mechanisms by
which they bind into molecules. Ultimately, we are able to develop a set of simple
rules with which one can easily predict the outcome of a reaction in this unique
model.

The generalised local density approximation is a new method for constructing
density functional approximations. The local density approximation, the most
simplistic of all density functionals, is built off the properties of the infinite uniform
electron gas and as result replicates them exactly. It is also possible to construct
finite uniform electron gases and, contrary to expectations, the regular local density
approximation is unable to model these finite gases correctly.

The generalised local density approximation incorporates these finite gases into its
construction. We account for their differences from the infinite gases by introducing
a new parameter which measures the proximity of electrons at a point in space.
We can then construct a correlation functional for one dimensional systems using a

method which closely resembles that used for previous local density approximations.
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Because of the definition of the new parameter, one would formally consider this
functional to be a meta-GGA functional. However it retains the exceptionally simple
form of a local density approximation.

This new functional is observed to have greatly improved accuracy compared to
the standard local density approximation when tested against a variety of systems,
including reactions of the one dimensional molecules identified earlier. Although we
only construct a one dimensional functional here, the method is easily generalised to

other dimensions.
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Chapter 1

Introduction

1.1 Quantum chemistry

With the advent of quantum mechanics in the early twentieth century chemists
gained the necessary physical and mathematical tools to predict the outcome of many
chemical processes from first principles. The computational demands of this problem
are so immense that it has taken considerable time for this to become an attractive
exercise. The advances in both technology and theoretical understanding that have
occurred since have lead to this becoming a significant feature of the modern study
of chemistry.

Unfortunately, many chemical systems remain well outside the reach of modern
theoretical methods. And so extensive research still continues into the improvement
of these methods. In this thesis we will explore two main topics which relate to such
developments.

Our first topic concerns a newly defined model chemistry. Within this model are
some unique features that may allow for new insights into the behaviour of particles
in chemical systems. The second topic involves the initial development of a method
which builds upon one of the oldest and simplest. This construction takes a new
direction from the work preceding it which may also offer new insights and act as a
new base for further development.

Before we discuss these topics we will present some of the necessary background

to their discussion.

1.1.1 The Schrodinger wave equation

Within the field of quantum chemistry Schrodinger’s wave equation [I} 2] is the

dominant formulation of quantum mechanics. For our purposes we need only consider
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the time-independent equation, which can be given as
HVU = EV (1.1)

where we have adopted atomic units, which will be used throughout this thesis unless
otherwise stated. This simple equation hides a wealth of complexity. In order to
observe this let us examine what the components of the equation are.

The Hamiltonian operator, H, describes the energetic components of the system.
Most importantly it contains terms which describe the kinetic and potential energies
of a particle in the system being considered. In a complete treatment of a quantum
system it is not limited to this, and may, for example, contain terms which describe
the interaction of the particles with an external field. Such quantities will play only
a small role throughout the remainder of this thesis. Removing them leaves us with

the following Hamiltonian

H=T,+Tx+ Ve + Von + Vun (1.2)

T. and Ty are operators which describe the kinetic energies of the electrons and
nuclei respectively, while Vee, V; ~ and VN n describe the potential energy from the
interaction between electrons, electrons and nuclei and between nuclei.

The other key component of the Schrodinger wave equation is W, the wavefunction.
This is a high dimensional function which completely describes the quantum state of
all the particles present within the system. In principle, with the knowledge of this
object it is possible to determine any physical property of the system.

Finally, the E in the wave equation is simply the total energy of the system, a
scalar quantity. Hence the equation describes what is known as an eigenproblem. We
begin with knowledge of H, which can be constructed for a given system of particles.
From this we search for a function ¥ which when acted upon by H will be unchanged
apart from a constant factor.

Unfortunately, despite such problems being widely studied by both mathemati-
cians and physicists, the Schrédinger wave equation is unable to be solved analytically
(except in a handful of special cases). This should not be surprising; the potential
interactions couple the movement of particles together, resulting in this being equiv-
alent to the many-body problem of classical physics. A solution to that problem has
thus far eluded physicists for centuries, so we are reduced to finding approximations
to the solution of the equation. Before we explore some of these approximations, we

consider a few important points from quantum mechanics.
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1.1.2 The Pauli exclusion principle

As stated above, the wavefunction is a complicated object which describes the
quantum state of the particles in a system. An important principle of quantum
mechanics is that two electrons (or more generally, two fermions) cannot occupy the
same state. This is called the Pauli exclusion principle, after the physicist who first
described it [3].

This has an important manifestation in the mathematics of the Schrodinger wave
equation. It requires that the wavefunction be antisymmetric with respect to the

exchange of any two electrons. That is to say
\I’(...,Xi,Xj,...):—‘If(...,Xj,Xi,...) (13)

where x; and x; are the full coordinates of two electrons, including both their
positional vectors (r; and r;) and their spin coordinates (s; and s;).

Spin is a quantum mechanical property of an electron, and represents a type of
momentum intrinsic to a particle. In the case of electrons it can take one of two
values, either +1/2 or —1/2. This spin coordinate is part of the quantum state of an
electron (the remainder being its spatial description), and a chemically important
consequence of this principle is that any spatial quantum state can be occupied by

up to two electrons, and no more, at any one time.

1.1.3 Observables and self-adjoint operators

From the wavefunction one can find any observable quantity of the system. One of the
tenets of quantum mechanics is that an observable quantity can be described by what
is called a self-adjoint operator. An operator O is self adjoint if (f, Og) = (Of, g).

In the Hilbert space used in quantum chemistry this statement becomes
[ F109)ar = [ 50005 ) (1.4)
(f10lg) = (9lOIf) (1.5)

where (f|O|g) is the Dirac notation that is common in the study of quantum physics.
A simple example of this is determining the energy of a wavefunction. In this

case the Hamiltonian itself is the self-adjoint operator, and the energy is given by
E = (V|H|T) = /\If*(x)fI\I’(x)dx (1.6)

where we have assumed that the wavefunction is normalised.
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Later, it will be important to note that the relationship between observable
quantities and self-adjoint operators is an equivalence. Hence we can state that if an

operator is not self-adjoint then it cannot describe an observable quantity.

1.1.4 The variational principle

Eigenproblems such as the Schrodinger wave equation permit a spectrum of solu-
tions. For simplicity’s sake, we’ll assume that the spectrum is discrete rather than
continuous. One of the solutions, which we label Vg, must then have the lowest
energy. Enumerating the other solutions as ¥;, the corresponding eigenvalues F;
satisfy Fo < E; for all ¢ # 0.

This solution is called the ground state, and is the state that the system will
prefer to occupy. The variational principle states that any approximate, or trial,

wavefunction must then be higher in energy, that is
EO < <\I/trial|f{‘\1]trial> (1.7)

where ¥l i5 the approximate wavefunction, which we assume here to be normalised.
This results in the true energy being a lower bound to the energy of any approximation
to the true wavefunction.

This is an incredibly useful result, as it allows us to judge the relative quality of
different approximate wavefunctions. Not all quantum chemistry methods use the
variational method to obtain their estimate however, but we will discuss one which

does shortly.

1.1.5 The Born-Oppenheimer approximation

The complete Schrédinger wave equation treats all particles within a system in an
identical manner. In any given molecule we consider two kinds of particles: electrons
and nuclei. There is an enormous disparity in the mass of these two particles however;
nuclei are much more massive than electrons. As a consequence of this electrons
have far greater kinetic energy than the nuclei.

This observation leads to a first, and very common, approximation that was
originally described by Born and Oppenheimer [4]. From the perspective of the
electrons, the nuclei move so slow that they are essentially stationary. More rigorously,

we can separate out part of the problem by considering a simplified Hamiltonian
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operator where the nuclei are fixed in place

ﬁelec = Te + ‘766 + VeN (1'8)
ﬁelec\]:lelec = elec\IIelec (19)

The result of this equation is an electronic wavefunction which describes only the state
of the electrons. This is then parametrically dependent upon the nuclear coordinates;
for every possible arrangement of the nuclei there is a unique electronic wavefunction.
The total energy can then be obtained by simply adding the energy originating from
the Coulombic repulsion between the nuclei to the electronic energy.

Having solved the electronic problem it is then possible to construct the total
wavefunction by factoring in the motion of the nuclei. If we continue the same line
of reasoning then we can approximate the effect of the electrons on the nuclei by
considering only their average field.

Although not always the case, this assumption typically yields extremely accurate
approximations. For the remainder of this thesis we will take the Born-Oppenheimer
approximation as given, and will concern ourselves only with the determination of the
electronic wavefunction. As such we will no longer explicitly refer to the electronic
wavefunction, shortening this to just “the wavefunction”. Any reference to the energy
of a molecule will refer to the total energy, i.e. the sum of the electronic energy and

the nuclear repulsion, unless otherwise stated.

1.2 The Hartree-Fock method

1.2.1 The Hartree-Fock wavefunction

Although the Born-Oppenheimer approximation significantly simplifies the wave
equation the electronic wavefunction is still a much too complicated object to, at
least in general, find analytically. This difficulty is caused by the coupling of electron
motion via the Coulomb operator. If we were to decouple the electrons, however, the
problem would be reduced to one that could be much more easily solved.

To achieve this decoupling we begin by introducing an ansatz wavefunction. This
was a key suggestion by Hartree [5], who proposed approximating the wavefunction

with the following form

N
\IjHartree(XhXZ?"'axN) = H¢i(ri73i) (110)
=1
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where the functions ; are referred to as molecular spin orbitals. These are
wavefunction-like objects that describe the quantum state of a single electron, rather
than the whole ensemble. Note that each spin orbital is a product of a spatial
orbital ;(r;), which describes the movement of an electron through space, and a
spin function that encodes the spin state associated with the orbital.

Such a wavefunction does not satisfy the antisymmetry requirement that Pauli’s
exclusion principle demands. This was independently observed by both Fock [6]
and Slater [7] shortly after Hartree’s initial proposal. Slater suggested correcting
the problem by expanding the simple product into a determinant which correctly

captures the required antisymmetry.

Y1(r1,s1)  P1(ra, s2)
VHp(X1,X2, .-, XN) = [o(r1, 1) tha(ra, s2) - (1.11)

A determinant of this kind is referred to as a Slater determinant. By invoking
the variational principle and minimising the total energy of this determinant we
obtain a useful approximate wavefunction. This wavefunction is referred to as the
Hartree-Fock wavefunction and the method through which it is constructed the
Hartree-Fock method (often simply shortened to Hartree-Fock and abbreviated as

In this section we will give an overview of some of the details of this method,
and is largely based upon the truly comprehensive description in the classic text by
Szabo & Ostlund[§]. However in the following chapters spin will have a vanishing
role in the mechanics of the calculations, and so from here on we will omit the details
of its involvement in computation, preferring to work with the spatial orbitals v;(r;)

where possible.

1.2.2 The Fock potential

The variational theorem tells us that to find the correct Hartree-Fock wavefunction
we must obtain the Slater determinant with the lowest possible total energy. To

begin with, it can be shown that the energy of an arbitrary determinant constructed
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from the set of orbitals {14, 1y, 1. ...} is given by the expression

E = (Uyp|H|Vyp) (1.12)
= Z(a\ﬁ(l)\@ + % > "(aalbb) — (abab) (1.13)
ab
= Z alh(1) Z(aallbb) (1.14)
ab
h(1) = _’v Z - (1.15)

where Z 4 is the charge of nucleus A and 714 is the distance between electron 1 and
nucleus A. We have used chemist’s notation for the two electron integrals (aa|bb),
the use of which will continue throughout this thesis.

If we constrain the orbitals such that they are orthonormal to each other,

(Wilis) = / i(x) () = 61 (1.16)

where 9; ; is the Kronecker delta function, then through a derivation of significant

length we find that the correct HF orbitals are those which solve the equation

= €q%a(1) (1.17)

1)+ > (1) Z’Cb
b

where we have introduced the three new operators h(1), J5(1) and Ky(1). The
one particle operator ﬁ(l) collects the kinetic energies and the potential energies
generated by the interaction between the nuclei and electrons, which are unchanged
from the regular Schrédinger equation.

The other two operators J,(1) and Kp(1), which are both two particle operators,
do not appear in the Schrédinger equation. These operators are mean-field approxi-
mations to the correct electron-electron potential operator. That is, they give the
potential interaction of an electron with the averaged field of the other electrons.
Jp(1) gives the classical Coulomb interaction between two charged particles, while
Kp(1) returns the so called exchange interaction of quantum mechanical systems,
which arises as a consequence of the antisymmetry of the wavefunction. These

expressions can be defined as

2
n= [ g (1.18)
Ko(1)ha(1) = /Wdrgwa(l) (1.19)
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The key gain of this process is that the overall operator is identical for every
electron in the system. This allows us to define a one electron operator called the

Fock operator,

F) =)+ > [J(1) = Ke(1)], (1.20)
b

and write the HF equations, those which give the orbitals that construct the lowest

energy single Slater determinant, as

frhe = €qa. (1.21)

Note that the Fock operator is dependent upon the orbitals v, resulting in this
equation becoming a non-linear eigenfunction problem. While solving this problem
and obtaining the correct HF solution is possible in principle, it is ill-suited to large
scale attack by computer. Given the size of most molecular systems this quickly

becomes necessary.

1.2.3 The Roothaan-Hall equations

The Fock potential allows us to approximate the complicated Schrodinger wave
equation by a system of much simpler equations. This does not, however, permit
a useful, generally applicable algorithm to obtain the solution. To achieve this we
will introduce the Roothaan-Hall [9, [10] equations which, by introducing a basis set
for expanding the orbitals, reduces the problem to an iteratively solvable matrix
equation.

More specifically, we will introduce a slight variation of the Roothaan-Hall
equations. This method was first described for closed-shell systems, i.e. where all
the spatial orbitals are doubly occupied by a spin-up and a spin-down electron. Here
we will describe the equations for a fully ferromagnetic system, i.e. where all the
spatial orbitals are occupied by a single spin-up electron.

Strictly speaking, this is a different special case of the Pople-Nesbet equations,
which generalise the Roothaan-Hall equations to any open-shell system [11]. Later
in this thesis we will be considering ferromagnetic systems exclusively, and so a full
description of the Pople-Nesbet equations will not be required.

The first step in this process is introducing a basis set for describing the spatial

component of the HF orbitals. Given a set of functions {¢1, ¢2,..., ¢} we can
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expand the orbitals as a linear combination

M

Yo = Z CauPpu (1.22)
p=1

This is only exact if the chosen basis set is complete over the space in which the
function 1, resides. In this case, such a requirement usually demands that the basis
set be of infinite size. This is not possible from a computational perspective, and so
finite basis sets are used and the expansion in Eq. is only an approximation.
The closer the basis set is to completeness, the better this approximation becomes.
There are many possible choices of basis set, and later in this thesis such choices
will be discussed. For the remainder of this section the precise nature of the basis

set is unimportant and so we will not concern ourselves with these details.
If we substitute the Eq. into the HF equation obtained above, Eq. ,

it can be reduced to a matrix equation by introducing the four matrices

Cij=cij (1.23)
€ij = (5@7]‘61‘ (1.24)
Spw = / ¢, pvdr (1.25)
Fuv= / &7 [, dr (1.26)
like so
FC =&¢SC. (1.27)

The matrices C and & now contain the coefficients in the expansion of Eq. (|1.22])
and the energies of the molecular orbitals. S contains the overlap between the basis
functions used and is, unsurprisingly, called the overlap matrix. We can also define a

charge density matrix P
Puu=> CuaCi,. (1.28)
a

which simplifies the definition of the matrix F, typically called the Fock matrix, as

follows

B = [ 0130 + 3 Pas (aA0) = (u\vo)]

Ao

= /qﬁZﬂ(l)gﬁydr + ZP)\U(,UJ/H)\O') (1.29)
Ao
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It is important to observe that for an orthonormal basis the overlap matrix would
simply be the identity matrix, since by the definition of orthonormal functions (in

the space L?) we find
/gf)Zqﬁydr = 5i,j- (130)

While it is common to employ a normalised basis set it is rare for it to also be
orthonormal, at least for computations on molecular systems. This makes it necessary
to introduce an orthogonalisation procedure which involves diagonalising the overlap
matrix S. This can be problematic if there is near linear dependence in the basis set,
as it can lead to numerical instabilities.

The result of the orthogonalisation is a transformation matrix, usually called X,
which moves between the chosen basis set to an orthogonalised set. This allows us to

recast Eq. (1.27) as a simple matrix eigenproblem
F'C =<C/ (1.31)

where the primes indicate the matrices have been transformed into the orthogonal
basis. If we can construct the Fock matrix F, then diagonalising F’ allows us to
generate both € and C’. We need only apply the transformation X to return the
coefficient matrix back to the original basis to obtain the solution C.

Unfortunately, the dependence of the Fock matrix F on the coefficient matrix
C (via the density matrix P in Eq. ) causes this to remain a non-linear
eigenproblem. While this makes a direct solution difficult, an iterative scheme can
be used to solve the problem.

The equivalence in Eq. only holds for the correct coefficient matrix C.
That is, if we generate the Fock matrix F from C this relationship is only true if C
is the correct solution. In an iterative scheme we begin with a trial set of coefficients
Cy that we use to generate a Fock matrix. We can then follow the procedure to
obtain a new coeflicient matrix Cj.

Should C; = Cj, using some chosen metric and to within some threshold, then
we know that Cgy solves the equations. In the more likely case that it is not, then
we can construct a new Fock matrix from C; and repeat the process. Ideally, if we
continue this process then we will eventually converge to a solution. This method is
called the self consistent field (SCF) method, since we search for a solution which is
consistent with the field that it generates.

There is no guarantee of convergence during this process, and both the success of
the process and the speed with which the solution is found depend heavily upon the
quality of the guess. As such, choosing the initial starting point for the SCF procedure
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is not necessarily a trivial process. Additionally, there are multiple techniques for
improving the convergence behaviour which can be added to the algorithm (perhaps
most notably the DIIS method of Pulay [12, 13]). Fortunately, in this thesis we
will not find ourselves grappling with such difficulties, and so we will omit further

discussion of this topic.

1.2.4 Aftermath

With the Roothaan-Hall equations constructed, we now have a general method for
solving an approximation to the Schrodinger wave equation. The question remains:
is this approximation any good? As it turns out, the Hartree-Fock wavefunction
yields an excellent approximation to the total energy of a molecular system.

It is unfortunate that quantum chemists are rarely interested in the raw total
energies of molecules. It is differences that are typically required when asking chemical
questions. At the simplest level, a reaction being favourable depends upon whether
the products of a reaction have a lower energy than the reactants. Similarly, when
considering the kinetics of a reaction it is the height of the transition barrier that is
essential, which is the difference between the energy of the transition state and the
reactants.

During most reactions the vast majority of a molecule’s total energy is unchanged.
The nuclei still attract the electrons by a similar amount, and the electrons, par-
ticularly those close to the nuclei, maintain a similar level of kinetic energy. The
consequence is that the small fraction of the total energy missed by the Hartree-Fock

approximation is essential to describing the energetics involved in chemistry.

1.3 Wavefunction-based correlated methods

The difference between the Hartree-Fock energy and the exact energy is called the
correlation energy,

E,=E — Eny. (1.32)

Because the Hartree-Fock energy is a variationally minimised approximation to the
exact energy it must be greater than the exact energy. As a result the correlation
energy is a negative number, and represents stabilising forces which are not accounted
for in the Hartree-Fock method and wavefunction.

This difference is a consequence of the Hartree-Fock potential being a mean-
field approximation: each electron feels the averaged electric field generated by the

other electrons. If we were to allow the electrons to interact with the instantaneous
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positions of each other they would be capable of relaxing into more energetically
favourable orbits by correlating their movement with one another. This is the source
of both the correlation energy’s physical nature and the name given to it.

In this section we will describe a collection of methods for estimating the correla-
tion energy of a molecule that will be used later in this thesis. For the moment we
will restrict ourselves to wavefunction-based methods, i.e. those which primarily work
with the wavefunction to obtain their estimate. There is another class of correlated

methods which are based on the electron density that we will discuss afterwards.

1.3.1 Mpgller-Plesset perturbation theory

A powerful and well established method for finding an approximate solution to
a difficult problem is perturbation theory. The idea is to find an exact solution
to a simplified version of the problem that needs to be solved. This is also an
approximation to the solution of the original problem, and the closer the simplified
problem is to the original, the better the approximation.

The difference between the original and the simplified problem can then be seen
as a perturbation to the simplified problem. Perturbation theory observes how this
difference affects the approximate solution and from this attempts to correct the
approximation. The standard perturbation technique used in quantum chemistry
is Mgller-Plesset theory [14], which is an application of Rayleigh-Schrédinger (RS)
perturbation theory [2] [I5] to the correlation problem.

RS perturbation theory separates the Schrodinger equation in the following
manner

HU = HyU + \VU = BV (1.33)

where the operator Hy is chosen such that the solution to the equation
Hyv© = pOg©) (1.34)

is known.
To obtain a solution to this problem both the wavefunction and energy are

expanded as a power series in \

O =00 4 ao® 4 \20@ 4 (1.35)
E=E9 4+ xEM £ 2@ 4 (1.36)

This expansion can be substituted into Eq. (1.33]) and the coefficients of the powers

of A equated. This gives a sequence of equations that relate the known solution ()
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and E©) to the unknown terms of Eqs. (1.35) and (1.36). Ultimately, this allows us

to express the terms of the energy expansion using the spectrum of H,.

It was Mgller and Plesset who first described the application of RS perturbation
theory to molecular systems [14]. Their formulation uses the Hartree-Fock wave-
function as the starting point for the perturbation, i.e. H is taken to be the Fock
operator. This leaves the perturbation operator V as the difference between the

exact Coulomb potential and the mean-field approximation of the Fock potential

Zr = [B(1) = K(1)] (1.37)
b
where both J3,(1) and Cp(1) have been defined in Eqgs. and respectively.
Having made this separation the terms of Eq. (1.36]) can be cast in terms of
integrals over the HF molecular orbitals. These quickly become lengthy (but not
necessarily complicated), however the first few are given by the relatively simple

expressions

Ey=> € (1.38)

a
occ

B = —% S (aal |bb) (1.39)
ab

occ virt

ZZ - (arllbs)]* (1.40)

b TS + €y — € — €5

where 1, and 1, represent occupied HF orbitals and v, and s are unoccupied
(virtual) HF orbitals. Partial summations of this series give approximations to the
true energy of the system. The energy of the HF wavefunction is given by the sum
of the zero-th and first order term (Eyp = Ey + E1), so the first correlated energy
estimate is given by the second-order sum. This approximation is referred to as MP2,
and including higher terms gives the MP3 energy, MP4 energy and so on.

In principle the infinite summation ), E, gives the exact energy. Unfortunately,
for many molecular systems, this summation begins diverging shortly into the
sequence of partial sums[16]. Furthermore, higher order corrections quickly escalate
in computational difficulty. For these reasons only the low order corrections are

commonly used (i.e. MP2, MP3 and occasionally MP4).

1.3.2 Configuration interaction

While Mgller-Plesset theory is a useful method for obtaining low cost corrections

for the correlation energy, its use is limited when one is looking for extremely high
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accuracy. Configuration interaction (CI) is another method, even simpler in concept,
for obtaining a correlation energy [8]. The key draw for the CI method is that, when
used to its full extent, it is capable of finding the exact solution to the Schrédinger
equation.

Where the HF wavefunction is a Slater determinant constructed from a set of
one-electron spin orbitals, the CI wavefunction builds upon HF by using a linear
combination of Slater determinants. The set of determinants used for the CI wave-
function is composed of all the determinants ¥; that can be constructed by occupying
different configurations of the HF orbitals.

The final CI wavefunction is found by choosing the coefficients in the linear
expansion which, according to the variational theory, minimise the total energy. This
is achieved by constructing a Hamiltonian matrix which describes the interactions

between the determinants, and has the elements
H;; = (V| H|T;). (1.41)

The lowest eigenvalue of this matrix is the exact ground state energy of the system,
within the limits of the basis set employed during the initial HF calculation. The cor-
responding eigenvector contains the coefficients of the determinants in the expansion
of the ground state wavefunction.

The method described above is referred to as full CI since it makes use of the
full set of determinants. Although this method gives the correct answer to the
Schrodinger equation (when used within a complete basis set) it is rarely used due
to its computational expense. Constructing the determinants is a combinatorial
problem, and leads to a factorial scaling with system size. For all but the smallest
and simplest of systems this problem is intractable.

It is, however, possible to truncate the set of determinants used in the wavefunc-
tion expansion. For example, in the CISD method only those determinants which
differ from the ground state determinant by one (single excitations) or two (double
excitations) orbitals are included in the basis set. This makes a significant difference
to the computational scaling of the method by dramatically reducing the number
of possible determinants. However, it does introduce its own difficulties. In this
thesis we will employ the CI method in order to generate high accuracy reference
values for systems where the Full CI problem is tractable, and so we will refrain from

describing the truncated CI methods further.
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1.3.3 Quantum Monte Carlo

Quantum Monte Carlo (QMC) is a stochastic numerical method. It differs from the
previously described correlated methods by not being a strictly post HF correction.
In QMC, the energy of an ansatz wavefunction is directly evaluated via numerical
methods and the wavefunction manipulated to achieve the best possible energy. Like
Full CI, QMC is capable of obtaining the exact energy and wavefunction in principle.
Depending on the required precision, however, it may become intractable to do so,
and the method has other limitations which may prevent it from achieving the correct
solution.

A QMC calculation typically employs two separate steps. A Variational Monte
Carlo (VMC) step generates a high accuracy first approximation to the solution.
This result is then fed to a Diffusion Monte Carlo (DMC) step, which relaxes the
wavefunction further and is capable of extremely high accuracy at the cost of slowly
converging results. This theory only makes a brief appearance later in this thesis,
and so we will refrain from exploring the details of the construction.

In VMC a trial wavefunction W (g;r) is chosen with a set of variable parameters q.
The variational principle is invoked and these parameters are optimised to minimise
the energy of the wavefunction. The key feature of VMC is that the energy is found
by directly evaluating the integral

(Ur|H|Vr) [ [Or(qr)PELdr

E= ) = (g dr (1.42)
where ﬁq;( )
B T\q; T

b= Pr(g;r) (1.43)

is known as the local energy. This is done by using an importance sampling of the
distribution |7 (g;r)|%.

Unlike what has been discussed previously, DMC makes use of the time-dependent
Schrodinger wave equation. Again, a trial wavefunction is used, and it is allowed
to propagate through imaginary time. One can show that through this process the
wavefunction will eventually reach the exact ground-state solution. The propaga-
tion step requires a high-dimensional integral involving the wavefunction, which is

evaluated using a stochastic Monte-Carlo method.
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1.4 Density Functional Theory

For most of the twentieth century wavefunction based methods were the prevailing
approach for solving the Schrédinger equation for chemical systems. It is not the
only way to approach the problem however. Modern computational chemistry is
dominated by Density Functional Theory (DFT), a very different approach to working
with the Schrédinger equation.

Rather than focussing on describing the wavefunction, DFT methods work with
the electronic density instead. This was shown to be possible by Hohenberg and
Kohn in their seminal 1964 paper [17], in which they prove that the ground-state
properties of a system are uniquely determined by the electronic density. Modern
applications of this theory also rely upon the Kohn-Sham equations [18], which

provide a similar framework for DFT as HF theory does for wavefunction methods.

1.4.1 The Hohenberg-Kohn theorems

The validity of DFT rests upon two proofs given by Hohenberg and Kohn [I7]. In

order to explore these theorems let us define a Hamiltonian
H=T+U+V (1.44)
1

. 1 N N
T:—§ZV?; U= s’ V:ZV(ri) (1.45)

where v(7) is an external potential in which the electrons are moving. In a molecular
system this potential would be the one generated by the nuclei. We will also assume
that this Hamiltonian permits a non-degenerate ground-state wavefunction ¥, with

an associated electronic density p that is given by
p(r) = / |U(r, s51,X2,X3,...)|°ds1dxodx3 . .. dxpn (1.46)

The first Hohenberg-Kohn theorem proves that a given electronic density uniquely
determines the external potential. To prove this let a second potential v/(r) define
a Hamiltonian H’. This Hamiltonian has an associated wavefunction ¥’ that we
will assume generates the same density, p, as the first wavefunction ¥. We know

that W £ ¥’ since they satisfy different Hamiltonians. By invoking the variational
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principle we find

E = (V|H'|V)

< (U|H'|w)
< (U|H -V +V'|T)
< E+ (U|V' - V|¥) (1.47)
and similarly
E < E' + (U|V - V'|¥) (1.48)

Summing equations (1.47) and (|1.48)) gives the contradiction
E+E <E+F (1.49)

proving that no two external potentials can generate the same electronic density.

The key consequence of this theorem is that there is no information lost by
ignoring the wavefunction in favour of the density. This implies it is possible to
extract any observable property of a quantum system from its density. A simple
example of this would be a functional E, [p] which extracts the energy of a density p
in the potential field of v.

The second of Hohenberg and Kohn’s theorems concerns such a functional,
asserting that it is minimised by the density which corresponds to the given external
potential. This is an extension of the variational principle of the wavefunction to the
electronic density.

To prove this we define a Hamiltonian H with an external potential v. This
permits a wavefunction ¥ with an associated density p which we will compare
with a trial density p’. From the first theorem we know that this trial density
uniquely determines an external potential /, which in turn defines a Hamiltonian
for which a wavefunction ¥’ can be found. By applying the variational theorem to

this wavefunction it follows that
o) = (W) > B,[p] = (9] H]) (1.50)

While the Hohenberg-Kohn theorems provide an alternative route to approach
the Schrodinger wave equation there is a significant barrier to its use. The theorems
are non-constructive in nature, and so while we know an exact energy functional
exists, we do not know what it is. Unfortunately deriving such a functional turns

out to be a significantly difficult problem.
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Of particular note is the difficulty in deriving a functional which correctly evaluates
the kinetic energy, a quantity which would be considered trivial in wavefunction
based methods. This problem is neatly sidestepped by working in the Kohn-Sham
formalism, which introduces aspects of wavefunction theories in order to simplify the

problem of optimising the electronic density.

1.4.2 The Kohn-Sham equations

The Kohn-Sham (KS) equations form the basis for the application of DFT in
modern chemistry by providing a framework for optimising the electronic density
self-consistently [I8]. This is achieved by defining a set of non-interacting electron
orbitals that have the same electronic density that generates the external potential
of the desired system. The result bears a great deal of similarity to the approach
of Hartree-Fock theory. It does, however, provide facility for the introduction of
correlation effects by means of an appropriate density functional.

From the Hohenberg-Kohn theorems we know that the ground state energy of a

Hamiltonian defined by the external potential v can be written as

Ey = /p(r)y(r)dr + ;//Wdrldrg + T'[p] + Flp (1.51)

where p is the ground state electronic density that produces the potential v. The
first and second term give the interaction of the electrons with the external potential
and the mean-field Coulomb interaction respectively. The functional T'[p] gives the
kinetic energy of the electrons while F[p] describes the exchange and correlation
effects.

We also know that this energy is minimised by p, and so we can determine via

calculus of variations that

/5p(r) (Veﬁ‘(r) + M(;Lp] + ch[p(r)]> dr =0 (1.52)

where we have defined

Vet (r) = v(1) —I—/ |:§‘/I)J|dr/ (1.53)
ch(p) = (S};‘Lp] (154)

Kohn and Sham observe that this same expression is obtained by applying the
Hohenberg-Kohn theorems to a system of non-interacting particles that move within

the external potential defined by veg(r) 4+ vxc[p(r)]. Because of this it is possible to
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obtain the density of the interacting system from the orbitals obtained by solving

the one-particle equations

(=572 + vae) + o5 o)) 4(0) = i) (159

and constructing the density with the following relationship
p=D_ 1o (1.56)
%

Constructing these orbitals, known as the Kohn-Sham orbitals, is achieved by
introducing a basis set and a self-consistent algorithm in a similar manner to the
Roothaan-Hall equations.

There are some notable aspects of KS theory. The introduction of the KS orbitals
allows us to approximate the kinetic energy of the interacting system with that of
the non-interacting orbitals. Deriving the true kinetic energy functional proves to be
a difficult problem, and so this is a significant benefit of the method.

The error introduced by this approximation is then absorbed into the functional
F[p], which is the only remaining unknown quantity. Beyond accounting for the error
in the kinetic energy, this functional is primarily responsible for describing exchange
and correlation effects within the system. Unfortunately the KS orbitals are of little

physical significance beyond reproducing the correct interacting density.

1.4.3 Local Density Approximations

Although the KS equations remove the need for finding a density functional repre-
sentation of the kinetic energy, one is still needed for the exchange and correlation
effects. Unfortunately, this is not an easy task. To begin working on this problem
we turn to one of the great paradigms of modern physics: the uniform electron gas
(UEG) [19].

Put simply, a UEG is a system where the electronic density is constant throughout.
There are multiple ways to envisage the construction of a UEG. One possibility is
to take a box of finite size that is filled with a constant background positive charge.
Electrons are then placed in this box such that they achieve an overall neutrality with
the background positive charge. These electrons will generate an average electron
density pay, which will be equal to the background charge, throughout the box.
However the box boundaries will introduce oscillations into the actual electronic

density p, and hence p # pay.



20 CHAPTER 1. INTRODUCTION

If we expand the box while adding electrons so that charge neutrality is maintained
and p,y remains constant then these oscillations will reduce in amplitude. At the
limit of this process, when the box is infinite in size, the oscillations vanish and we
are left with p = pay, which is to say the density is constant throughout space. This
can be done for any value of pay, and each choice will result in a UEG with unique
properties.

This forms the basis of a simple first approximation to the true exchange and
correlation density functional. Let p be an arbitrary electronic density. Within some
small volume element Ar we can approximate p by a constant and, by extension,
assume that it behaves like a UEG with a density equal to the average of p within
Ar. Of course, as this element shrinks in size this approximation improves.

Let us define a function ey.(p) which gives the reduced exchange and correlation
energy of a UEG with density p. That is, it gives the exchange and correlation
energy per electron within the UEG. Then we can state the above approximation

more formally as

Brelp] ~ / p()exeo(r)]dr (157)

This approximation is known as the Local Density Approximation (LDA), since
it attempts to model the exchange and correlation energies based upon the local
character of the density.

To make use of the LDA it is necessary to construct the function ex.(p). One

typically starts by separating the exchange and correlation components

exc(p) = ex(p) + ec(p) (1.58)

The exchange energy of a UEG with arbitrary density can be found analytically,
which allows the term e4(p) to be constructed explicitly. The correlation energy
is more difficult to model. The limiting high- and low-density behaviour can be
found analytically, which gives useful boundary conditions for constructing this
function. Constructing the function over the intermediate densities is done by a
fitting procedure. This was first made possible when Ceperley and Alder published
a set of correlation energies for UEGs of intermediate densities by using periodic
Monte-Carlo techniques [20]. Correlation LDA functionals attempt to interpolate
these energies and reproduce the correct limiting behaviour.

It should be evident that, due to the way it is constructed, applying an LDA
functional to a UEG gives the correct results. On other systems its performance
varies. When the electronic density is reasonably delocalised across the system, such

as in metals and other solid state systems, the LDA can give quite respectable results.
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Molecular systems are typically challenging for LDAs, where they tend to strongly
over-bind the atoms. Fortuitous error cancellation can, however, lead to respectable

reaction energy estimates.

1.4.4 Further developments

Although the LDA gives a good first approximation to a useful exchange and
correlation functional, its accuracy leaves a lot to be desired for chemical systems.
Most work on density functionals has focussed on augmenting the LDA in an attempt
to achieve higher accuracy. Here we will give a brief overview of some of the notable
classes of functionals that have been developed up to this point. For a far more in
depth discussion of the state of DF'T, Becke has published an excellent review of its
history [21].

The failing of the LDA is the assumption that electrons behave like a UEG on
a sufficiently small length scale regardless of the system. The clear next step is to
model the effects of fluctuations in the density, i.e. to include the gradient of the
density as a parameter of the functional.

By examining the effect of small perturbations to a UEG in a system known as
the slowly varying electron gas it is possible to derive analytic gradient corrections
to the LDA. The success of such corrections is only moderate, and so chemists have
also turned to alternative constructions that achieve better accuracy. Collectively
these functionals are known as Generalised Gradient Approximations (GGA), and
constitute a significant advance in density functional design.

More can still be done, and moving beyond this we reach what are known as the
meta-GGA functionals. These functionals include higher order density derivative

quantities as well as more complicated objects such as the kinetic energy density
=) |Vl (1.59)
i

where ; are the KS orbitals. These values are often included in order to achieve
certain analytically derived corrections. Perhaps most notably they allow removal
of the self-interaction error, a spurious LDA contribution which allows an electron
to correlate its movement with itself. This is most clearly manifest in the non-zero
correlation found when the LDA is applied to a one electron system such as the
hydrogen atom. Meta-GGA functionals can achieve markedly improved accuracy,
but oftentimes at a significant increase in computational cost and complexity.
Perhaps the greatest success for the application of DFT in chemistry, however,

was the development of hybrid functionals. The pioneer in this respect was Becke’s
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B3PWO1 functional from 1993 [22]. This functional combines the B88 exchange
functional [23] with the PW91 [24] correlation functional, however it appears more
commonly (to the exclusion of almost anything else in fact) as B3LYP, where the
LYP correlation functional [25] is used in favour of PW9L.

The main feature of this functional is its inclusion of a portion of the exact HF

exchange energy alongside the exchange density functional
EPYP = EEPA 4 0.20 (B — ELPA) +0.72 (EP® — ELPA) (1.60)

This combination allows for favourable error cancellation between the different
exchange energies that leads to a highly successful description of chemical behaviour.

The development of hybrid functionals has lead to wide adoption of DF'T methods
by computational chemists. As a result there has been a significant proliferation
of such functionals. There is a level of controversy associated with this, as the
construction of these functionals is usually based on fitting to empirical data. This
leads to questions of reliability across the wide array of possible chemical situations,

as well as concern over a lack of physical insight.



Chapter 2

One-dimensional Chemistry

2.1 1D chemistry

Theoretical chemists typically concern themselves with electrons moving in three
dimensional (3D) space. This is for obvious reasons, because electrons in reality are
always moving within a 3D environment. There is no reason, however, that other
dimensionalities cannot be considered, or that there is nothing to be gained by doing
so. Indeed, it is possible to confine electrons experimentally as well, and one could
attempt to model such situations. But there is also the possibility of other theoretical
insights. In this chapter we will introduce and begin to study a new paradigm of one
dimensional (1D) chemistry, wherein three dimensional (3D) particles are strictly
confined to move along only a single spatial coordinate.

Experimentally, 1D systems can be realised in carbon nanotubes [26H30], organic
conductors [31H35], transition metal oxides [36], edge states in quantum Hall liquids
[37-39], semiconductor heterostructures [40-44], confined atomic gases [45H47] and
atomic or semiconducting nanowires. Theoretically, Burke and coworkers [48] [49] have
shown that 1D systems can be used as a “theoretical laboratory” to study strong cor-
relation in “real” three-dimensional (3D) chemical systems within density-functional
theory [50]. Herschbach and coworkers calculated the ground-state electronic energy
of 3D systems by interpolating between exact solutions for the limiting cases of 1D
and infinite-dimensional systems [51H53].

However, all these authors eschewed the Coulomb operator 1/|z|. For example,
Burke and coworkers [48, 49] used a softened version of the Coulomb operator
1/v/x2 + 1 to study 1D chemical systems, such as light atoms (H, He, Li, Be, ...),
ions (H™, Lit, Be™, ...), and diatomics (H," and H,). Herschbach and coworkers
have worked intensively on the 1D He atom [54H57] replacing the usual Coulomb

inter-particle interactions with the Dirac delta function §(z) [58-H61]. There are few

23
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studies using the Coulomb operator because of its strong divergence at z = 0. Most
of these focus on non-atomic and non-molecular systems [62H68]. Here, we prefer the
Coulomb operator because, although it is not the solution of the 1D Poisson equation,
it pertains to particles that are strictly restricted to move in a one-dimensional
sub-space of three-dimensional space.

The first 1D chemical system to be studied was the H atom by Loudon [69].
Despite its simplicity, this model has been useful for studying the behavior of many
physical systems, such as Rydberg atoms in external fields [70, [71] or the dynamics
of surface-state electrons in liquid helium [72] [73] and its potential application
to quantum computing [74, [75]. Most work since Loudon has focused on one-
electron ions [69) [76H82] and, to the best of our knowledge, no calculation has been
reported for larger chemical systems. In part, this can be attributed to the ongoing
controversy concerning the mathematical structure of the eigenfunctions (parities
and boundedness) [82H89].

According to more recent literature the underlying mathematics that drives this
problem is the fact that the Coulomb operator is not self-adjoint in 1D as a result of
the strength of its singularity [90, 9I]. A correction to the operator must be applied to
obtain the desired observable, however this correction cannot be uniquely determined
by a mathematical analysis [92]. At the culmination of a series of papers [80} 93] [94],
Oliveira and Verri have shown that, in the limit of a cylindrical confinement toward
1D, only one of the possible corrections permits a finite binding energy of an electron
to a hydrogen nucleus. This is an extremely attractive property from a physical
viewpoint.

On the basis of this evidence we adopt this correction in our model of 1D chemistry.
It is equivalent to applying the Dirichlet boundary conditions to the wavefunction,
which requires that the wavefunction vanish whenever two particles (electrons or
nuclei) touch. Note that it has been previously established that this must occur
when two electrons touch [95].

The Dirichlet boundary conditions carry three significant consequences on the
structure of the solution to the Schrodinger equation. First, the system is spin-
blind [62H64, [66], i.e. the energy is invariant under any change of spin coordinates.
This means we are free to assume that all electrons have the same spin. Second,
a Super-Pauli exclusion principle comes into effect where no two electrons may
share the same spatial quantum state regardless of their spin state. In independent
electron models such as Hartree-Fock (HF) theory [§] this results in orbitals having
a maximum occupancy of one. Finally all particles are impenetrable to one another,

in particular the electrons cannot tunnel through the nuclei [80, 87]. This has been
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firmly established by an elegantly simple argument from Nunez-Yépez and coworkers
[82] that shows the quantum flux to be zero at the nuclei.

One particularly potent ramification of the impenetrability of the nuclei is the
separation of electrons into distinct regions of space. Since the electrons can never
pass from one side of a nucleus to the other they become trapped by them, either
occupying a ray (to the left or right of the molecule) or a line segment (between
two nuclei). We refer to these intervals as domains, specifically infinite domains (for
intervals outside the nuclei) and finite domains (for those between them).

In Sec. [2.3] and Sec. [2.4] of this chapter, we report electronic structure calculations
for 1D atomic and molecular systems using the Coulomb operator 1/|z|. Sec.
discusses several diatomic systems, the chemistry of H3Jr and an infinite chain of 1D
hydrogen atoms.

We have followed the methods developed by Hylleraas [96), 97] and James and
Coolidge [98] to compute the exact or near-exact energies Fexact Of one-, two-, and
three-electron systems. Throughout this chapter we also make use of a collection of
programs implemented in Mathematica [99] to obtain HF energies and Mgller-Plesset
perturbation energies. All of these are capable of highly accurate results (whether
that be for exact energies or approximations) and, to the best of our knowledge, all
the digits reported are correct. Unfortunately only small systems are within reach of
these prototypes, in Chapters [3] and [4 we will discuss more elaborate programs with

greater applicability.

2.2 Theory

2.2.1 Notation

Standard chemical notation is not sufficient for describing a 1D molecule because it
has no way of expressing the relative positions of electrons and nuclei, a requirement
given the impenetrability of the nuclei. Throughout this thesis we use a modified
notation which does offer this description. Here the atoms are named individually
as they appear from left to right. Subscripts are then placed to denote how many
electrons occupy each domain (for an unoccupied domain the subscript is omitted).
We only consider the ground state, so we assume that the electrons singly occupy
the lowest energy orbitals available to them.

For example, the ;LizHe;HyBe, molecule consists of four nuclei and nine electrons.

There is a lithium nucleus on the left, followed by a helium nucleus, a hydrogen
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nucleus and finally a beryllium nucleus on the right of the molecule. The electrons

are distributed as follows:
e One electron in the domain to the left of the Li nucleus
e Three in the domain between the Li and He nuclei
e One in the domain between the He and H nuclei
e Two in the domain between the H and Be nuclei
e Two in the domain to the right of the Be nucleus

As mentioned above, these electrons singly occupy the lowest energy orbitals of their

associated domains.

2.3 Atoms

2.3.1 Hydrogen-like ions

The electronic Hamiltonian of the 1D H-like ion with nucleus of charge Z at x = 0 is

1 d2 Z

go_te 72 21
2dx? x|’ 21)
and this has been studied in great detail [69] [76H78|, 8T, 82]. The eigenfunctions

which are consistent with the impenetrability of the nucleus are

3/2
Ui (z) = % (i) 2L (+2Zx/n)exp(—Zz/n), x>0, (2.2)
3/2
P, () = % (i) ZL‘LS_)I(—QZJ}/TL) exp(+Zz/n), x <0, (2.3)

where L&“) is a Laguerre polynomial [100] and n = 1,2,3,.... All of these vanish

at the nucleus (which is counter-intuitive) and decay exponentially at large |z|.
Curiously the ground-state energy of the 1D hydrogen atom is —1/2F},, identical to
that of the 3D hydrogen atom. Additionally, because of nuclear impenetrability, the
ground state of the 1D H atom has a dipole moment and (z) = £+1.5.

2.3.2 Helium-like ions

The electronic Hamiltonian of the 1D He-like ion is

2 2
i 1(8 8) A Z 1

[ J—p— JEE— JEE— _7_7_’_7
2\ 0z  Ox3 lz1|  |z2| |z — 22
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Total energy Correlation energy HF property
Ion — Feyact —Fur —EMP2 _pMPS - _p o 5t Gap (x2)
Hy™ 0.646584 0.643050 1.713 2.530 3.534 39 0.170 2.296
1He;y 3.245944 3.242922 2.063 2.688 3.022 14 1.265 0.985
1Li T 7.845792 7.842889 2.235 2.733 2.903 8 3.200 0.628
1Be, T 14.445725  14.442873 2.335 2.747 2.851 6 5.874 0.460
1B13+ 23.045686  23.042864 2.401 2.751 2.822 9.294 0.364
1G4 33.645661  33.642859 2.447 2.752 2.802 13.463 0.301
1N15+ 46.245644  46.242855 2.481 2.751 2.789 18.382 0.256
10,57 60.845631  60.842852 2.508 2.749 2.779 24.050 0.223
1F17+ 77.445621  77.442849 2.529 2.748 2.772 30.468 0.198
Ne, ¥t 96.045613  96.042847 2.546 2.746 2.766 37.635 0.177

Table 2.1: Total energies (in Ep), correlation energies (in mFEy), HOMO-LUMO
gaps (in Ep) and radii (in a.u.) of the 1D helium-like ions. The softened Coulomb
operator of Wagner et al. [48] has been used to obtain the —E° values.

and two families of electronic states can be considered:

e The one-sided AQZ =2 family where both electrons are on the same side of the

nucleus;

e The two-sided 1A2Z ~2 family where the electrons are on opposite sides of the

nucleus.

Some of the properties of the first ten ions are gathered in Table 2.1]

One-sided or two-sided?

Because of the constraints of movement in 1D, electrons shield one another very
effectively and, as a result, the outer electron lies far from the nucleus in the AQ(Z%)
state. Because of this, the A2(272) state is significantly higher in energy than the
1A1(Z_2) state. For example, the HF energies of Hey and {He; are —2.107356 and
—3.242922, respectively.

In the hydride anion H™ (Z = 1), the nucleus cannot bind the second electron in
the H,  state and this species autoionizes. The corresponding state of the helium
atom is bound but its ionization energy is only 0.1074. Whereas the minimum

(z-2)

nuclear charge which can bind two electrons is Z.i; ~ 1.1 in the A, state, it is

Zerit =~ 0.65 in the lAl(ZJ) state. In comparison, Baker et al. have reported [101]
that the corresponding value in 3D is Zg ~ 0.91.
In the 1A1(272)

perfectly shielded from the other electron by the nucleus, assuming that nuclei have

state, each electron is confined to one side of the nucleus, and is

the same shielding characteristics as electrons. As a result, the electron correlation
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energy F. is entirely of the dispersion type and is much smaller than in 3D atoms.
For example, E. in ;He; is —3.022 while F. in the ground state of 3D He is —42.024.
It is interesting to note that, unlike the situation in 3D, the correlation energy of
1H; " is slightly larger than in ;He; and approaches the large-Z limit from below.
Table also shows that correlation energies ES°™ arising from use of the softened
Coulomb operator [48] are completely different from energies E, from the unmodified
operator. This qualitative change arises because the softened operator allows the

electrons to share the same orbital.

Large-Z expansion

In the large-Z (i.e. high-density) limit, the exact and HF energies of the two-sided He-
like ions can be expanded as a power series using Rayleigh-Schrodinger perturbation

theory [102]

E®)
Eexacr = B0 22 + EO Z + E® + =+ 0(27%) (2.5)
0) 2 () @ . B 2
Eur = Egqp Z° + Eyp Z + Egp + — o(Z77) (2.6)
where
EO = E{) = 1 EO =E{) =2/5 (2.7)

For large Z, the limiting correlation energy is thus

EG) _ g®) (3)
B - 0 - 5y + 2 P o B

+0(Z7%) (2.8)
The second- and third-order exact energies
E® = —0.045545, E®) = —0.000650 (2.9)

can be found by Hylleraas’ approach [103], while the second- and third-order HF

energies
B® = —0.042832 BB = —0.000495 (2.10)
HF — — Y HF — — Y :
can be found by Linderberg’s method [104, [105]. We conclude, therefore, that

1
E. = —2.713 — % +0(Z27%) (2.11)
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Figure 2.1: HF ground state orbitals of the H, He, Li, Be, B and C atoms. The
positions of the nucleus are represented by the black dots while the most likely
position of the electrons are represented by red dots.

The negative sign of E((;3) explains the reduction in the correlation energy as Z
increases.

It is interesting to note that the 2D and 3D values of Eé2) are —220.133 and
—46.663, respectively [102] [106], T07], which are much larger than the corresponding

1D values.

2.3.3 Periodic Table

We have computed the ground-state energies of the 1D atoms from Li to Ne at the
HF, MP2 and MP3 levels. We have also computed these energies for their cations and
anions. To compute the exact energy of Li and Be™, we have used a Hylleraas-type
wave function containing a large number of terms. The results are reported in Table
and the HF ground state of the first six atoms are represented in Fig. [2.1

Where exact energies are available, it appears that the MP2 and MP3 calculations
recover a large proportion of the exact correlation energy. Their performance appears
to improve rapidly as the atomic number grows and, for this reason, we consider the
MP3 energies to be reliable benchmarks for the heavy atoms.

In view of the modest sizes of these atomic correlation energies, we conclude that
it is likely that, for 1D systems, even the simple HF model is reasonably accurate
and MP2 offers a very accurate theoretical model chemistry.

The accuracy of perturbative methods throughout Table may be surprising
given the small band gaps in some of the species, e.g. Li. Although a small gap is
often an indicator of poor performance for perturbative corrections, the associated

HOMO-LUMO excitations correspond to the movement of an electron from the
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Energy Correlation energy HF property

Ton —FEexact —Eur _Eiv[PQ _EE/IPS —E. Gap <$> <1‘2>

H* 0 0 0 0 0 — 0 0

H,; 0.500000 0.500000 0 0 0 0.373 1.500 1.732
Hy™ 0.646584 0.643050 1.715 2.530 3.534 0.168 0 2.296
He, ™" 2.000000 2.000000 0 0 0 0.776  0.750 0.866
1Hey 3.245944 3.242922 2.063 2.688  3.022 1.264 0 0.985
1Hey™ Autoionizes
(Li T 7.845792 7.842889 2.235 2.733  2.903 3.200 O 0.628
1Ly 8.0119 8.007756 3.36 4.03 4.1 0.119 1.483 2.836
oLy 8.059016 3.92 4.75 0.062 0 4.219
1Be,™  15.0411 15.035639 4.77 5.48 5.5 0.220 0.829 1.599
»Be, 15.415912 6.68 7.69 0.386 0 2.111
2Bes™ Autoionizes

Byt 25.281504 8.75 9.80 0.897 0 1.437
9B3 25.357510 9.7 10.9 0.056  1.881 4.655
3Bs~ 25.380955 9.97 11.33 0.036 0 7.042
203+ 37.918751 12.8 14.3 0.104 1.070 2.726
3C3 38.090383 14.6 16.5 0.176 0 3.684
3C4~ Autoionizes
3N, 53.528203 18.7 20.9 0.400 O 2.557
3Ny 53.569533 19.1 21.5 0.031 2.423 7.139
e 53.582040 19.3 21.7 0.030 0 11.094
30,7 71.836884 23.8 26.6 0.059 1.382 4.267
404 71.929302 24.9 28.1 0.098 0 5.806
405~ Autoionizes

AT 93.125365 30.5 34.2 0.217 0 4.048
4F5 93.149851 30.7 34.5 0.020 2.939 10.041
sF5™ 93.157319 31 35 0.037 0 15.538
aNeg ™ 117.256746 36.3 40.9 0.037 1.745 6.246
sNeg 117.312529 37 42 0.067 0 8.586
5Neg ™ Autoionizes

Table 2.2: Total energies (in E},), correlation energies (in mFy), HOMO-LUMO
gaps (in Ep), dipole moments (x) and radii y/(z?) (in a.u.) of 1D atoms and ions
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Ionization energy Electron affinity

Atom A— AT 4e A+e — A

HF MP2 MP3 HF MP2 MP3
H 13.606 13.606 13.606 3.893 3.939 3.961
He 33.822 33.878 33.895 0 0 0
Li 4.486 4.517  4.522 1.395 1.410 1414
Be 10.348 10.400 10.408 0 0 0
B 2.068 2.09 2.098 0.643 0.651  0.655
C 4.670  4.719 4.733 0 0 0
N 1.125 1.14 1.14 0.340 0.35 0.35
(@) 2.515 2.54 2.56 0 0 0
F 0.666 0.67 0.67 0.203 0.21 0.2
Ne 1.518 1.5 1.5 0 0 0

Table 2.3: Ionization energies and electron affinities (in eV) of 1D atoms

outermost orbital on one side of the nucleus to the corresponding orbital on the other
side, e.g. exciting from ;Li, to ,Li;. However, such excitations are excluded from
the perturbation sums because they involve the (physically forbidden) movement of
an electron from one domain to another.

We have computed the ionization energy IE (A — AT 4 e~) and the electron
affinity EA (A +e~ —— A7) of each atom and these are summarised in Table
Our HF calculations revealed that anions of even-Z atoms (viz. He ™, Be , C™, O~
and Ne ) autoionize. The IEs display a clear zig-zag pattern as the atomic number
grows, reminiscent of the IEs in 3D. However, in 1D the period is very short, viz. two.

The odd-Z atoms have a non-zero dipole moment, which allows reactivity with
other odd-Z atoms via dipole-dipole interactions. In contrast, the even-Z atoms have
only a quadrupole and would be expected to be more electrostatically inert. The
combination of the periodic trends in the IEs and the pattern of atomic reactivities
allows us to construct a periodic table for 1D atoms (Fig. . The 1D atoms H, Li,
B, N and F are the analogs of the 3D alkali metals (i.e. H, Li, Na, K and Rb) and
the 1D atoms He, Be, C, O and Ne are the analogs of the 3D noble gases (i.e. He,
Ne, Ar, Kr and Xe).

Like their 3D analogs [T08-113], the 1D IEs drop as the nuclear charge increases.
However, this behaviour is more dramatic in 1D than in 3D because the strong
shielding in 1D causes the outermost electrons to be very weakly attracted to the
nucleus. This effect is so powerful that the third 1D noble gas (C) has an IE (4.733
eV) which is lower than the IE (5.139 eV) of the third 3D alkali metal (Na).

1D EAs also behave similarly to their 3D counterparts, decreasing as the nuclear

charge increases. Because one side of the nucleus is completely unshielded, the EA
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Group 1 2

Alkali  Noble
metals Gases

Period

Figure 2.2: The periodic table in 1D

of 1D H (3.961 eV) is far larger than that of 3D H (0.754 ¢V). However, like the 1D
IEs, shielding effects lead to a rapid reduction in EA as the nuclear charge increases.
As a result, the fifth 1D alkali metal (F) has an EA (0.160 V) which is considerably
smaller than the EA (0.486 ¢V) of the fifth 3D alkali metal (Rb).

We have also computed \/@ as a measure of atomic radius and compared these
to the calculated values of Clementi et al. [114, [I15] for 3D atoms. Whereas a 3D
alkali metal atom is much larger than the noble gas atom of the same period, the 1D

alkali metal atoms are only slightly larger than the noble gas within their period.

2.4 Molecules

2.4.1 One-electron diatomics

The electronic Hamiltonian of a one-electron diatomic AB#2+28-1) composed of

two nuclei A and B of charges Zs and Zp located at x = —R/2 and @ = +R/2 is

1 Za 7B
2dz? |+ R/2| |z-R/2|

H=— (2.12)

For these systems, three families of states are of interest:

e The {AB(Za+Z8=1) 4nd AB%ZAJFZB*U families where the electron is outside the

nuclei;?

2TIn the homonuclear case, i.e. Zx = Zp, these two families are equivalent.
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Molecule Total energy Correlation energy
State Bond length —Eoxact —FEnr —pMPZ - _pMPs g Gap v
H,HT Req = 2.581 0.830710  0.830710 0 0 0 3.42 2470
One-electron ~ He; H2F Reg = 2.182 1.830303  1.830303 0 0 0 2.39 3553
diatomics R = 3.296 1.809411 1.809411 0 0 0 1.28 1914
He;He*™  Req = 1.793 1.986928  1.986928 0 0 0 9.89 4267
Ris = 4.630 1.694543  1.694543 0 0 0 1.48 1028
H.H, Req = 2.639 1.185948 1.184571 1.400 1.374 1.377 0.264 2389
Two-electron He;H Req = 2.016 3.444390  3.441957 2.457 2.438 2.433 1.220 3747
diatomics HelH1+ Req = 2.037 2.517481 2.516810 0.681 0.669 0.671 0.443 3939
HelHel2+ Req = 1.668 4.112551  4.110780 1.784 1.772 1.771 1.480 4755
R = 3.989 3.807432  3.807165 0.251 0.259 0.267 0.307 1286
Triatomics H,H,H' Req = 2.664 1.570720  1.569820 0.918 0.897  0.900 1.557 1178*

Symmetric vibrational mode.

Table 2.4: Structures (in a.u.), total energies (in Ej), correlation energies (in mEy, ),
gaps (in Ej) and vibrational frequencies v (in ecm™!) of 1D molecules

e The A B(?2a+Ze—1) family where the electron is between the two nuclei.

Some of the properties of three such systems are reported in the upper half of Table

24

H,*"

The simplest of all molecules is the homonuclear diatomic H2+, in which Zp = Zg = 1.
In 3D, this molecule was first studied by Burrau who pointed out that the Schrédinger
equation is separable in confocal elliptic coordinates [116]. In 1928, Linus Pauling
published a review summarizing the work of Burrau and many other researchers
[117) 118].

Fortunately, it is possible to obtain some exact wave functions for H;H" in 1D.
The Schrodinger equation using the Hamiltonian in Eq. can be solved for
Za = Zp and E = 0, yielding

Un(z) = (1= 2%) 2 (2.13)
F(—%,%”,Q,l—zg), n even,
where F'(a, b, c, x) is the Gauss hypergeometric function [I00], z = 22/R and
1 2
R = w (2.14)

2Z
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Figure 2.3: Potential energy curves of the H;H" and HHlJr states of the hydrogen
molecule cation

Hence for the H2Jr molecule with, for example, bond length R = 1 the exact wave
function will be ¢o(z) = (1 — 22)(1 + 2z).

The near-exact potential energy curves of the H;H" and HHl+ states are shown
in Fig. Beyond R = 1.5, the H;H" state is lower in energy than the HHlJr
state. However, when the bond is compressed, the kinetic energy of the trapped
electron becomes so large that the H,;H state rises above the HH,; " state. The bond
dissociation energy (0.3307 E}) of H;HT is large and its equilibrium bond length
(Req = 2.581 bohr) is long. Both values are much larger than the corresponding
3D values (0.1026 Ej, and 1.997 bohr) [I19]. Whereas the H;HT state is bound
by a favorable charge-dipole interaction, the HHlJr state is repulsive because of a
similar, but unfavorable, interaction. Using this simple electrostatic argument, one
can predict that the H;H™ and HHl+ potential energy curves behave as —puy/R>
and +ug/R? for large R, where uy = 3/2. This charge-dipole model is qualitatively
correct for R > 10 for H;H' and R > 5 for HH, .

HeH?2t and He23+

The Hamiltonians of HeH?" and H623+ are given by for Zp =1 and Zp = 2,
and Zx = Zp = 2, respectively. As in H2+, we find that He;He3" is more stable
than HeHengr, and He;H** is more stable than HeH12Jr and ;HeH?*", except at short
bond lengths.

In 3D, the molecules HeH?t and H623+ are unstable except in strong magnetic
fields [120]. However, as Fig. shows, He, H*" and He,; He" are metastable species
in 1D with equilibrium bond lengths of Req = 2.182 and 1.793, and transition
structure bond lengths of Ry = 3.296 and 4.630, respectively. Although these species
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Figure 2.4: Potential energy curves of the AlB(ZA+ZB_1) states of several one-electron
diatomics

are thermodynamically unstable with respect to He™ + H* and He™ + He?*, they
are protected from dissociation by barriers of 0.0209 and 0.2924, respectively. For
large R, their dissociation curves behave as 1/R — jiy.+ /R? and 2/R — 2puy.+ / R,
respectively, where piyy,+ = 3/4.

All the heavier one-electron diatomics have purely repulsive dissociation curves.

Chemical bonding in one-electron diatomics

Fig. shows the electronic density p(z) for H{H' and He;H** at their equilibrium
bond lengths. Whereas the electron density in a typical 3D bond is greatest at the
nuclei and reaches a minimum near the middle of the bond [118§], the electron density
in these 1D bonds vanishes at the nuclei and achieves a maximum in the middle of
the bond. The bond in He;H?>" is polarized towards the nucleus with the largest

charge.

Harmonic vibrations

We have computed the harmonic vibrational frequencies of H;H™*, He;H?>T and
He,He" at their equilibrium bond lengths and these are shown in Table The
second derivative of the energy was obtained numerically using the three-point central
difference formula and a stepsize of 1072 bohr. The frequency of the 1D H;H™ ion
(2470 cm™!) is similar to that of the 3D ion (2321 cm™!) [121] but this result is
probably accidental. Although the barrier in He1H2+ is small and its harmonic
frequency relatively high (3553 cm™1), the ion probably supports a vibrational state:

the zero-point vibrational energy is only half the barrier height.
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Figure 2.5: Electronic density p(z) in H{H and He,H?* at their equilibrium bond
lengths

2.4.2 Two-electron diatomics

The Hamiltonian of a two-electron diatomic AB(?2A+28=2) composed of two nuclei A

and B of charges Zs and Zp located at * = —R/2 and z = +R/2 is

ﬁ:_1<82 82> N N 78 Zs 1

2003 T03) e+ B et B -5 -] el

(2.15)
These systems possess six families of states:
e The A,B(ZA+78-2) family;
e The ;AB,(%2a+%8=2) family;
e The ;A;B4r+Z8=2) and A B, (%A*+28=2) families;
e The ,AB(%2a+28-2) and AB,(%2a+78=2) families;

Note that the last two items of the list are equivalent in the homonuclear case (i.e.
Z4 = Zp). Some of the properties of four such systems are reported in the lower

half of Table 241

H,

The simplest two-electron diatomic is H, where Zp = Zp = 1. The 3D version of
this molecule has been widely studied since the first accurate calculation of James
and Coolidge [98] in 1933. The 1D ground state in each family has been calculated
using Hylleraas-type calculations and is represented in Fig. 2.6, We note that the
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Figure 2.6: Potential energy curves of the H,H,, ;HH,, H,H and HH, states of the
hydrogen molecule.

HF and Hylleraas curves are almost indistinguishable due to the small correlation
energy in these systems (see Table .

As expected, HH, is high in energy due to shielding by the inner electron (see
discussion on the He-like ions in Sec. , and dissociates into H" + H, . The
three other states dissociate into a pair of H atoms. As in H,", the ;HH, state
is the most stable at small bond lengths, but is higher in energy than H;H; when
R > 1.5 bohr. The H,H; state is bound with an equilibrium bond length of 2.639
bohr and a dissociation energy of 0.1859 Ey,. In comparison, the bond length of the
3D H, molecule is close to 1.4 bohr and has a similar dissociation energy (0.1745 E},)
[122]. The harmonic vibrational frequency of H;H; (2389 cm™!) is significantly lower
than the 3D value (4401 cm~!) [121]. The equilibrium bond lengths and vibrational
frequencies of H;H' and H;H, are similar because of the efficient shielding in 1D.
Finally, we note that H;H; has a non-zero dipole moment and the two fragments H;
are bound by a dipole-dipole interaction.

For those who are familiar with the traditional covalent two-electron bond in
3D chemistry, the instability of HyH is probably surprising. However, this state is
destabilized by two important effects: (a) the high kinetic energy of the electrons
when trapped between nuclei (see discussion on H," in Sec. and (b) the 1D
exclusion principle, which mandates that the second electron occupy a higher-energy
orbital than the first. For these reasons, 1D molecules are usually held together by
one-electron bonds (sometimes called hemi-bonds).

Bonding in H2+, which is driven by the H" + H charge-dipole interaction, is

roughly twice as strong as the bonding in H,, which arises from the much weaker
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Figure 2.7: Electronic density p(z) in H;H;, H;He,", He;H,;" and HelHeIQJr at
their equilibrium bond lengths

H + H dipole-dipole interaction. In contrast, in 3D, the H, bond is roughly twice as
strong as that in H2+.

We expect that two-electron (or more) bonds exist in neutral species such as
1LiyH; because of favorable dipole-dipole interactions. However, such species are
bound despite the two-electron bond, rather than because of it, and are probably

very weakly bound. This will be explored further in the next chapter.

HeH™' and He22+

The Hamiltonian for HeH" and He22Jr are given by for Zx =1 and Zp = 2,
and Zp = Zp = 2, respectively. Like HelHe3+, HelHel2Jr is metastable with a large
energy barrier of 0.3051 Ej, and a late transition structure with Rys/Req ~ 2.5. In
3D, the H622+ dication is also metastable but with an earlier transition structure
(Ris/Req =~ 1.5) [123H127].

Like the 3D HeH™ molecule [128], the 1D ;He,;H" and He,;H," ions are bound.
The dissociation of {He;H" into ;He, + H' requires 0.1981 Ej and is much more
endothermic than the dissociation of He,H," into He, + H;, which requires only
0.0174 Ey. Surprisingly, however, they have similar bond lengths and harmonic

frequencies.

Chemical bonding in two-electron diatomics

Fig. shows the electronic densities p(x) in H,H,, H;He,*, He,H, " and HelHe12+
at their respective equilibrium bond lengths. The bonds in H;H; and HelHelzJr

are polar because of the repulsion by the external electron. In HelH1+, the bond
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is highly polar because the repulsion by the external electron and the attraction of
the He nucleus push in the same direction. In HlHe1+, the bond is polarized in the
opposite direction because the repulsion by the external electron is dominated by

the attraction of the He nucleus.

Correlation effects

Table reports the MP2, MP3 and exact correlation energies at the equilibrium
geometries of HyH;, ;He;H', He;H,; ™ and He,He,*". All these values are small
compared to their 3D analogs because correlation energy in these 1D systems is
entirely due to dispersion. As a result, correlation effects are pleasingly small and,
for example, the HF bond length in H,H; differs from the exact value by only 0.003
bohr. This re-emphasizes that the HF approximation is probably significantly more
accurate in 1D than in 3D.

The range of E. values (—2.434 in HyHe, ™, —1.771 in HelHe12+, —1.377in H{H,,
—0.671 in H61H1+) can be rationalized by comparing the distance between the two
electrons in each system (see Fig. : shorter distances yield larger correlation
energies.

For the diatomics in Table HF theory is again found to be accurate and the
MPn series appears to converge rapidly towards the exact correlation energies. In

particular, the MP3 and exact energies differ by only a few microhartrees.

2.4.3 Chemistry of Hy"

The 3D H; " ion was discovered by Thomson [129] in 1911 and plays a central role
in interstellar chemistry [I30-HI32]. In astrochemistry, the main pathway for its

production is
H," +H, — H;" + H (2.16)

and this reaction is highly exothermic (AU = —0.0639 E}) [132]. In 3D, the ion
has a triangular structure [I33] as first demonstrated by Coulson [I34]. The proton
affinity of H,

H, +HT — H, " (2.17)

is also strongly exothermic (AU = —0.1613 Ey,) [135].

In this Section, we study the 1D analogs of these two reactions, viz.

H,HY + H,H — HH,H" + | (2.18)
H,H, + HT — H,H,H" (2.19)
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In 1D, the equilibrium structure of H;H;H" has D,y symmetry, a bond length
of 2.664 bohr, and an energy of —1.570720 Ey, (see Table . The correlation
energy at this bond length is only 0.900 mF},. Our calculations predict that reactions
(2.18) and (2.19)) are both exothermic (AU = —0.0541 and —0.3848 E},, respectively)
and that reaction is barrierless. It is interesting that the exothermicities of
reactions ([2.16]) and (2.18]) are close, and that the proton affinities (reactions (2.17))
and (2.19)) are also broadly similar.

2.4.4 Hydrogen nanowire

Despite the fact that equi-spaced infinite H chain in 3D suffers from a Peierls instability
[136], where the geometry distorts such that the atoms pair into dimers, this system
has attracted considerable interest due to its strong correlation character and metal-
insulator transition [I37HI4I]. We have therefore used periodic HF calculations
[142], 143] to compute the energy per atom of an infinite chain of equi-spaced 1D
H atoms separated by a distance R. Motivated by our results for 1D H2+, H, and
H3+, we have studied the state in which one electron is trapped between each pair of
nuclei, i.e. ---H;H/H Hy---.

We have expanded the HF orbital in the unit cell (z € [-R/2, R/2]) as a linear

combination of K even polynomials

=y
E4P (2) = \/ 22;; Fﬁ’;ff{ ?) (1= 22k (2.20)

We find that, near the minimum-energy structure, K = 4 suffices to achieve conver-
gence of the HF energy to within one microhartree and the resulting bond length
is Req = 2.763, which is slightly longer than the values in H,", H, and H;". The
corresponding energy is —0.734337 which yields a binding energy of 0.2343 per bond.
In comparison, the binding energy in Hy is roughly 80% of this value. This explains

the particular stability of the equally-spaced H, chain in 1D.

2.5 Concluding Remarks

We have studied the electronic structure of 1D chemical systems in which all nuclei
and electrons are constrained to remain on a line. We have used the full Coulomb
operator and our numerical results are strikingly different from those of previous
studies [48), 49] in which a softened operator was used. We have explored atoms with
up to 10 electrons, one- and two-electron diatomics, the chemistry of H3+ and an

infinite chain of H atoms.
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We find that, whereas atoms with odd numbers of electrons have non-vanishing
dipole moments and are reactive, atoms with even numbers of electrons have zero
dipole moments and are inert. Based on these results, we have concluded that the
1D version of the periodic table has only two groups: alkali metals and noble gases.

Our study of one- and two-electron diatomics has revealed that atoms in 1D are
bound together by strong one-electron bonds. The Coulombic forces within such
bonds can be accurately modelled by simple classical electrostatics, primarily as
charge-dipole and dipole-dipole interactions. This leads to a variety of unexpected
results, such as the discovery that the bond in H2+ is much stronger than the bond

in H,.
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Chapter 3

Cheml1D: a 1D electronic

structure theory program

3.1 Introduction

In Chapter [2| we explored a model of one-dimensional (1D) chemistry for a small
variety of atoms and molecules. This model applies the Dirichlet boundary condition
to the wavefunction which requires a node whenever two particles touch [80} 93] 94].
There are three curious consequences of this condition: spin-blindness [62H64], [66],
the Super-Pauli principle and particle impenetrability [80) 82, 87]. Section has
more details on both the use of the Dirichlet condition and its consequences.

Although limited in scope, this study was sufficient to come to some exciting
conclusions, such as constructing the 1D periodic table in Sec. and conjecture
about the existence of larger molecules in Sec. The technology used to achieve
this was prototype in nature, and severely limited in the size of system which it was
capable of handling. In this chapter we describe a program which we call CHEM1D.
This is an electronic structure program which is capable of performing Hartree-Fock
(HF) and Mgller-Plesset (MP2 and MP3) calculations for (in principle) any 1D
molecular system.

Due to the particle impenetrability in the Dirichlet model of 1D chemistry the
nuclei separate the 1D space into regions which the electrons become trapped in. We
refer to these regions as domains and one of CHEM1D'’s key features is its ability to
exploit this separation. In this chapter we describe CHEM1D before using it to study
larger chemical systems than were possible in Chapter [2| In Sec. we describe the
underlying theory and, particularly, our two-electron integral methodology. Sec.

sketches the overall structure of our program and Sec. presents and discusses some

43
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new results that it has yielded. We make continued use of the notation introduced

in Sec. 22211

3.2 Theory

3.2.1 Basis sets

For this work we have developed a set of basis functions to describe the orbitals.
The choices have been motivated by the exact wavefunctions found in Chapter [2| for
the one electron systems H; and H;HT. A basis function F%, has index p and resides
entirely in domain p. When the domain superscript is redundant it is omitted. It is
easy to see that the basis function pair (FLFZ|, with p # ¢, must necessarily vanish
everywhere.

In domain 0 we have a set of normalised exponentials
Lu(z) = 2u°a®?(A) — z) exp[—pPa(Ar — )] (3.1)
in domain N we have an analogous set of exponentials
Ru(z) = 213032 (x — An) exp|—plalz — Ay)] (3.2)

and, in the finite domains, we have even polynomials

1/2
£8(a) = \/ e (= a2y (33

and odd polynomials

1/2
Ob(x) = \/ 4 a Fgg;f{ ?) (1= 22 (3.4)

where z = (Ap + Apy1 — 22)/(Ap — Apt1), R = Apt1 — Ap and T is the Gamma
function. We include only positive integer u to ensure that the orbitals vanish at the
nuclei.

All of the necessary one-electron integrals can be found in closed form and we
list the relevant formulae below. We also present a discussion of the algorithms we
have developed for evaluating the required two-electron quantities. We use chemist’s

notation [8] throughout.
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3.2.2 One electron integrals
Define T = —V?/2, V,, = |z — Ay| 7, ¢ = 2 + %, = A2 + 0% and

Iz +vy)

NV EINET)

(3.5)

Then the necessary one electron integrals, which are relatively straightforward to

evaluate, are given by the following expressions.

Overlap integrals

All overlap integrals vanish except the following

(LulLy) = (RulRw) = (2uv/¢)° (3.6)
Gp+1/2,v+1/2)
PSP —
Eile) = Gl +a/) (3.7)
G(p+1/2,v+1/2)
P|OP) —
(OO0 = Glu+ 5/4,0 +5/4) (3.8)
Kinetic integrals
All kinetic energy integrals vanish except the following
(‘CM‘TLC‘V) _ (R,U«|T|RV) _ 042/.L2V2 (3 9)
(LulLy) (RulRw) 2 '
EATIE)  dw(p+rv+1/2) 1T (3.10)
Enle)  (m+v)(p+v—1)R? '
(ONT|O8)  12uv(p+v+3/2) 1
(OO0 ~ (u+v)u+v-DR
where R = 4,11 — A).
Nuclear-attraction integrals
All nuclear-attraction integrals vanish except
(LulVplLy) _ (CaRy)®
(ﬁu’ﬁy) Rp U(3a 3, CO‘RP) (Rp D 1) (3 )
R Vo Ry aRy,)?
RullolRe) _ €Ol 3 5.camy)  (Ry=Av—4) (319

(RulRv) Ry
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(ELV,IED) 1 1 3 a2
= F(1,= e R, =|A —A 3.14
(53\83) |Rp] 727:“"'”"' 2 ( iy ’ gt a p‘) ( )

(OLV,|08) 1 3 5 a2
(0709 7)) ,2,,u+1/+2, 12) (R, =|A4+a »l) (3.15)
ELV,l08) 1 3 5 a®>\ a/R,
= Fl1,2 i Il — A —A
0100 "I’y \at TVt 2 ) Vit 3 (Bp = [Aq +a = A))

(3.16)

where U is the confluent hypergeometric function [I00], F is the Gauss hypergeometric
function [100] and a = (Ag+1 — A4q)/2.
3.2.3 Two-domain two-electron integrals

Antisymmetrised (“double bar”) electron repulsion integrals (ERIs) quantify inter-
actions between an electron in domain p and another in domain ¢q. If p # ¢, we

have

(FLFL||FIFY) = (FLF)|FIFY) — (FUF}[FFD)
= (F/F}|F{FY) (3.17)

and there are three cases: (1) Both domains are infinite; (2) One domain is infinite

and the other is finite; (3) Both domains are finite.

Infinite/Infinite domains

If welet ¢ = p?2 +1v%, n=X+0%and R= Ay — A; then

(LulLo)(RAIRs)  2(¢—n)°
% [5(C+m(C =) = 3(C+n)*(¢ —n) = 2Ra¢n(¢ —n)*]
— ¢! [12 = 6Ra(¢ — ) + (Ra(¢ —n))*] U(1, 1, Rag)
+ ¢ 124 6Ra(C — ) + (Ra(¢ = m)?] U(L,1, Ran) )~ (3.18)

(LuLU|RAR,) aln (

or, in the limiting case where ( = 7,

+ (Ra¢)* — (Ra¢)®U(1,1, RaC))  (3.19)
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When R =0 (i.e. for atomic calculations), these two formulae reduce to

(L £V|R)\RO’) . OéC’I] C
(ﬁjﬁy)(mmg) 20— ) ((C2 — ) (¢* = 8¢n+n*) +12¢*n° In <n>> (3.20)

and e |
v R,\RU - &C
(Eurﬁu)(R,\\Ro.) 5 (3.21)

Infinite/Finite domains

Unfortunately, we have not been able to obtain analytic and numerically satisfactory
expressions for (LL|EE) integrals and others of this type. Fortunately, there are
comparatively few of these integrals and if we define a = (4,11 — 4,)/2, R =
(Ap+a)— Ay, ¢ = p? +v? and m = X + o and reformulate the desired ERIs in terms
of the potential of the LL product, we obtain

(L LIEES) 3 T(m+3/2)
(LulLo)(ERIER) — a®m+ly/m T(m+1)
R+a
/ " (a® + (R — 2)*)™2*U (3,3, () dz (3.22)
R—a
(£,L,1E08) 28 T(m+5/2)

(ﬁqu)(Oi‘Og) B _a2m+2\/7?\/m F'(m+1)

R+a
/R (a>+ (R—2)))™R — 2)2*U(3,3,¢z)dz (3.23)

(L,.L,|O808)  2¢3 T(m+5/2)
(LulL)(O5]05) — a®m+3y/m T(m+1)

R+a
/ (2 + (B — )™ (R — 2)222U (3,3, Cx) dz (3.24)
R—a
We have found that these can be evaluated satisfactorily by numerical quadrature.
The (RR|EE) integrals and others can be found in the same way.
It is possible to obtain the (£,L,|O50F) integral by using the relation
(©10%)

7((92@5) =B+2(pn+vr))

(En&l]
(ER1ED)

(£, 11l
(EL1EY 1)

— (2 +2(u+v)) (3.25)

but we do not make use of this here.

Finite/Finite domains

The final class of two-domain ERIs are those between two finite domains. We have
constructed a four-term recurrence relation for the calculation of these integrals. Let

fP = f(z — P) be a polynomial basis function pair in the domain p and centred
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around the point P. Let g? = g(y — Q) be another function pair in the domain ¢

centred around the point ). Then we have the following

(fp|gq):/_00 /_00 f(x_;;)_g;y_Q)dmdy

_ /_Z /_Z flz—P) (/Ooo e—s(y—x)d5> oy — O)dady
- /OOO (/Z flz - P)e““"dx> (/Z 9(y — Q)esydy> ds

B / T (=)L (8)e @ P%as (3.26)
0

where Ly and L, are the Laplace transforms of the basis functions pairs f? and g¢
translated so that they are centred around 0 respectively. Let a = (4,41 — Ap)/2 be
half the width of the domain p. The required Laplace transforms are

Wzoﬂ <M+V+2;<(;9)2> (3.27)
LIEROY)(5) as as
onon ~ Vs <“ g (2>2) )

where oFi(c;z) is the confluent hypergeometric limit function, which obeys the

following three-term recurrence relation [100]

oFl(C—l;.Z‘)—QFl(C;l'): 0F1(C—|— 1;27) (3.29)

clc—1)

Since we are interested in products of the functions in Eqgs. (3.27) and (3.28)),

both of which contain the same argument to the hypergeometric function, we are able

to apply the recurrence relation (3.29) twice and remove the additional argument
dependence. Let m = p+v,n=A+0,a= (Apt1 — Ap)/2 and b = (Ag11 — Ay)/2,
then

1 a%s? 3 b2g2 1 a?s? 3 b2s2
F .22 ) F 2.2 ) = F .22 )V F .22
01<m % 4>o 1(n+2,4> 01<m+2,4>0 1<n+274>
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Figure 3.1: A graphical representation of the recurrence relation for computing
electron repulsion integrals between two finite domains. Green dots represent integrals
with one small parameter that can be computed by analytic expressions. Blue dots
represent integrals that are evaluated from power series expansions. Grey circles
are the integrals to be evaluated by recursion. The red and yellow circles denote
the integrals that can be used to form the integrals shown by the red and yellow
triangles respectively.

This recurrence relation can be applied to the integrals constructed from Egs.

(13.26)), (3.27) and (3.28). As an illustrative example one possible recurrence relation

1S
(E0_\EVIELED)  (EheDIElED) | a’(n—D)(n+ )
(& 1ED)(EIES)  (ERIED(ESIES) b2 (m+ 3)(m+ 3)
<(<sﬁ+lef|s§253> <55+155|sz153>> )

ENIED)(ELLIED) (€L, 1ED)(ET L IED)
Numerical experiments suggest that this backwards recurrence in u is sufficiently
stable for our purposes but that the forward recurrence is unstable. This necessitates
the construction of starting values for the recurrence. Two sets of starting values are
required, and these sets can be viewed as two rows where m = p + v is small and
two columns where n = A + o is large. Fig. shows a graphical representation of

the recurrence.
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Obtaining the two columns where n is large can be achieved adequately by using

the power series definition of the oF} hypergeometric function

=1 Sk
0F1 a Z 27)7‘ (332)
= (@) !
(a)p =ala+1)(a+2)...(a+k—1)(a+k) (3.33)

where (a)y is the Pochhammer symbol [I00]. The terms in the sum decay rapidly
when the hypergeometric parameter is of modest size and, as a result, the sum can
be truncated after a few terms.

To construct the two rows with small values of m = pu+v we have obtained analytic
expressions for the necessary integrals when m = 0 and m = —1. Let m = u+ v,
n=A+o0,a=(Apy1 —Ap)/2, b= (Ag11 — Ay)/2 and R = (A4 + b) — (A, + a)| be
the distance between the centroids of the two domains p and ¢. Then for two pairs

of even polynomials these expressions are

(EpEvlgses) 1 1 1 3 b
EnenEen ~ 2 |[R—a 2" T R_ap

1 1 3 b?
F=1n+2— 34
+R+a2 1<27 ’n+2’(R+a)2>] (33)
when m = —1 and
(ELEY|EIED) 1 202 3 5 b2
R ITAY L B(1,1,22n+2 ———
EHENETNED ~ 8a |BranR —a2? 2 "2 P T R _ap
202 3 5 b?
- B(1,1,22n+2 ———
(3+2n)(R+ a)?® 2<’ ) ’n+2’(R+a)2>
~4(In(R - a) - (R +a)) | (3.35)

when m = 0.
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For a pair of even functions interacting with a pairing of an even and an odd

polynomial the expressions are

(EhevElog) B b {(3 +2n)[(3 4+ 2n)(R — a)? — b?]
(ERIED(O5]105) — 2vB+ 4N (R—a)?—b?)?
4(1+n)(24+n)(R - a)? 1.5 b
e (5 )
(34 2n)[(3+2n)(R + a)? — b?]
(R+a)?*—b?)?

_4(1+n)(2+n)(R+a)22F1 (_1,1;714_5 b >} (3.36)

(R+a)?—b2)? 2 2 (R+a)?
when m = —1 and
(Ehebiesos) b Lop(l, .2
(EENOI0T) ~ 203+ ax [R—a” '\277" T 2 (R—a)?
Rta® '\ 2 H 2" (R+a)? ’

when m = 0.

Note that when the two domains being integrated over are adjacent it is necessary
to take the limit as R —a — 0.

It is not necessary to consider any more integrals. Using Eq. both bras
and kets containing pairs of odd basis functions can be constructed from those over
pairs of even functions. Additionally, integrals over two mixed pairs (one even and
one odd function) can be formed from the integral over two pairs of even functions

(EROD|ELO) 4 (m+1/2)(m +3/2)

(OL100)(05]0%) a 3FAp/3+ 4N
( (Eh_\EDIEL,E8)  (EREDIEL, &) ) (338)

(&L 1|E)(Ex 1) (ERIED)(EX.1E)

Any other required integrals can be obtained via symmetry.

3.2.4 One-domain two-electron integrals

We now turn our attention to integrals where all four basis functions reside in
the same domain. Here, one finds that the Coulomb and exchange components
of the antisymmetrised integral diverge but their sum is finite. To treat these,
we rewrite the Coulomb operator as the limit of a sequence of softened potentials

erf (w(z —y)) /(x — y), where w determines the degree of softening.
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Taking the Fourier transform of this operator allows us to also bring the two basis
function pairs into frequency space. Let (FLF)|FYF5),, denote a two electron integral
using the softened Coulomb operator, F,,,, = F[FLF}] be the Fourier transform of
the product FLF), T'(a,z) denote the incomplete gamma function and + denote
Euler’s constant. Then we find

erf (w(@ — y))
(FZF£|F§F§)w = <F7ZF£ x——y F§F§

1 > k2 ik(x—
= <F{;Ff; 27r/_oor (o, 4w2> etk y)dk’F§F§>

1 o0 k2 ) )
— D P kT P ,—iky
o] T (0, 4w2> </d FFhe d:c> ( /d FiF2e dy) dk

1 [ k2
27r 1—‘ O, ? fuy(k)f)\o—(—k?)dk
1
_ [/ 2smh V2w) =~ —3In 2) Fu (k) Fao (—k) dk
2m 00

T

—00
(3.39)
(FRFD[|FYFD) = lim (FRF)|FFD), — (FRFY[FUFD),

w—00

= lim [21 (281nh Y(V2w) — v — 31112)

w—r00
</ Fuw (k) Fro(—k)dk — / Fun(k)Foo( k:)dk:>
k2 VB
+% <F<O 4w2>—2s1nh ( w)+7+31n2>

(Fuv (k) Fro(—k) — Fun(k) Foo(—Fk))dk ] (3.40)
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We can use the following relationship, which is a consequence of Parseval’s

theorem [100], to remove the first term within the limit

/_ T o () Fro ()l = /d FY () F2 (r)F (1) F (r)dr = / " B Fao (R

(3.41)

and obtain

1 ]{72
D IP PP _ 1: : 1
(FLFD||[FYFY) = lim [2 / (F <0, 2) — 2sinh ™' (V2w) + v+ 31n 2)

(Fon (k) Fr (—k) — Fon (B) For(— ) )k ]

= {FﬁF,’j]F’;F{;} — {FﬁF§|F{jF§ (3.42)
where we have introduced the “quasi-integral”
1 [ k?
{FZF{HF};\F{,’} = —%/ Fuv(k)Fro(—Fk)In (4) dk (3.43)
—00
There are two cases: (1) the domain is infinite; (2) the domain is finite.

Infinite/Infinite quasi-integrals

It is easy to show that

2(¢+m)? (C+mn)°

{L,LJLXLsY  {RJRURAR,} ¢ <C2+6C77+?72 642n21n07>
(£u|£l/)(£/\|£a) (RM'RV)(R)\\RU)

(3.44)

Finite/Finite quasi-integrals

Because of symmetry, only the {ELEV|EVERY, {ELENIOROLY, {OLOV|OROL} and
{ELOVIELOL} integral classes are non-vanishing and, if the relationship is
exploited, it is necessary only to compute the first and last of these classes.

We have been unable to find a general expression for these quasi-integrals. How-
ever, because they scale inversely with the width of the domain, we have tabulated
the necessary quasi-integrals for a domain on the interval [—1, 1] and our program

simply scales these, as required, on the fly.
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3.3 Implementation

We have implemented the above theory in a program that we call CHEM1D. So that
others may understand how the results of Sec. are used practically we present an
overview of the structure of CHEM1D. In the following section, we define D to be
the set of all domains (both finite and infinite) in the molecule, Dy and Dp to be
the set of all infinite and finite domains respectively, N(p) to be the total number of
basis functions in the domain p and F(p) and O(p) to be the number of even and

odd basis functions, respectively, in the finite domain p.

3.3.1 Integral evaluation

The heart of any quantum chemistry program is its integral evaluation routines,
particularly those for the two-electron integrals, for it is these quantities that typically
represent the computational bottleneck and make the heaviest demand on computer
memory. Our algorithms are not optimal but we have attempted to exploit some of

the simplifications that arise as a consequence of the domain separation of electrons.

One-electron integrals

Because the product of two basis functions in different domains vanishes the one-
electron integral matrices are block diagonal with each block corresponding to a
domain. Therefore for each of the overlap, kinetic and nuclear attraction matrices,
and for each domain p € D, we create a square matrix of size N(p).

Because the integrals can be computed from analytic expressions, computing the
content of these matrices is a relatively simple process. We use three subroutines:
one for the overlap, one for the kinetic energy and one for the nuclear attraction
energy. Each routine operates over one domain with each call.

Let SP, TP and VP be the overlap, kinetic and nuclear attraction matrix for
the domain p respectively and Z,, be the charge of the nth nucleus. Pseudocode

describing our methods for computing these integrals can be seen in Algorithm

Two-domain two-electron integrals

We now turn our attention to the significantly more complicated two-electron integrals.
As described in Sec. these integrals can be separated into two classes. We
begin with the case of non-overlapping integrals, which can be further separated into
another three subclasses: integrals between two infinite domains, integrals between a

finite and an infinite domain and integrals between two finite domains.
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Algorithm 1 One-electron integrals
procedure OVERLAP(p) > Computes SP
if p is an infinite domain then
fori,j=1— N(p) do

ng = Eq. "

1:
2
3
4
5: end for
6
7
8
9

else
fori,j=1— E(p) do
Sf’ ; = Eq. > Compute I' ratios by recursion

end for
10: for i,j =1— O(p) do
H: Sf+E(p)7j+E(p) = Ea.
12: end for
13: end if
14: end procedure

15: procedure KINETIC(p) > Computes TP
16: if p is an infinite domain then

17: fori,j=1— N(p) do

18: TP = S7; % Eq.

19: end for

20: else

21: for i,j =1— E(p) do

22: TP = S7; % Eq.

23: end for

24: for i,j =1— O(p) do

2 L b .5+(0) = St j+56) ¥ B9

26: end for
27: end if
28: end procedure

29: procedure POTENTIAL(p) > Computes VP
30: if p is an infinite domain then
31: fori,j=1— N(p) do
32: VP =Eq. (.12) or Eq. (3.13)
33: end for
34: else
35: for i,j =1— E(p) do
36: V;Z = Eq. (3.14)
37: end for
38: fori=1— E(p),j=1— 0O(p) do
39: Vij B = Eg. (3.16))
40: VieE(w)i = Vig+Em)
41: end for
42: fori,j=1— O(p) do
‘ P _
43: V;+E(p)7j+E(p) = Eq. (.19)
44: end for
45: end if

46: end procedure
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Algorithm 2 Two-electron integrals between infinite domains

1: procedure INF-INF(p, q)

2 if the system is an atom then

3 for pu,v =1, N(p) do

4: C=p2+ 02

5: for \,0 =1, N(q) do

6 n =M+ o2

7 if ( =n then

8 (pv|Xo) = Sh, Sy, % Eq.
9: else

10 (uv|Xo) = Sh, Sy, x Eq.
11: end if

12: end for

13: end for

14: else

15: for i, v =1, max(N(p), N(p)) do

16: Precompute U (1,1, Ra(p® + 1?))

17: end for

18: for p,v =1, N(p) do

19: ¢ =p*+ 12

20: for \,0c =1,N(q) do

21: n =M\ +o?

22: if ( =7 then

23: (uv|Xo) = Sh, Sy, x Eq.
24: else

25: (uv|Xo) = Sh, Sy, x Eq.
26: end if

27: end for

28: end for

29: end if
30: end procedure

For convenience, we store the full set of ERIs and this is feasible for all of the
molecules reported here. The integrals are stored in a four-index array for each pair
of domains (p, q) in the molecule. The first two indices of each array are of length
N(p), while the last two indices are of length N(q).

When both domains are infinite we use the analytic expressions in Egs. f
. When the system is not an atom the evaluation of a confluent hypergeometric
function is required. We evaluate these functions before entering the loop structure for
the integrals; the hypergeometric function is required twice for most evaluations, one
call dependent on the two basis functions from p and one on the two basis functions

from g. An overview of the procedure we use here can be found in Algorithm
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Algorithm 3 Two-electron integrals between infinite and finite domains

1: procedure INF_FIN(p, q)

2 for p,v =1, N(p) do

3 C=p?+02

4: for i = 1,500 do

5: Compute U (3,3, (z;)

6 end for

7 for \,0c =1,E(q) do

8 (nv|Ao) = Sh, Sy, % Eq. > Computed using trapezoidal rule
9: end for

10: for \=1,E(q),0 =1,0(q) do

11: (pv|Ao) = Sh, Sy, % Eq. > Computed using trapezoidal rule
12: (uv|oA) = (uv|Ao)

13: end for

14: for \,0 =1,0(q) do

15: (pv|Ao) = Sh, Sy, % Eq. > Computed using trapezoidal rule
16: end for

17: end for

18: end procedure

When p is an infinite domain and ¢ is a finite domain (or vice versa), we use a
500-point trapezoidal rule to achieve the quadrature described above. This is simple
to implement and affords sufficient accuracy and, at least as the number of domains
increase, is not the bottleneck of the program’s evaluation. The most expensive step
in the quadrature is the evaluation of confluent hypergeometric functions. These can
be evaluated within the loop structure for selecting a basis set pair in the infinite
domain, but before the loop structure for the finite domain. They can then be kept
in temporary storage and used for all three types of finite domain basis function
pairs. Pseudocode for the evaluation of this class can be found in Algorithm [3} we
assume p to be the infinite domain.

The final classes of two-domain integrals are those involving finite domains. This
step requires the most complex code in CHEM1D due to the need to calculate starting
values for the various recurrences from a variety of methods, execute the recurrences
and correctly pack the resulting prototype integrals into the appropriate parts of the
storage arrays. To handle these steps we use three levels of routines. The bottom
level computes the necessary starting values for the recurrence relations used. The
middle level computes the prototype integrals using the recurrence relations described
in Sec. [3.2.3] The top level then transfers the completed prototype integrals from
temporary storage into the final storage arrays.

The middle subroutines are straightforward implementations of our four-term

recurrence relation. During the top level procedure, we make extensive use of the
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symmetry allowed by the use of real-valued basis functions, which minimises the
looping structures required to traverse the many possible arrangements of integrals.
This requires a great deal of care to ensure that the integrals are scattered into the
correct storage spaces, but is ultimately a straightforward process.

The most complicated routines for computing recurrence starting values are those
for when p + v = —1,0. The analytic expressions that must be evaluated contain
two different hypergeometric functions. To evaluate these we employ backward
recurrence, using the power series expansion to evaluate the starting points. For
illustrative purposes we give an outline of the code for the computation of integrals
of the types (ELEVIETET) and (E[ED|OIOF) in Algorithm

Quasi-integrals

Constructing the quasi-integrals for the single-domain case is significantly simpler
than building the integrals for the two-domain cases. For the infinite domains we
use the analytic expression in Eq. , which requires no special functions. As
stated above we scale a set of standard integrals for the finite domain. We have used
Mathematica [99] to compute the analytic solution to the integrals for a domain
on the line segment [—1, 1] and evaluate them to high precision. These values are
appropriately scaled by CHEM1D as needed.

We use two subroutines to perform these tasks: QUASI_INF(p) gives the integrals

for the infinite domain p and QUASI_FIN(g) those for the finite domain gq.

Antisymmetrised integrals

The above routines are all called by a driver routine which handles the looping over
the domain structures. In our implementation this routine is also responsible for
managing the temporary storage space required and locating the appropriate areas
of memory for storing the single-bar and quasi-integrals for each pairing of p and
q. The contraction of quasi-integrals to form correct double bar integrals in the
case of overlapping domains is handled by a separate subroutine. This operation is
almost identical to that required for normal three-dimensional quantum chemical
calculations; as such we have excluded its pseudocode. However the driver routine is

described in Algorithm
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Algorithm 4 Two-electron integrals between finite domains

10:
11:

12:
13:
14:

1
2
3
4
5:
6
7
8
9

: procedure FIN_FIN(p, q)
MaxM = 2max(E(p), E(q), O(p), O(q)) + 1
Allocate proto(—1 : MaxM, —1 : MaxM) > Used to store prototype integrals
EEEE_PROTOTYPES(MaxM, proto)
for u,v =1, E(p) do
for \,oc =1,E(q) do
(pv|Ao) = Sh, Sy, x proto(p + v, A+ o)
(Ao|pr) = (pv|Ao)
end for
for \,o0 =1,0(q) do
(nv|Ao) = S8, ST x [(3+2(A+o))proto(p +v,A+0) — (2+2(A +
o))proto(p + v, A+ o + 1)] > Using Eq. (3.25)
(Aolj) = (o)
end for
end for

15:

16:

17

18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:
31:
32:
33:
34:
35:
36:
37:
38:
39:
40:
41:
42:
43:
44:
45:

end procedure
: procedure EEEE_PROTOTYPES(MaxM, proto)
M_MINUS_ONE(proto(:, —1))
M_ZERO(proto(:,0))
for ¢+ = 1,MaxM do
proto(MaxM, 7) = ((3.34))
proto(MaxM — 1,4) = (3.35)) > Compute from power series
end for
for n =1, MaxM do
for m = MaxM — 2,1, —1 do
Generate proto(m,n) using Eq. Pm=p+v,n=\N+o
end for
end for
end procedure
procedure M_MINUS_ONE(output)
Compute hypergeometrics in for p + v = MaxM, MaxM — 1
> From power series
for m = MaxM — 2,1, —1 do
Compute hypergeometrics in for p + v = m via recurrence
end for
Combine hypergeometric functions and store in output > Using Eq.
end procedure
procedure M_ZERO(output)
Compute hypergeometrics in for p 4+ v = MaxM, MaxM — 1
> From power series
for m = MaxM — 2,1,—1 do
Compute hypergeometrics in for p 4+ v = m via recurrence
end for
Combine hypergeometric functions and store in output > Using Eq.
end procedure




60 CHAPTER 3. CHEM1D

Algorithm 5 Electron repulsion integral driver

1: procedure ERI

2 INF_INF

3 for p € Dy do

4: QUASI_INF(p)

5: for ¢ € Dr do
6 INF_FIN(p, q)
7 end for

8 end for

9 for p € Dr do

10 QUASI_FIN(p)
11: for ¢ € Dr do
12: FIN_FIN(p, q)
13: end for

14: end for

15: end procedure

3.3.2 Self-consistent field calculations

Once the necessary integrals have been evaluated CHEM1D uses them to compute
the Hartree-Fock self-consistent field (SCF) energy followed by the second- and
third-order Mgller-Plesset perturbation energies. The formulations used are those
described in the text by Szabo & Ostlund [§]; however some modifications to the
Hartree-Fock methods are made, mostly to exploit the domain separation of the
electrons.

Like most basis sets used in quantum chemistry the basis sets described in Sec.
are not orthogonal. In order to perform the iterative SCF procedure for comput-
ing the Hartree-Fock energy it is necessary to transform the non-orthogonal basis to
an orthogonal one. CHEM1D follows the procedure described by Szabo & Ostlund [§]
for canonical orthogonalisation. We prefer this over symmetric orthogonalisation for
numerical reasons. Performing either of these orthogonalisations requires finding the
eigendecomposition for the overlap matrix. This matrix becomes poorly conditioned
relatively quickly due to the basis sets we use. The canonical orthogonalisation
allows us to account for this by removing columns of the matrix; the symmetric
orthogonalisation does not, resulting in a large loss of precision and erratic SCF
behaviour. Note that since this matrix is dependent upon the overlap matrix it
inherits the same block structure.

Three quantities remain to be considered before an SCF iteration can be described.
The first two of these are the density and orbital coefficient matrices. An initial

guess at the orbitals is needed; CHEM1D diagonalises the core Hamiltonian matrix to
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Algorithm 6 Construction of the two electron GP matrix

1: procedure BUILD_G(p)

2 for ¢ € D do > Find the interaction of domain p with every other domain
3 for pu,v =1, N(p) do

4: Gh., = Zf\v[(f:)l P{_(uv||Ao) > P? is the density in domain ¢
5

6

T

end for
end for
end procedure

generate a guess which we have found to be sufficient. It is then possible to generate
the density matrix from the orbital coefficients as described by Szabo & Ostlund [§].

Each orbital must be constructed of basis functions in only one domain; con-
structing an orbital from basis functions in multiple domains implies that an electron
occupying it would be able to move across nuclei, violating impenetrability. Both
the density matrix and the orbital coefficient matrix therefore have the same block
structure as the one electron matrices. We can store both of these and construct the
density matrix domain by domain.

The final matrix that is needed to perform an SCF cycle is referred to as the
G matrix by Szabo & Ostlund. This matrix measures the average repulsion of an

electron in the field of all others and is given by the following formula

Guv =Y _ Pro(uv||Ao) (3.45)
Ao

where P is the density matrix. The reliance on P forces A and o to be in the same
domain; the sum can then be separated further into another sum over each domain.
For the integral (uv||Ao) to be non-zero p and v must then also be in the same
domain, giving the matrix G' the same block structure as all the previous matrices
we have considered. We give our algorithm for the construction of G over a given
domain p in Algorithm [6]

We have now described the necessary components for an SCF iteration to be
evaluated. However, thanks to the domain separation present in all the matrices, a
significant optimisation can be included: each iteration can be computed over each
domain individually. The only exception to this complete separation of the SCF
procedure is that the new density in each cycle must be calculated for each domain
before the cycle can begin; this ensures the correct coupling between electrons in
different domains. We note that this leads to a simple method for parallelisation of
the calculation, with the limit that each thread will require race conditions to ensure

the iteration over each domain proceeds in lockstep.
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Algorithm 7 SCF iteration

1: procedure SCF_CYCLE

2 for p € D do

3 BUILD_P(p) > Update density matrix for all domains
4: end for

5: for p e D do

6 BUILD_G(p)

7 FP =GP 4+TP+VP > FP is the current Fock matrix
8 Build and store new error matrix > Fip is from 4th last cycle
9: if Current cycle <! then > Number of stored Fock matrices = [
10: F' = (XP)TFrXxP
11: else
12: Solve DIIS matrix > DIIS coefficients — ¢;
13 F = (XP)T(X_, e:FP)X
14: end if
15: Diagonalise F’ > Eigenvectors — C’
16: CcP = XrC’
17: end for
18: if not all domains have converged then
19: SCF_CYCLE > Recursive call

20: end if
21: end procedure

We also employ the DIIS method of Pulay [12) [13] to accelerate the SCF con-
vergence. It reduces both the build-up of roundoff error and the execution time.
By default the SCF iteration terminates when the root-mean-square of the DIIS
error matrix drops below 1076, We present pseudocode for the procedure we use to

evaluate an SCF cycle in Algorithm

3.3.3 Mgller-Plesset perturbation theory

The final components of CHEM1D are the routines for calculating Mgller-Plesset
perturbation corrections to the Hartree-Fock energy. Both the second- and third-order
corrections are currently implemented according to the procedure described by Szabo
and Ostlund [§]. Our current implementation does not exploit the domain separation
and because of this the calculation of MPn corrections is one of the bottlenecks of
the program. Due to the standard nature of our algorithm for these calculations we

have omitted a pseudocode description here.

3.3.4 Pseudocode overview

Now that we have defined how the various components operate we present an overview

of the main CHEM1D program in Algorithm



3.4. RESULTS 63

Algorithm 8 Cheml1D overview

1: procedure CHEM1D (input)

2 Read input

3 Allocate integral storage

4 for p e D do > Build the one electron matrices
5: OVERLAP(p)

6 KINETIC(p)

7 POTENTIAL(D)

8 end for

9: ERI > Build the set of two electron integrals
10: DOUBLE_BAR > Contract the quasi-integrals
11: for p € D do > Build the orthogonalisation matrices
12: BUILD_X(p)

13: end for
14: SCF_CYCLE

15: MO_TRANSFORM > Transform the double bar integrals to MO basis
16: MPN_CORRELATION

17: Print output
18: end procedure

3.4 Results

3.4.1 Atomic energies

We begin our tests of CHEM1D by studying atomic systems. In Chapter [2] we
presented accurate total energies, ionisation energies and electron affinities of the
first ten elements. As a preliminary test of the capabilities of CHEM1D we have
performed the same study here.

Our experiments suggest that a basis set of nine exponential functions on each
side of the nucleus (see Egs. and ) produces the best results within the
confines of CHEM1D’s limitations (which will be discussed shortly). CHEM1D’s
default value of a = Z/m? has been used, where m = 9 and Z is the charge of
the atom’s nucleus. We remove one orbital during the canonical orthogonalisation
process to facilitate convergence and the results are shown in Table

For small atoms, the total energies produced by CHEM1D compare favourably
with our previous results. Up to boron, the Hartree-Fock energies agree to within
a millihartree. However, beyond this point, the results diverge significantly. These
inaccuracies stem directly from the lack of diffuse functions in the basis set that we
have used in the present study, because, as observed in Chapter |2, heavy atoms in
1D are surprisingly diffuse objects. Unsurprisingly, the Mgller-Plesset correlation
energies also suffer from basis set incompleteness because, as the number of electrons

increases, the virtual space is progressively diminished. The total energy errors are
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Atomic Energies Tonisation Energies Electron Affinities®
Atom 7EHF 7EMp2 7EMP3 HF MP2 MP3 HF MP2 MP3
H 0.500000 0.000 0.000 13.606 13.606 13.606 3.887 3.933  3.956
He 3.242552 1.998 2.636 33.812 33.866 33.883
Li 8.007278 2.953 3.644 4.485 4.507 4.512 1.396 1.409 1.414
Be 15.415561 5.128 6.127 10.351 10.388 10.397
B 25.356662 6.818 8.036 2.060 2.077  2.084 0.584 0.594 0.598
C 38.082819 9.613 11.420 4.621 4.654 4.666
N 53.558680  11.175  12.967 1.054 1.056 1.057 0.349 0.350 0.351
O 71.890505  13.173  15.187 2.232 2.241 2.244
F 93.055546  14.728 16.757 —0.208 —0.222 —-0.227 —1.277 —1.294 —-1.301
Ne 117.240157  14.951 16.670 1.075 1.069 1.067

2The electron affinities for He, Be, C, O and Ne have been omitted. As described in Chapter [2] the
anions of these species are auto-ionising

Table 3.1: Atomic energies, ionisation energies and electron affinities

inherited by the ionisation energies and electron affinities and, as before, the lack of
diffuse functions is to blame.

Simply increasing the basis set beyond the somewhat limited size used here should
greatly improve the results obtained. Unfortunately this is not an option here. The
basis set used within CHEM1D rapidly develops linear dependencies as more diffuse
functions are included. This causes problems during the orthogonalisation step of
the Roothaan-Hall equations, which is highly dependent upon the condition of the
overlap matrix.

This problem does appear commonly in 3D molecular calculations, where the atom
centred Gaussian basis sets typically used can exhibit degrees of linear dependence.
As such there are techniques for diminishing the effect of this problem, notably
the canonical orthogonalisation procedure used in CHEM1D [§]. The level of linear
dependence that appears here increases so rapidly that these techniques appear
unable to overcome the issue.

In spite of the basis set deficiencies, we are still able to observe some of the
unusual properties of 1D atoms. In particular, we are able to reconstruct the thin
periodic table shown in Chapter [2] by looking at the periodic behaviour of the
ionisation energies. In three-dimensional chemistry, the ionisation energy increases
monotonically when moving across a row of the periodic table before dropping when
moving to the next row. We find similar behaviour here, however the period of these
trends is only two atoms, which suggests that the periodic table of 1D elements has

only two groups.
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Bond Dissociation Energies

Molecule ch 7EHF 7EMP2 7EMP3 HF MP2 MP3

H.H, 2.636 1.184572 0.844 1.154 0.185 0.185 0.186
1H;He, 2.025 3.880304 2.300 2.978 0.138 0.138 0.138
1HoLiy 5.076 8.679540 4.507 5.747 0.172 0.174 0.174
H,Li, 5.212 8.541236 3.565 4.352 0.034 0.035 0.035
1HyBey 3.895 16.074792 6.859 8.291 0.159 0.161 0.161
1HesLi, 4.505 11.258911 5.398 6.757 0.009 0.010 0.010
\LizLi,  7.142 16.021014  7.107  8.694 0.006  0.008 0.008

Table 3.2: Equilibrium bond distances (in a.u.), Hartree-Fock energies (in Ep),
correlation energies (in mFEy) and bond dissociation energies (in Ej,) of diatomic
molecules

3.4.2 Diatomic molecules

We now turn our attention to diatomic molecules. In Chapter [2| we investigated
diatomics with a maximum of two electrons. We concluded that having two or more
electrons in a finite domain is highly destabilising because of the large resulting
kinetic energy. We also observed that atomic species with an odd number of electrons
carry a permanent dipole due to the particle impenetrability trapping different
numbers of electrons on each side of the nucleus. We speculated in Sec. that,
as a consequence of this, stable molecules could form with multiple electrons in a
finite domain, despite the increase in kinetic energy, due to favourable dipole-dipole
interactions. Thanks to the recent developments in CHEM1D we are now able to test
this conjecture.

Results for a small collection of bound states of diatomic molecules can be found
in Table We use a basis set of 8 exponential functions in each infinite domain
and a combination of 6 even and 6 odd functions in the finite domain. This choice
is, again, intended to produce the best possible results within the limitations of
CHEMI1D.

These results show some interesting effects which reveal that our earlier prediction
about the nature of bond formation in 1D was not entirely accurate. In fact, there
are a number of striking results which are counter-intuitive from the viewpoint of
three-dimensional chemistry.

First, we see that H has at least one favourable bonding configuration with other
nuclei. The reason for this is simple: H can present an unshielded positive charge to
the electrons of the other nucleus. This allows it to bind strongly even to the 1D
elements with no permanent dipole. In fact, the bonding in ;HyBe, is stronger than

that of {H;He;. The H nucleus interacts with the outermost electron of the other
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atom, which in the case of Be is shielded from the charge of its own nucleus by the
interior electron.

There are three configurations for LiH in 1D that seem likely to result in bonding:
1LisHy, 5LisH and 5Li;H;. The last of these does not result in binding, probably
because the opposed dipoles of the H and Li atoms result in insufficient stabilising
potential energy. The other two do form a bound molecule, although there is a very
large difference in binding energy. The comparatively small bond dissociation energy
of ,LiyH is a result of the second exterior electron being forced into a higher energy
orbital; in ;LioH; both electrons on the outside of the molecule are able to occupy
the lowest energy orbital in their domain.

The final noteworthy result relating to the binding in hydrogen-containing di-
atomics is the remarkable strength of the bond with respect to its length (excepting
H,Li,). We noted in Chapter [2 that the length of the H;H; bond is roughly double
that of the 3D H, molecule, while they have a similar strength [122]. The bond in
1H,Li;, however, is roughly 90% of the strength of the bond in H;H;, yet the bond
is almost double the length.

Diatomics of two heavy atoms produce more interesting and unexpected results,
while also revealing a deficiency in CHEM1D.

We find that the molecule ;He,Li, is very gently bound. Previously we would have
expected this molecule to be unbound given the lack of stabilising dipole interactions.
Given the bonding behaviour of the {H,;He; and ;H,Be, molecules however, we might
have expected this bond to be reasonably strong as a result of similar electrostatic
arguments. When the H atom is replaced by Li we introduce an extra electron into
the finite bond. Now that the domain contains two electrons, one is forced to occupy
a higher energy orbital. This carries a significant energy penalty which the favourable
electrostatic interactions are only just able overcome.

We examined two possible configurations of the Li dimer: ,Li,Li; and ;LizLi,.
The former configuration does not bind due to the opposition of the dipoles on the
two individual atoms. The latter configuration does bind, but with an extremely
long bond length. Using CHEM1D to determine the bonding energy suggests that
this molecule has a smaller binding energy than ;He,Li,. This is unexpected given

the dipole-dipole interactions that should stabilise the Li dimer.
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Atomisation Energies

Molecule ch 7EHF 7EMP2 7EMP3 HF MP2 MP3

H.H,H, 2.648 2.762 1.883315 1.538 2.099 0.383 0.385  0.385
H;H,He; 2.705 2.033 4.565870 3.068 4.037 0.323 0.324 0.325
HiHe H;  2.031  2.031 4.493606 2.637 3.417 0.251 0.252  0.252
1H;HyBe, 2.388  4.426 16.841024 6.985 8.480 0.425 0.427 0.428
1HyBeoH;  3.881  3.881 16.730968 8.060 9.862 0.315 0.318 0.319
1LioHoLi;  4.129  8.458 16.766343 7.902 9.755 0.252 0.254 0.254

Table 3.3: Equilibrium bond distances, energies and atomisation energies of triatomic
molecules

We have also examined this using a quadruple-precision version of CHEM1D.
Using higher precision allows us to use larger basis sets before near linear dependence
becomes an issue. The results from this program suggest that the equilibrium bond
length of ;Li;Li, is significantly longer (at least 8.5 bohrs). Around this configuration
the binding energy increases by at least 40 millihartrees, which suggests the relative
bonding behaviour we expect is more likely.

Unfortunately, the basis sets that can typically be used in double precision
without incurring numerical problems have only limited ability to describe long bonds
with multiple electrons. The basis functions we have used are high in amplitude
around the middle of the bond and decay relatively quickly towards its edges. In a
stretched bond, however, the electrons tend to localise near the nuclei; in a bond with
many electrons and accordingly heavy nuclei this localisation rapidly becomes very
restrictive. Describing these orbitals, which are built up near the edges of the bond,
with the basis sets we have described requires large molecular orbital coefficients
with oscillating signs, a standard recipe for numerical disasters.

In light of this, we have refrained from examining further systems containing 3
or more electrons in a finite domain. Additionally, we consider that a bond length
of more than 6 bohrs is likely to be indicative of a significant drop in numerical

accuracy.

3.4.3 Triatomic molecules

In addition to diatomics, we have also examined a small selection of triatomic
molecules. We have used the same methods as were employed for the diatomic
molecules. The results can be seen in Table [3.3]

When compared to the behaviour of the diatomic molecules, this set of results
reveals a great deal about how larger molecules are likely to form in 1D. The

atomisation energies of each triatomic is roughly equal to the sum of the bond
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dissociation energies in the appropriate two diatomic molecules. The difference can
be rationalised as a consequence of the alignment of the permanent dipoles belonging
to the constituent atoms.

Taking H,H;H, as a simple example we obtain an approximate atomisation
energy of 0.370 hartrees by doubling the bond dissociation energy of H,H;. The
dipoles of all three atoms are aligned however, and as result there is a bonus to
the binding strength of about 15 millihartrees, giving a final atomisation energy of
approximately 0.385.

Moving down the set of examples we find that the atomisation energy of ;H,H, He;
is almost exactly equal to the strength of its two constituent bonds. The alignment of
the two hydrogen dipoles is already accounted for in the bond dissociation energy of
H,H,, and the helium atom lacks a dipole which would provide an extra contribution.
The strength of the binding in H;He;H; (approximately 0.25 hartrees) is slightly
lower than that of two ;H;He; bonds (approximately 0.275 hartrees) due to the
repulsion of the opposing hydrogen dipoles.

This destabilisation is dependent upon the distance between the two interacting
dipoles. We see a loss of approximately 25 millihartrees in the bonding strength of
1H,He H,, but in ;HyBeyH,, where the distance between the two hydrogen atoms has
almost doubled, a loss of only approximately 5 millihartrees is observed. Additionally,
the magnitude of the effect is dependent upon the types of dipoles interacting. As
mentioned above, the H;H;H; molecule gains roughly 15 millihartrees from the
additional dipole interaction, while ;LioH,Li, gains approximately 50 millihartrees
from the interaction between the two Li atoms.

It should be noted that this gain may actually be underestimated by our calcula-
tions due to the large equilibrium bond length we find in this molecule. As stated in
Sec. we believe that our basis set is insufficient for accurately describing bonds
with lengths above 6 bohrs. It appears that the bonds in triatomic molecules are
noticeably longer than those in diatomics, even when favourable dipole interactions
increase the strength of the molecule’s bonds. This leads to very long bond lengths
for Li containing molecules, and due to concerns of numerical accuracy we have

omitted results for other Li containing triatomic molecules.
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3.5 Conclusion

We have written a program, called CHEM1D, for computing energies of 1D molecules
at the Hartree-Fock level and beyond. This has enabled us to probe the behaviour of
1D molecules that were previously unaccessible and to develop a more sophisticated
understanding of 1D chemistry.

In particular, we have shown that multi-electron bonds do exist in 1D molecules,
notwithstanding our earlier conjecture to the contrary. We have also observed some
strange effects that result from the limited dimensionality of the system, such as
unusually strong bonding between distant atoms and the dominance of permanent
dipoles upon reactivity.

Our experiments have highlighted the limitations of the CHEM1D program and,
in particular, it appears that our choice of basis functions is non-optimal. This
presents avenues for continued development that will be pursued in the following

chapters in order to allow the examination of yet more complicated 1D systems.
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Chapter 4

LegLag: an improved 1D
electronic structure theory

program

4.1 Introduction

In Chapter [3| we described a program for electronic structure calculations on one-
dimensional (1D) molecules called CHEM1D. Unlike previous workers who used
softened[48], [49] or otherwise altered[51H54, [58H60] interelectronic interactions in
their studies of 1D chemical systems, CHEM1D employs the unadorned Coulomb
operator |z|~!. This potential introduces a non-integrable singularity which requires
special treatment. CHEM1D avoids Coulombic divergences by solving the Schrodinger
equation with Dirichlet boundary conditions that require the wavefunction to vanish
wherever two particles touch. See Sec. for more discussion of this strategy.

The Dirichlet conditions have three chemically interesting consequences. First,
that molecular energies are spin-blind, i.e. they are invariant with respect to spin-flips.
Second, that a “super-Pauli” exclusion rule applies, i.e. an orbital cannot be occupied
by more than one electron. Third, that the nuclei become impenetrable, i.e. electrons
are unable to tunnel through them [62-66] 68, 144].

Unfortunately, in Chapter [3| we identified that CHEM1D suffers from debilitating
numerical stability issues. The CHEM1D program uses basis sets related to the
exact wavefunctions of the hydrogen molecule cation H2Jr but these quickly develop
near-linear-dependence problems that prevent CHEM1D from achieving basis set

convergence even for relatively modest molecular systems. In this chapter we describe
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Figure 4.1: The ground state of the HLi molecule. Black circles represent the nuclei.
Each coloured region represents a singly-occupied orbital and the corresponding
coloured diamond shows the most likely position of the electron.

LEGLAG, a more numerically stable version of CHEM1D, which can be applied to a

wider range of molecules to gain deeper insight into 1D chemistry.

4.2 Theory

Under Dirichlet boundary conditions, nuclei are impenetrable to electrons and each
electron in a molecule is therefore confined to a ray or line segment by the nuclei
closest to it. In this way, the M nuclei divide 1D space into two semi-infinite domains
and M — 1 finite domains. Each domain supports a set of orbitals that vanish at
the boundaries of the domain and outside it. Figure illustrates this for a small
diatomic molecule.

In order to specify the constitution of a molecule, we employ a notation in which
atomic symbols indicate nuclei and subscripts indicate the numbers of electrons
in the intervening domains. For example, {LiyBsH; is a triatomic with a lithium,
boron and hydrogen nucleus arranged from left to right in that order. There is one
electron to the left of the lithium nucleus, four electrons between the lithium and
the boron nuclei, three electrons between the boron and the hydrogen nuclei and one
electron to the right of the hydrogen nucleus. In the present work, we consider only
ground states and assume that the n electrons within a domain singly occupy the n

lowest-energy orbitals.

4.3 Basis sets

There are three types of domain — left, right and middle — and we require a set of
basis functions for each. The functions should vanish at the domain boundaries and

form a complete set.
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Figure 4.2: A comparison of the basis functions used in CHEM1D (top row, in red)
with those used in LEGLAG (bottom row, in blue). A finite domain is shown on the
left and an infinite domain on the right.

The basis set used by CHEM1D is described in Sec. We redefine the

functions here with slightly different notation for comparison with the functions used

by LEGLAG
L,(s) = 2p*al s exp(—p’s) (4.1a)
Rou(t) = 2p>a*t exp(—p?t) (4.1b)
Eulz) = % (1—22)H (4.1¢)
Ou(z) = % 2(1— 2K (4.1d)

where s = a(A —z), t = a(x — B) and z = (z — C) /w are the reduced coordinates
in the left, right and middle domains respectively, A and B are the positions of the
leftmost and rightmost nuclei, and C' and w are the center and halfwidth of a middle
domain, a > 0 is an exponent, and (a), is the Pochhammer symbol [100]. The L,
and R, functions are used in the left and right domains, respectively. E, and O, are

used in the middle domains.
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One disadvantage of these functions is their increasing linear dependence as the
size of the basis set grows, which creates numerical instability in the orthogonalisation
step of the Hartree-Fock (HF) method [§]. This limits the size of basis set that can
be employed before unacceptable numerical precision is lost.

A second disadvantage of this basis set is that, because the E, and O, functions
are increasingly peaked around the middle of the domain, they struggle to describe
details of the molecular orbitals near domain boundaries. As we discovered in
Chapter [3] this becomes particularly problematic when the domain contains more
than one electron.

In contrast, LEGLAG uses the basis functions

L,(s) = (i(;z SI2_,(2s) exp(—s) (4.22)
R, (t) = (io); tL2 1 (2t) exp(—t) (4.2b)
M) = [ P (1.20)

where L2, and P2 are second-order associated Laguerre and Legendre polynomials
[100]. (Our package’s name stems from its use of Legendre and Laguerre polynomials.)
The L,, R, and M, functions are used in the left, right and middle domains,
respectively, and are mutually orthogonal. The M, are evenly distributed across the

domain, as Fig. shows.

4.4 Integrals

In Chapters andwe discovered that HF calculations [§] give unexpectedly accurate
results in 1D. It also appears, in contrast to the situation in 3D [16, [145] [146], that
the Mgller-Plesset (MP) perturbation series [8] in 1D often converges rapidly to the

exact energy. However, to perform such calculations it is necessary to evaluate the

integrals
(F,[F,) / D, (&) dz = 6,4 (4.3a)
(F,|TIF,) = / P (x >F’< ) da (4.3b)
H|V|F D“” (4.3c)

D ,(2)D ),
(F,F,|F,F,) // ”|x_* Dy (@)Dro(y) dy (4.3d)
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where F € {L, M, R}, D, (z) = F,(2)F,(z) is a density component, T =-V2/2is
the kinetic energy operator and d,,, is the Kronecker delta function [100].
If the four basis functions are in the same domain, the singularity of the Coulomb

operator causes (F,F,|F\F,) to diverge. However, the antisymmetrized integral
(F,F,||F\F,) = (F,F,|F,\F,) — (F,F;|F\F,) (4.4)

is finite and can be found from quasi-integrals, described in Sec. using
(F,F,|[FAF,) = {F,F,[FAF, } — {F,F,[F,F,} (4.5)

Because R/, is the image of L, under inversion through the molecular mid-point,
formulae involving only R, and M, can be found from the equivalent formulae
involving L, and M,,. We will therefore not discuss the former.

For the following definitions it will be convenient to define the parity function

1, niseven
€n = (4.6)
0, nisodd

4.4.1 One-electron integrals

If we assume p < v, the kinetic integrals are

- o (2u)3
RATIR) = 5 [, (4.1
and
. 3V (y + 3) 2 _
(Mu|T|Mu)=6u+u\/ ()al Bi( Ta)u i (4.8)

The potential to the left of R,R, is

20 L2 (2t)

V (1)2(v)2

where U is Tricomi’s function [100].

The potentials to the left(+) or right(-) of M,M, are

(R,|IVIR,) = (v+1)U(v,—1,—2t) (4.9)

P3+1 (2) 3-',-1(2) (4.10)

- 2 (w3
(M“‘V‘M”)‘iM 0101

where 2, is a second-order associated Legendre function of the second kind [T00].
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4.4.2 Clebsch-Gordan expansions

Products of our basis functions have finite expansions

=5 Lo (s) (4.11a)
t) = En: AR, (t) (4.11D)
M, (2)M, () = i B M, (2) (4.11c)
where the expansion functions are
Lo(s) = (io); S2L2_(25) exp(—2s) (4.12a)
R, (t) = 5;;‘2 t2L2 | (2t) exp(—2t) (4.12b)
M, (2) = 2(n1)4w (1-2%) P2,,(2) (4.12¢)

and n ranges from |p —v|+ 1 to u+ v — 1. For example,

RoR3 = 2V2 Ry — 4v2 R3 4+ 5v2 Ry (4.13a)
MoM; = 10v/21 My — 0M3 + 35v/21 My (4.13b)

We call these Clebsch-Gordan (CG) expansions and the coefficients are given by

e L2 (t)L2_,(t) L2_,(t)

n 0 \/7 \/7 t=2exp(t)
2

i — / M+1 Py+1( )Pn+1( )d (4.14Db)

1—22
(1)4
\ w+3/2 y+3/2 2n+3

4.4.3 Properties of the expansion functions

(4.14a)

The Laplace transforms of R,, and M,, are

oo alu n—1
/O R, (t) exp(—ut) dt = (iﬁé)m (4.15a)
/1 M, (z) exp(—uz) dz = (= 1)n+122 nt1 () (4.15b)
-1 wu

where i, is a modified spherical Bessel function [100].
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The moments of R,, and M, are

> a(=D)"TE (k4 2)!
/0 R, (1) t* dt — (nil)?r(u(kj ))Zk (4.16a)

entha1 D) D(EE2)
Sw F(k—721+3) F(k+721+6)

(4.16D)

1
/ M, (z) 2* dz =
-1

The kth moments of R,, and M, vanish if £k < n — 1. All of the higher moments of
R,, have the same sign. All of the higher moments of M, are positive.

The potential to the left of R,, is

/oo Rn(Tt) dr = 2a T'(n) U(n,—1,—2t) (4.17)
0

r —

and the potentials to the right(+) or left(-) of M, are

/1 M, (1) g — +0(2)T(22) [ n+1 5 1

- , 2 4.18
|z = F(n+5)8wzn [27 2 27 22 (4.18)

where F' is the Gauss hypergeometric function [I00]. These potentials, which are
illustrated in Fig. are monotonically decreasing and behave asymptotically as
O(z™™).

The absolute contents of R,, and M, satisfy

e 10
! 1

These quantities can be used to compute simple upper bounds to the Coulomb

integrals in the next Section.
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z

Figure 4.3: Potential V,(z) to the right of L,,(s) with « =1 (top) and to the right
of M, (2) with w =1 (bottom). From top to bottom, n = 1,2, 3,4,5.

4.4.4 Coulomb integrals

The CG expansions yield

(LuLy|RaR,) = ) ala) (Lo |Ry) (4.20a)

(LuLy|MAM,) = > abb)7 (Lyn[M,) (4.20b)
mn

(MM, |MA\M,) = > b5 (M, |M,,) (4.20¢)

The Coulomb integral between densities f(z — X) and g(y —Y') in different domains
with X <Y is given by

(fl9) = /0 " F(—u)G(u) exp(~Ru) du (4.21)
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where F and G are the Laplace transforms of f and g and R =Y — X. In this way,
we find that

(Ln|Ry) =2aT(m+n—-1)Um+n—1,-4,2aR) (4.22a)
(caw) V7
L, M,)=———"7——
(LML) 2
" il“(m—i—n— 1+2k) Um+n—1+2k,n—2+2k,2aR) (a?w?)F
k=0 P(n+3+k) !
(4.22b)
T w1 m—1 w9 —1
m M oD
(M| M) = 64R <2R> ( 2R>
Z Dim +n — 1+ 2%) [w% —w%’]kp<m+3m+§> [w%ﬂ%]
ZT(m+5+k(n+5+k) | 4R k w3 — w}
(4.22¢)

(a,b)

where U is Tricomi’s function and P, is a Jacobi polynomial [100].

Each of the integrals (4.22a)), and (| - is O(1/R™*™"~1) for large R.

Consequently, for domains that are far apart, many of the higher Coulomb integrals

are negligible and can be safely neglected using the bound (4.28)).

4.4.5 Quasi-integrals

The CG expansions yield

{R,R,R\R,} =D ala)’ {Rpn[Ry} (4.23a)
{MLM,[MAM,} = b b7 { M, [M, } (4.23b)

The quasi-integral, which have been described in Sec. between densities f(z)

and ¢g(y) in the same domain is given by

{flg} = —=— / G(ik)log k? dk (4.24)

If we define the harmonic sum

3

(4.25)
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assume m < n and define A = n — m, we find that

A
(R R }_a( )n+1Auf§/:2 (2K + 1)(2k + 3) (Hyro — Ho_1-1)
e 45 T(3/2—n+k) (A—2k) k!

(4.26)

and

(

+12(ll2 — Hp—1 — Hm+4), A=0

g
| |

€ — 8(3 — Hi — Hinss),
(MM} = X s (4.27)
wim+557)5 |+ 2(33 — Hmy1 — Hise),

*24/( )5’

>
\ |

g
| \/

4.5 Implementation

LEcLAG closely follows most of the algorithms employed in CHEM1D, which have
been described in Chapter[3] There are, however, some important distinctions between
the two programs apart from the integral package, the main point of differentiation.
LEGLAG also contains an efficient implementation of both the MP2 and MP3 levels
of Mgller-Plesset perturbation theory. This implementation takes full advantage of
the domain structure of 1D molecules.

We let D be the set of domains in a molecule, Oy and V; be the set of occupied
and virtual orbitals in the domain d and ¢, be the energy of the orbital a. Then
Alg. [0 shows the structure of the MP2 code in LEGLAG, in particular its separation
over the domain structure of the molecule. This algorithm avoids pairing up occupied
orbitals with virtual orbitals in other domains, eliminating large parts of the MP2
summation that have a strictly zero contribution to the total energy. The MP3
algorithm is significantly longer but not more complicated than that of the MP2
algorithm, and so we have not included it here.

Unlike CHEM1D, which was written in Fortran 90, LEGLAG has been implemented
using the Python programming language (version 3.5) in combination with the Cython
language extension for optimising compute-intensive bottlenecks. It employs the
external Numpy library for data structures and linear algebra operations and the
Scipy library for computing some of the special functions which appear in Secs. [4.4.1]
444 and 1451

However, because we invariably need a range of values for the a and b parameters in
the Tricomi confluent hypergeometric functions [100] U(a, b, z) required for Coulomb
integrals involving the L, functions, it is more efficient to compute these functions

recursively. It has been shown that backwards recurrence in the a parameter is
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Algorithm 9 Domain based MP2 calculation

1: procedure MP2

2 for d € D do

3 for a,b € Oy do

4: for r,s € V; do

5: Accumulate %
6 end for

7 end for

8 end for

9: for p e D do
10: for ¢ € D/p do
11: for a € O), be O, do

12: forreV,, scV, do
13: Accumulate %
14: end for
15: end for
16: end for
17: end for

18: end procedure

numerically stable and our algorithm exploits this [I47]. To obtain the starting values
for this recurrence we use an asymptotic expansion that is valid when 2a — b is large
and positive [148, [149]. Our numerical experiments have shown that for arguments
z > 10 this expansion converges at an unacceptable rate. Our algorithm therefore
uses Miller’s method [I00, 150] when z > 8.
We also detect and avoid computing negligible integrals using the Coulomb upper
bound [151]
|(P|Q)] < min(VpSp), SpV() (4.28)

where Vp is the maximum potential of P(z) in the domain of Q(x) and S, is the

integral of |Q(x)|. The V* and S* values can be found using expressions in Sec. [4.4.3|

4.6 Conclusion

In Chapter [3| we saw that CHEM1D was severely limited by the numerical instability
of the basis orthogonalisation step in the Roothaan-Hall equations. By using an
orthogonal basis set LEGLAG removes the requirement for this step and the numerical
difficulties with it. We also argue that the Legendre functions used by LEGLAG for
the finite domains will better model orbitals which localise close to the bordering
nuclei. Validation of this conjecture will wait until the next chapter where we will

use LEGLAG for further experiments on 1D molecular structure.
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Chapter 5

Mbolecular structure in one

dimension

5.1 Introduction

By changing to a more numerically stable basis set, LEGLAG promises to be a
significant improvement over CHEM1D. This allows us to perform a more extensive
study of how molecules form in 1D when employing the unmodified Coulomb operator
and the Dirichlet boundary condition.

The severe effects of the Dirichlet condition means that this model does not reflect
the same type of experimental systems as the “quasi-1D” methods characterised by
softened Coulomb interactions, which permit the nuclei to be penetrable and electrons
to pair within spatial orbitals. This reflects situations where the 1D confinement is
not strict, and so they are well suited to modelling confined experimental systems
such as ultracold atoms confined within a 1D trap [47, 152, [153].

In contrast, the Coulomb interaction used by LEGLAG describes particles which
are strictly restricted to move within a 1D sub-space of three-dimensional space.
Early models of 1D atoms using this interaction have been used to study the
effects of external fields upon Rydberg atoms [70, [71] and the dynamics of surface-
state electrons in liquid helium [72] [73]. This description of 1D chemistry also has
interesting connections with the exotic chemistry of ultra-high magnetic fields (such
as those in white dwarf stars), where the electronic cloud is dramatically compressed
perpendicular to the magnetic field [I54HI56]. In these extreme conditions, where
magnetic effects compete with Coulombic forces, entirely new bonding paradigms

emerge [I54H161].
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z (a.u.)

Figure 5.1: The exclusion potential (red) of a {He; atom (blue). The blue regions
show the occupied orbitals when computing the exclusion potential at the position
of the red dot.

To begin to understand the nature of chemical bonding in 1D, we have performed
an extensive search for stable molecules. After presenting accurate atomic energies
in Sec. we will discuss the structures of a wide variety of small molecules in
Secs. and [5.6] along with a small set of polymeric systems in Sec. This
will allow us to deduce a set of simple rules that govern bonding in 1D molecules,
which we present in Sec.

We also present a generalisation of the electrostatic potential for application to
the 1D molecules in this study, which we refer to as the exclusion potential. This
will be used to aid in the understanding of why some molecules form. The theory of
the exclusion potential is presented in Sec.

As we determined in Chapter 2] the Periodic Table in 1D has only two groups
and we will frequently refer to alkalis (H, Li, B, ...which have an odd number of
electrons and a permanent dipole moment) and nobles (He, Be, C, ... which have an
even number of electrons, are symmetrical and have no dipole.).

All of the calculations that we report use 30 basis functions in each of the left
and right domains and 50 functions in each of the finite domains. We will refer to
this as the (30,50) basis set. We report only the digits that have converged as the
basis set is increased to the (30,50) set. For determining optimised geometries we
use the numerical function minimisation routines available in Scipy.

Unless otherwise stated, atomic units are used throughout.
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5.2 Exclusion potential

In 3D, the molecular electrostatic potential [162] (MESP) is the limit of the ratio of
the Coulomb energy of a test particle to the magnitude of its charge, as that charge
approaches zero. It is a potent tool for understanding chemical behaviour and can
reveal, for example, electrophilic or nucleophilic regions. Unfortunately, however,
the MESP diverges at all points in a 1D system except where the electron density
vanishes [66]. Therefore, to define a meaningful potential in a 1D molecule, we must
insist that the test particle create a new Dirichlet node at its position. We call the
resulting potential the “exclusion potential” to emphasise that, in contradistinction
to the 3D analog, the test particle in 1D excludes electrons from its neighbourhood
and thereby significantly perturbs the system.

Note that this exclusion potential has a “path dependence” because the test
particle creates new domains. We only ever consider the test particle to have
approached from 4oo. This confines the electrons in the appropriate infinite domain
into the new finite domain between the test particle and the molecule. This is to
replicate what happens as atoms and molecules approach one another.

Figure [5.1] shows the exclusion potential for a ;He; atom as well as the perturbed
orbitals for a given position of the test particle. Note how the Dirichlet node created
by the test particle compresses the right orbital, and prevents the electron which

occupies it from extending to the right.

5.3 Atoms

Our first task was to choose the exponent « in Ly, (x) and Ry () that yields the best
energies as the basis set is increased. We expected that a would be determined largely
by the innermost (and lowest-energy) orbitals, and that therefore o ~ Z, where Z is
the nuclear charge of the atom in question. We were therefore surprised to find that
this is not the case and that, except for hydrogen, the optimal exponent is always
close to @ = 2, a compromise that attempts to describe both the compact inner
orbitals and the diffuse outer orbitals. Figure [5.2| gives a graphical representation
of some of the data which lead us to this conclusion. After this discovery, we used
«a = 2 for all atoms.

In Chapter [2 our first foray into 1D chemistry, we used multiple-precision
arithmetic in Mathematica[99] to compute the near-exact HF, MP2 and MP3 energies,
ionisation energies and electron affinities of the ground-state atoms up to sNes. Our

subsequent (double-precision) CHEM1D program was often unable to reproduce
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Atom Total energies Ionization energies Electron affinities!
—Eur —Ewp2 —Enps HF MP2 MP3 HF MP2 MP3

H 0.500000 0.500000 0.500000 13.606 13.606 13.606 3.893 3.939 3.961
He 3.242922 3.244986 3.245611 33.822  33.878 33.895 — — —
Li 8.007756 8.01112 8.01179 4.486 4.517  4.522 1.395 1410 1.414
Be 15.415912 15.4226 15.4236 10.348 10.400 10.408 — — —
B 25.35751 25.3671 25.3684 2.068 2.09 2.099 0.64  0.65 0.65
C 38.09038 38.105 38.107 4.670 4.719  4.73 — — —
N 53.569 53.59 53.6 1.1 1.1 1.1 0.3 0.3 0.3
O 71.9293 71.95 71.96 2.516 2.548 2.556 — — —
F 93.1 93.2 93.2 0.5 0.5 0.5
N 117.31 117.35 117.35 1.5 1.5 1.5 — — —

2The electron affinities of He, Be, C, O and Ne are omitted because the anions of these species are
auto-ionising (Sec. [2.3.3).

Table 5.1: Total energies (in Ej},), ionization energies and electron affinities (V) of
1D atoms using the (30,50) basis set.

these energies, principally because of its inadequate basis functions (As discussed in
Chapter [3). Table shows that our (double-precision) LEGLAG calculations are
much more successful in capturing the energies but the (30,50) basis still struggles
for the largest atoms and, in particular, fails to yield any significant figures for the

electron affinity of 4F5.

5.4 Diatomics

Notwithstanding the deficiencies of the (30,50) basis for the largest atoms, LEGLAG
is able to treat a far wider variety of molecular systems than is possible in CHEM1D
and we have surveyed the diatomics with atoms up to oxygen and with all possible
electronic configurations that can be generated from the ground-state atoms. Table
(.2 reports the bond lengths and energies of the diatomics that we have found to be
stable, i.e. lower in energy than their constituent atoms. This set of results, which
greatly extends our previous efforts, allows us significantly more insight into the

mechanics of 1D bonding.
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Molecule Bond length Total energy Dissociation energy
AB HF MP2 MP3 —FEur —FEp2 —FEwps HF MP2 MP3

H.H, 2.636 2.637 2.638 1.184572 1.185418 1.185728 184.572  185.418 185.728
1H,Hey 2.025 2.027 2.027 3.880313 3.882619 3.883301 137.39 137.633 137.691

H,Li, 5345  5.323  5.320 8.544163 8.547920 8.548659 36.407  36.800  36.871
1HoLi; 5.152  5.141 5.142 8.681782 8.686367 8.687589 174.025  175.25 175.80
1HoBeo 3.966  3.961  3.962 16.079548 16.08707 16.08845 163.636  164.50 164.85
1H3B, 8.880  8.810  8.806 26.020047  26.0310 26.0329 95.492  96.1 96.1
1HoBj 3.298  3.296  3.296 25.957601 25.96793 25.96949 100.093  100.85 101.13

H3B; 10.349 10.238 10.235 25.863890  25.8736 25.8748 6.382 6.5 6.5
1H5C5 6.666  6.635  6.633 38.756672  38.7721 38.7745 166.290 167.4 167.9
1HyN3 14.316  14.268 14.257 54.22372 54.244 54.247 52.470 53 53
1HsNy 5.407 5.392 5.392 54.218224 54.2379 54.2407 149.222  150.2 150.5

HyN, 19.20 18.168 18.131 54.0703 54.089 54.091 1.3 1 1
1H,04 10.468 10.383 10.378 72.590721 72.616 72.620 110.787 112 112
1HeoLi, 4.606 4.586 4.584 11.260655 11.266223 11.267543 9.977 10.118 10.144
1Hez B3 11.174 11.170 11.003 28.600892 28.6126 28.6145 0.461 0.5 0.5
1LisLi, 8.693  8.644  8.637 16.064647  16.07183 16.07326 49.134  49.59 49.69
oLisBegy 7.050 7.000 6.996 23.452479 23.46286 23.46460 28.811 29.16 29.22
oLiyB, 13.330 13.228 13.157 33.418876 33.4323 33.4343 53.611 54.1 54.2
1LigB3 14.007 13.999 13.778 33.379031 33.3922 33.3941 13.766 14.0 14.0
2Li4Cs 10.435 10.358 10.336 46.140625 46.1588 46.1614 42.486 43.0 43
oLiyNy 8.956 8.892 8.884 61.588547 61.6112 61.6143 11.788 12.3 12.4
oLisN3 19.552  19.258  19.229 61.63192 61.654 61.658 44.7 45 45
1LisNy 21.546  21.092 21.099 61.5802 61.602 61.605 3.5 3 3
oLisOy 14.943 14.769 17.748 79.987067  80.015 80.019 49.98 51 51
2BeyBs 12.566 12.566 12.381 40.776885  40.7932 40.7955 3.464 3.6 3.6
2BesNy 20.571 19.884 19.869 68.9851 69.010 69.014 0.2 0 0
2B5B3 19.349 19.233  19.003 50.733908  50.753 50.756 18.891 19 19
3B5Cs 16.040 16.009 15.779 63.457101 63.481 63.484 9.21 9 9
3BgN3 26.480 25.946 25.912 78.949 78.977 78.981 22 22 22
2BgNy 27.514 26.939 26.869 78.933 78.961 78.96 6 6 6
3BgO0y4 21.138 20.799 20.735 97.3018 97.34 97.34 14.9 15 15
3CgNy 22.880 24.906 24.801 91.660 91.69 91.70 1 1 1
3N7Ny 30.301 31.892  33.989 107.14 107.18 107.19 10 10 10
4N7Oy4 29.583 28.780 28.727 125.50 125.54 125.55 0 0 0

Table 5.2: Equilibrium bond lengths (bohr), total energies (Ey) and dissociation

energies (mEy) of diatomic molecules.
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Figure 5.2: Ratios of the Hartree-Fock energy as a function of o (Efjp) to the lowest
Hartree-Fock energy (Enrp). The left graph shows the behaviour with respect to «
for three different atoms (with 30 basis functions in each domain). The right graph
shows the same behaviour for four different basis set sizes (for the neon atom).

There appear to be four major factors that govern the binding between two

atoms:

1. Valence attraction to an alkali nucleus
2. Nuclear shielding
3. Dipole interactions

4. Number of occupied domains

and we now discuss each of these in turn, and pictorial representations can be seen
in Figure [5.4]

Valence-nucleus attraction (Fig.[5.4p) is strongest on the electron-deficient side
of the alkali; on the other side of an alkali, or on either side of a noble, such an
interaction is shielded too effectively. The four configurations of the HB molecule,
viz. {H3B,, Hy,Bs, H3B3 and H,B,, illustrate this. The first three are bound and, in
each, at least one of the atoms presents its electron-deficient side to the other atom.
The fourth configuration, in which each atom presents its electron-rich side to the
other, is unstable.

It follows that two nobles will not bind, as neither has an electron-deficient side.
In 3D, noble gas atoms can bind weakly through dispersion interactions [163-166],
but we have not seen evidence of this in 1D. This may be an artefact of the (30,50)

basis but we believe that such binding, if it exists, is likely to be very weak.
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least-square fits are shown as dotted lines.

Nuclear shielding (Fig. |5.4b) is also critical. Lighter atoms bind more strongly
because their nuclei are less shielded and this is true a fortiori of the completely
unshielded H atom. As the shielding increases, binding energies drop rapidly, and
bond strengths in nitrogen-containing molecules like ;LisN, and 3C¢N, are in the
millihartree (mEy) range.

Dipole interactions (Fig. [5.4k) also influence bond strengths. The H,H,; and
1H;He; molecules each hold a single electron in the internuclear domain and, naively,
one might expect that ;H,He; would be more strongly bound because of its shorter
bond and greater attraction between the bonding electron and nuclei. However, the
bond strength in H;H;, where the atomic dipoles are favourably aligned, exceeds
that in {H;He; by roughly 50 mF},. Similar arguments explain the relative strengths
in HyLi; and ;He,Li,. The rare instances, e.g. ,Li;N,, where a diatomic forms with
opposed dipoles are driven by the attraction between two electron-deficient sides.

The number of occupied domains (Fig. [5.4(d) is also relevant, as the very different
bond energies in the HB diatomics show. Why, for example, is H3B3 so much more
weakly bound than ;H3B,, despite both having favourable dipole alignments? The
answer is that the six electrons are squeezed into two domains in H3Bj, rather than
three in {H3B,. To form the former from the latter, the electron from the left domain
is promoted into a high-energy orbital in the right domain and this incurs a large
energy cost.

In Chapter [2| and [3| we discovered a few surprisingly long bonds. However, the
results in Table show that gargantuan bond lengths are not at all uncommon in
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Figure 5.4: 1D analogues of Lewis dot diagrams representing the major factors
governing diatomic bonding: a. valence shell interactions, b. nuclear shielding, c.
dipole interactions and d. number of occupied domains. More stable configurations
are represented in green, less stable in red. Dotted circles represent unoccupied
orbitals.

1D. Figure [5.3| reveals a strong correlation between the length of the middle domain
of a diatomic and the number of electrons occupying it. If the data are grouped into
those with aligned dipoles, those with opposed dipoles and those with a noble atom,
strong parabolic trends emerge. Similar behaviour was found for estimates of atomic
radii in Chapter

This similarity might suggest that there is no significant distortion of atomic
densities during the formation of a diatomic molecule. Figure[5.5]depicts the difference
in a selection of diatomic electron densities and the corresponding sum of atomic
densities, showing that, in the majority of cases, this is true.

More specifically, this assertion is true when the bonding alkali, i.e. the alkali with
its electron deficient side in the bonding domain, is heavier than H. In these cases
we see the outermost electron of the other atom occupies the position of the LUMO
of the bonding alkali. The orbital that this electron occupies does not appreciably
change in shape, however. As a result the bond length is completely determined by
the shape of the atomic species.

The exception to this are those diatomics where the bonding alkali is an H atom.
The unshielded proton of the H atom is significantly more reactive than other species,
an effect we also see when looking at bond strengths. This results in the outer
electron of the other atom occupying an orbital similar to the LUMO of the H atom,
rather than the HOMO of its parent atom. This creates a noticeable distortion of
the atomic electron densities in such cases.

The fact that each electron is largely isolated within its local domain provides
little opportunity for complicated interelectronic interactions. As a result, we find

that the qualitative and quantitative effects of electron correlation are usually small.
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The correlation energy in 1D constitutes a much smaller fraction (typically less than
0.1%) of the total energy than in 3D. Moreover, it largely cancels between reactants
and products so that correlated bond energies are typically within 1 mFEy, of their
uncorrelated values. Correlated bond lengths are also similar to uncorrelated ones,

especially in relative terms. Accordingly, we use HF structures henceforth.

5.5 Triatomics

We also undertook a systematic search for stable triatomic molecules, examining
all possible electronic configurations generated by ground-state atoms up to, and
including, carbon. Many stable species emerge, and we report bond lengths, total
energies, atomisation energies and bond energies for some of these in Table For
the reasons discussed above, we report atomisation and bond energies only at the
HF level.

In our exploration of 1D reactivity in Chapter [3| we concluded from a small set
of atomisation energies that the bonds in a triatomic ABC are similar in strength to
those in AB and BC. We argued that the small deviations could be rationalised by
considering the A—C dipole interaction.

The results in Table largely support this view. For example, the H-Li and
Li-Li bond strengths in HyLisLiy are 39 and 52 mE}, which are slightly higher than
those in HyLiy (36 mEy,) and ;LisLiy (49 mEy, ), and this increased stability can be
ascribed to the favourable dipole alignment. In contrast, the Li-H and H-B bond
strengths in ,Li,H,B5 fall from 36 and 100 mE}, to 20 and 84 mFEy,, respectively,
because the boron dipole is opposed to those of the lithium and hydrogen atoms.
The 3B5C5B5 molecule also has opposed dipoles and the B-C bond energy drops
from 9 mFE}, in the diatomic to 7 mFEy in the triatomic.

We have also found two classes of triatomic that one might have expected to be
unstable. The first consists of a noble flanked by two alkalis with aligned dipoles
(e.g. HyHe3B5 and ,Li,He B,) and the second consists of two nobles on one side of
an alkali (e.g. {HeyHe,Li, and 3B3He,Cs). Such molecules contain bonded atoms
that do not form stable diatomics, e.g. the HyHe; moiety in HyHe;B5 or the {He,C;
moiety in 3BsHe,Cj.

The exclusion potentials in Fig. [5.6] show the attractive force which binds these
unusual ABC triatomics. In each case, the diatomic fragment BC generates a small
positive potential in its left domain which can then interact favourably with the

valence electron of A.
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Molecule Bond length Total energy
ABC Rap Rpc —Enr —Ewmp2 —Ewmps Eatom Eap Egc
1HoHo B3 17.620 3.296 26.458006  26.468322  26.469874 100.497 0.404 —
1H1H3B, 2.795 8.942 26.735055  26.74627 26.74818 310.500 215.008 89.366
Hy;He3B3 13.090 9.665 29.101690  29.11340 29.11529 1.260 0.799 —
1HHe Cs 2.025 16.294 41.972376  41.9891 41.9917 139.071 — 1.680
H,LisLi, 5.336 8.860 16.604027 16.611622 16.61313 88.514 39.380 52.107
1H,LizBey 5.243 7.048 24.126866  24.13849 24.14078 203.198 174.387  29.172
1HoLiy By 5.387  13.356 34.094432  34.1091 34.11168 229.167 175.556 55.142
1HyBesLi, 3.946 7.047 24.111979  24.12320 24.12529 188.310  159.500 24.674
H;B,Li, 10.289  13.443 33.925825  33.9393 33.9414 60.560 6.949 54.178
1H3B,Li; 9.099 14.048 34.040693  34.0553 34.0579 108.382 82.704 12.890
H3B;5B; 10.281  19.510 51.24102 51.2605 51.2631 26.006 7.115 19.62
1H3B5B, 9.205 19.492 51.39508 51.4159 51.4192 113.018 74.956 17.53
1H3C3H; 6.649 6.649 39.422734  39.4393 39.44217 332.352  166.062 166.062
1H3C5B3 6.632 16.058 64.12276 64.1480 64.1517 174.867 165.657 8.577
1He;H3B3 2.027 10.290 29.244835  29.25684 29.25879 144.404 138.023 7.014
1HeoHeyLi,  11.009 4.601 14.503682  14.511311 14.513255 10.081 0.104 —2
1He,LizLis 4.601 8.737 19.317942  19.327327  19.329411 59.507 10.373  49.530
1HezB4Lis 10.949  13.320 36.662290 36.6778 36.6805 54.103 0.492 53.642
1LioHyLiy 5.210 5.524 16.749370  16.75602 16.759498 233.857  197.450 59.832
1Lio H3B3 5.191 10.017 34.055957  34.07025 34.07275 190.692 184.310 16.667
oLioHyBjg 5.619 3.338 33.985753  33.999903  34.002215 120.488 20.395 84.081
oLiosH3Cy 5.533 6.789 46.820115 46.83917  46.84223 221.976 55.686  185.569
oLisHesBey 4.574  12.299 26.677407  26.68967 26.69200 10.817 — 0.840
oLiosHey B, 4.514  20.723 36.623610  36.6388 36.6414 15.423 — 5.45
1LizLizLip 8.69 8.966 24.127495  24.13851 24.140705 104.226 55.092 55.092
oLizLizBey 8.833 7.04 31.51126 31.52547  31.52797 79.832 51.021 30.698
1LisLiy B3 8.715 14.190 41.440738  41.457727  41.46047 67.717  53.951 18.583
oLizLisCs 8.948 10.461 54.201813  54.2238 54.2272 95.918 53.432 46.784
oLizBesLis 7.077 7.075 31.482743  31.49682 31.49927 51.318 22.507  22.507
1Li4BsB3 13.937  19.704 58.75720 58.7802 58.7835 34.426 15.54 20.66
2Be;,H3B3 3.983 10.32 41.445882  41.46312 41.46577 172.461 166.08 8.825
2BeyBsB3 12.580 19.444 66.15358 66.1798 66.1834 22.652 3.761 19.19
2B4H,B; 25.12 3.288 51.3170 51.3367 51.3397 10.198 1.9 —
3B3H3C3 10.164 6.747 64.126951  64.15210 64.15578 179.060 12.770  172.678
3B3He, Cs 9.794 18.02 66.69221 66.7183 66.7221 1.39 — 0.93
2BsBey,Bj3 30.000 12.358 66.1349 66.1608 66.1644 4.00 0.5 —
3B5C5B3 16.126  16.129 88.82132 88.8553 88.8597 15.916 6.71 6.71

& After breaking this bond, the remaining diatomic is unstable.

Table 5.3: Equilibrium bond lengths (bohr), total energies (Ey,), HF atomisation
energies (Fatom, mEy) and HF bond dissociation energies (Eap and Epc, mEy) of
triatomic molecules.



94 CHAPTER 5. MOLECULAR STRUCTURE IN ONE DIMENSION

S 0.020 3. —
3 :
= 0015} 1225 &
<
£ 0010 15 &
D wn
£ 0.005} JV\ 10.75 g
(ol
= 0.000 .f\ bo. =
S H He B S
£ _0.005} 1-075 £
— (]
% -0.010 . . . . d_15 &
~ -15 -10 -5 0 5 10
z (a.u.)
S 0.020 3. —_
3 :
= 0015} 1225 &
<
£ 0010} 15 &
w0
(ol
o 0.000 : | 4 0. =
9 He He Li e
£ _0.005} 1-075 £
— (]
% -0.010 . . : : d45 &
M -15 -10 -5 0 5 10
z (a.u.)

Figure 5.6: Left exclusion potential (red) of ;He;B5 (top) and ;HeyLi, (bottom)
and electron density (blue) of HyHesB5 (top) and ;HeyHe,yLiy (bottom).

5.6 Tetra-atomics

Table presents results for the stable tetra-atomic molecules formed by dimerising
1HsBy, (HyBs and H3B5. These results confirm that the length and strength of
a bond are largely independent of its environment but, as in the triatomic study,
we find significant increases in some bond strengths as a result of favorable dipole
interactions. For example, in 4B3H;H3B3, the central H—H bond is approximately
50 mEy, stronger than that in H;H;, and the right bond is almost four times as
strong as in H3B3. However, this effect is not universal. For example, the dipoles in
1H3BsBsH are all aligned, yet the individual bonds are not strengthened and, indeed,
the central bond is weaker than in the corresponding diatomic. This is because the
central domain houses five electrons, forcing the bond to be long (> 18 bohrs) and
greatly reducing the dipole stabilisation.

In most of the stable species ABCD, the central pair BC is also a stable diatomic.
However, this is not the case in 3B,H,B3H and ,B3H,H,B5. In both of these, the
central bond is significantly weaker than in the other tetra-atomics and they are
therefore analogous to the loosely associated triatomics in Table

We also found two molecules, 3B,H;B;H; and ;H3sB,H3B3, where each individual

bond is present in a stable diatomic but the overall tetra-atomic is not bound. The
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Molecule Bond length Total energy
ABCD AB BC CD —FEur —Enp2 —Enp3 Eatom  EaB Egc Ecp
3BoH,BsH 3.284 23.316 10.349 51.822463 51.842 51.845 107.48 — 1.0 5.5
2BsH,H,B3 8.880 18.08 3.290 51.980101 52.0013 52.0048 198.034  90.492 2.449 —*
2,BsH;H3B; 9.085 2.795 9.828 52.115557  52.1361 52.1392 333.182  75.51 231.308 22.682
3BoH;H3B3 3.356 2.715 10.35 51.99337 52.0142 52.0173 278.35 82.682 171.879 2.84
1H3BsBoH;, 8.979 19.70 3.297 51.993816 52.015 52.019 211.6 77.3 16.1 98.6
1H3BsBsH 9.253 18.48 10.340 51.901493 51.923 51.926 119.429  73.090 17.56 6.41
\HsB,H;B, 8880 999 888 52.06120  52.083 52.087 212.18 7454 2120 811
1HyB3H3B3 3.298 8.854 10.155 51.999949 52.0210 52.0244 217.728  99.060 88.595  21.238
H;B;H3B3;  10.348 9.128 9.825 51.907673  51.9280 51.9311 125.255 6.587 75.332  23.818

& After breaking this bond, the remaining molecule is unstable.

Table 5.4: HF equilibrium bond lengths (bohr), total energies (Ey), HF atomisation
energies (Fatom, mF}) and HF bond dissociation energies (Eap, Epc and Ecp, mEy,)
of tetra-atomic molecules.

exclusion potential of the fragment ;B,H;, which is present in both ;B,H,;B;H
and 3B,H3B3H;, becomes positive beyond 8 bohr to the right of the H atom and
this provides the driving force for bonding in the molecule ;B,H,B;H. However,
3ByH3BsH,| remains unbound because of the unfavourable dipole interactions between
the left boron atom and the other atoms. Similar dipole interactions also appear
in {H3BoH3B5. It is possible that the ;B,H; and ,B3H; fragments in ;B,H3B3H;,
or the {H3B,H; and ,B; fragments in {H3B,H;B5 associate weakly at a very large

separation but that the (30,50) basis cannot adequately describe this.

5.7 Polymers

In Chapter 2] we examined the bond length and energy within the hydrogen nanowire—
an infinite chain of alternating protons and electrons—using a periodic HF calculation.
Using LEGLAG, we can study the same system as the extrapolated limit of a sequence
of finite chains and we can also examine other homogeneous, or heterogenous,
polymers.

For each polymer, we studied a range of short oligomers and fit their properties
to the functions of the type ZZ:O apn~*, where n is the number of monomer units
in the oligomer. We then extrapolated these functions to the infinite polymer, i.e.
n — 0o0. For computational efficiency, we used the (30,30) basis set, rather than the
(30,50) set used above. Our results are summarised in Table and we report only
the digits that have converged as the basis set is increased to the (30,30) set.
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Monomer Polymer
AB Rap —Enr Rap Rpa —Enr Estab

H.H, 2.636 1.184572 2.798 2.798 1.420210 235.638
1LizLig 8.693 16.064647 9.0 9.0 16.13383 69.18
1HyLiy 5.152 8.681782 5.46 5.46 8.752991 71.209
1H3By 8.880  26.020047 9.6 9.6 26.0474 27.4
5LiyBs 13.330  33.418876 14.0 14.0 33.447 28
1H;He, 2.025 3.880313 2.025 10 3.882261 1.948
1HyB3 3.298  25.957601 3.3 20 26.0 0

Table 5.5: Equilibrium bond lengths (Rap and Rpa, bohr), energies per monomer
(Eur, En) and stabilisation energy per monomer (Fgap, mEy) of 1D polymers at the
HF level of theory.

Results for the hydrogen polymer agree with the earlier periodic calculations
and confirm that the H—H bond becomes longer (stretching from around 2.6 bohrs
to 2.8 bohrs) and stronger upon polymerisation. The lengthening / strengthening
trend is ubiquitous and results from a competition between growing numbers of
repulsive interelectronic interactions (which are reduced if the polymers expand by a
few percent) and an accumulation of favourable dipole interactions (which stabilise
the polymer relative to the monomers).

However, not all of the polymers in Table .5|follow this pattern and the (;H;He,),
and (;H,Bj3), polymers are notable exceptions. In both of these, the inter-monomer
bonds are exceptionally long and the resulting stabilisation is small. Because these
new bonds do not arise in stable diatomics, these “polymers” are better viewed as

loose aggregates.

5.8 Rules of 1D bonding

Our studies reveal that chemistry in 1D is largely local. The combination of particle
impenetrability and strong shielding causes distant particles to have very little effect
on one another and, as a result, the functional groups in 1D chemistry are essentially
the diatomic units within a molecule. This reduction requires us to understand the
bonding in diatomic molecules and has led us to three simple rules which describe

all of the bound diatomics reported in Table
e Two alkalis with aligned dipoles bind

e Two alkalis with unaligned dipoles bind if their nuclear charges differ by at

least two

e A noble binds to an alkali’s electron-deficient side
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Strong bonds result from three ingredients:
e Light atoms
e Aligned atomic dipoles
e Low electron occupations in each domain

The first ingredient improves electron-nuclear attraction (because of reduced shield-
ing); the last also enhances Coulombic attraction and also reduces kinetic energy.
In general, a polyatomic is strongly bound if all of its constituent diatomics are
separately stable. There are interesting exceptions (such as the stable triatomic
H,H,B; and the unstable tetra-atomic 3ByH3BsH;) but it is true for all of the tightly
bound triatomics that we have identified. Curiously, the rule incorrectly predicts
3ByH3B3H, and {H3ByH3B3 to be strongly bound when, in fact, it turns out that
one of their constituent bonds is insufficiently strong to overcome the unfavourable
dipole interactions. Fortunately, this is the only example that we have found where

the rule fails.

5.9 Conclusion

Using LEGLAG we have performed an extensive survey of 1D chemistry. By adopting
improved basis functions, we have been able to identify and characterise a wide
variety of stable molecules and a small set of polymers. Many of these are novel
structures and, prior to this work, would not have been expected to exist.

We have also developed an understanding of the bonding interactions in these
molecules and we have identified the most significant factors that contribute to their
stability. This has allowed us to formulate a set of simple rules which predict whether

a putative 1D molecule is stable.
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Chapter 6

The generalised local density

approximation

6.1 Local Density Approximation

The Local Density Approximation (LDA), unlike most of the “sophisticated” density
functional approximations in widespread use today, is truly a first-principles quantum
mechanical method [50]. It is entirely non-empirical, depending instead on the
properties of one of the great paradigms of modern physics: the infinite homogeneous
electron gas (HEG) [167, 168]. Application of the LDA is straightforward, at least
in principle. Although the electronic charge density p(r) in any real system is non-
uniform, the LDA proceeds by assuming that the charge in an infinitesimal volume
element around the point r behaves like a locally homogeneous gas of density p(r),
and adds all of the resulting contributions together. This implicitly assumes that the
infinitesimal contributions are independent (which is undoubtedly not the case) but
then requires only that the properties of the HEG be known for all values of p.
The density of a HEG is commonly given by p (the number of electrons per unit

volume) or the Seitz radius rs and these equivalent parameters are related by
rPp=7"Pl0(D/2 + 1) (6.1)

where D is the dimensionality of the space in which the electrons move. In terms of

these, the LDA correlation functional is

Ei“DA :/p(r)ac(rs(r))dr (6.2)

99
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where the correlation kernel e.(r) is the reduced (i.e. per electron) correlation energy
of the HEG with Seitz radius r;.

In high-density HEGs (i.e. s < 1), the kinetic energy dominates the Hamiltonian
and the Coulomb repulsion between the electrons can be treated via perturbation
theory. This has facilitated investigations of e.(rs) in 3D [169-184] and 2D [I85-194]
but, because the Coulomb operator is so strong in 1D that two electrons cannot
touch, the 1D gas has received less attention [62], 65], [195].

In low-density HEGs (i.e. 75 > 1), the potential energy dominates, the electrons
localize into a Wigner crystal and strong-coupling methods can be used to find
asymptotic expansions of .(rs). Here, too, the 3D [196-198], 2D [199, 200], and 1D
[195] HEGs have all been studied.

For intermediate densities, the best estimates of e.(rs) come from Quantum
Monte Carlo (QMC) calculations, as pioneered by Ceperley and refined by several
other groups [20], 05, 201H214]. By combining these with the high- and low-density
results, various groups [24, 215H217] have constructed interpolating functions that
allow e.(rs) to be estimated rapidly for any value of ;.

Unfortunately this approach is flawed, for the correlation energy of a uniform
electron gas depends on more than just its s value [218]. In this chapter we argue
that e.(rs) should be generalised to e.(rs,n), where the parameter n measures the
two-electron density. Although not mathematically mandated [219], we prefer that 7,
like 4, be a local quantity. In Sec. we propose a definition for 7 inspired by a
number of previous researchers [220-224].

To learn more about the two-parameter kernel, we have turned to the finite
uniform electron gases (UEGs) formed when n electrons are confined to a D-sphere
[64), [66, [106], 107, 225H228]. In Sec. we report accurate values of n and e.(rs,n)
for electrons on a 1l-sphere, systems that we call “n-ringium”. In Sec. we devise
three functionals to approximate these results and in Sec. we test two of these

on small 1D systems.

6.2 Hole curvature

Suppose that an electron lies at a point r. The probability P(u|r) that a second
electron lies at r + u is given [220), 221), 229H238] by the conditional intracule

P(ufr) = pa(r,r +u)/p(r) = [p(r + ) + pxe(r,r + )] /2 (6.3)
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where py. is the exchange-correlation hole [50] and
pg(rl, 1‘2) = n(n — 1) / "I’P dSldSle‘g e dI‘n (64)

is the spinless second-order density matrix [239]. For fixed r, we have the normaliza-
tion

/P(u|r) du=n-—1 (6.5)

Because the Laplacian V2 P(0|r) measures the tightness of the hole around the
electron at r and has dimensions of 1/(Length)P+2, we can use the dimensionless
hole curvature

n(r) = Cprs(r)PH2 ViP(O[r) (6.6)

to measure the proximity of other electrons to one at r. (We will fix the coefficient Cp
in the next Section.) It is difficult to find this Laplacian for the exact wave function
but, at the Hartree-Fock (HF) level, it involves simple sums over the occupied orbitals,
ViZ.

occ

V 2
V2POr) =23 [Vus? - V20

[Vpl?
2p

where 7 = > 9% |V1;|? is the HF kinetic energy density and 7, = is the

Weizsécker kinetic energy density. We will therefore employ HF curvatures hence-
forth [

This expression for the curvature can be rewritten in terms of the “kinetic energy
density” [222]. These terms are essential in removing the self-interaction error, and

appear here in the appropriate configuration for achieving this task [240, 241].

6.3 Calculations on n-Ringium

6.3.1 Density and curvature

The HF orbitals of the ground state of n electrons on a ring of radius R are complex

exponentials [64], [66]

Um(0) = (20 R) ™2 exp(imb) (6.8)

n—1 n-—3 +n—3+n—1
2’ 2 2 2

m=—

(6.9)

1We have calculated the exact and HF curvatures in 2-ringium for several values of the ring
radius R. The HF curvature is nur = 3/4 for all R. In contrast, the exact curvature diminishes from
n=3/4at R=0,ton=97/(32+ 127) ~ 0.406 at R = 1/2, to n = 187/(64v/6 + 517) ~ 0.178 at
R =/3/2, and finally to n =0 at R = cc.
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and, because of the symmetry of the system, the density and Seitz radius

p=n/(27R) (6.10)
rs =mR/n (6.11)

do not depend on 6. The hole curvature is also constant and, using and ,

one finds

occ

n = 2C(rR/n)? Z m?/ (21 R?)

= C(72/12)(1 — 1/n?) (6.12)
If we choose C = 12/72 so that 1 = 1 for the 1D HEG (i.e. oo-ringium), we obtain
n=1-1/n (6.13)

In general, requiring that 7 = 1 in the D-dimensional HEG leads (via Fermi integra-

tion) to
(1+2/D)xP/?/8
Cp = 6.14
P T(1+Dj2)+4/P (6.14)

and the particular values Cy = 7/4 and Cs = (10/27)(4x/3)'/3.

6.3.2 Correlation energy

The Hamiltonian for n electrons on a ring is

T T lqo2 , N~ 1
H:T+V:—2zlvi+;rij (6.15)
1= 1<J

where r;; is the distance (across the ring) between electrons i and j. As noted
previously by Loos and Gill [66], the energy is independent of the spin-state and
so we assume that all electrons are spin-up. The exact wave function can then be

written as W = F'®, where the correlation factor

F= imafa (6.16)
a=1
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Degree 0 Degree 1 Degree 2 Degree 3
fl mi f2 ma f3...f5 ms3...Mms f6...f13 me...MmMi3
1 1 Srij nCo 27"1'2]' nCa ZT?]- nCa2
> riirik 6 ,.Cs > riiTikT ik 6 ,Cs
Do TigTh 6 nCa Sordiri 18 ,C3
ZT‘%T’M 18 nC4
Do TijTikTa 24 ,Cy
> riirieTj 72 ,C4

> T TikTim 180 »Cs
> T TR Tmn 90 ,,Cs

Total 1 1 Sri; wCo (> riz)? (nC2)? >Criy)? (nC2)®

Table 6.1: Definitions f, and number of terms m, in the correlation factors of degree
0,1,2,3

is a sum of functions f, which are m,-term symmetric polynomials in the r;; (see

Table and ® is the HF wave function [66]

o=—T][#; (6.17)

~ .. 0;—0; . . .
where 7;; = 2R sin =5~ is the signed distance.

Judicious integration by parts allows us to partition the total energy

(V|H|v)
E=-—'-- (6.18)
(W]w)
into the HF energy [66]
B = T + Ve = "2~ 1y Zn:4"2_1—32 (6.19)
TR TR T TR TR\ &2k -1 ‘
and the correlation energy
O | IVF-VF+(V — Vip)F? | @

(B2 ®)

E. can be minimised either by QMC methods [2I3] or via the secular equation

(T+V)x=E.Sx (6.21)
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Ts

n n 0 /10 1/5 1/2 1 2 5 10 20 50 100

1 0 0 0 0 0 0 0 0 0 0 0 0

2 3/4 13.212 12985 12.766 12.152 11.250 9.802  7.111 4.938 3.122 1533 0.848
3 8/9 18484 18107 17.747 16.755 15346 13.179  9.369 6.427 4.030 1.965 1.083
4 15/16 21174 20.700 20.250 19.027 17.324 14.765 10.391 7.087 4.425 2150 1.184
5 24/25 22756 22.216 21.706 20.332 18.444 15.648 10.947 7.441 4.636 2.249 1.237
6 35/36 23.775 23.190 22.638 21.161 19.148 16.196 11.285 7.655 4.774 2307 1.268
7 48/49  24.476 23.855 23.273 21.723 19.618 16.557 11.509 7.795 4.844 2.345 1.289
8  63/64 24.981 24.328 23.729 22.122 19.951 16.813 11.664 7.890 4.901 2.370 1.302
9 80/81 25360 24.686 24.067 22.415 20.199 17.001 11.777 7.960 4.941 2.389 1.312
10 99/100 25.651 24.960 24.327 22.644 20.386 17.143 11.857 8.013 4.973 2404 1.320
00 1 27416  26.597 2591  23.962 21444 17.922 12318 8292 5.133 2476 1.358

Table 6.2: n and —e.(rs,n) (mE}, per electron) for the ground state of n electrons
on a ring

where the overlap, kinetic and Coulomb matrix elements

Sab = <q)’fafb|(p> (622&)
Ty = 5 (@Y fu -V fo|2) (6.22b)
Vap = (@ £V £/ ®) — Vitr Sa (6.22¢)

can be found analytically in Fourier space (See Appendix . We have used the
CASINO QMC package [242] and, where possible, the Knowles—Handy Full CI
program to confirm results [243] 244].

Table shows the resulting near-exact correlation energies for ground-state

n-ringium. The fact that the e, values in a given column are not equal demonstrates

that the correlation energy of a UEG is not determined by its 75 value alone [218].

Moreover, the variations in &, for a given r, are large: the n = 2 values, for example,
are only about half of the n = oo values, implying that the correlation energy of a
few-electron system is grossly overestimated by the LDA functional which is based

on the HEG.

6.4 Generalised Local Density Approximation

In the LDA, the correlation contribution is estimated from r; alone, according to
Eq. (6.2). However, the fact that UEGs with the same r,, but different 1, have

different energies compels us to devise a Generalised Local Density Approximation



6.4. GENERALISED LOCAL DENSITY APPROXIMATION 105

(GLDA) wherein we write

EGLPA _ / p(x) ea(r(r), n(r)) dr (6.23)

where the correlation kernel e.(rs,7) is the reduced correlation energy of a UEG with
Seitz radius rs and curvature . For present purposes, we will use r; and 7 values
from the HF, rather than the exact, wave function.

One might think that the kernel could be constructed by fitting the results in
Table but these data allow us to construct .(rs,n) only for n < 1. To construct
the rest of the kernel will require accurate correlation energies for uniform gases with
high curvatures (n > 1). For now we will concern ourselves with the construction of
GLDA in the (p,n) region that the current data covers, we will discuss extensions

beyond this region in Chapter [8| (Sec. .

6.4.1 High densities

Rayleigh-Schrodinger perturbation theory for n-ringium yields the high-density

expansion
gc(rs,n) = as(n) + ag(n)rs + a4(n)r§ +..., (rs < 1) (6.24)

The leading coefficient [66] is

occ

Z Z oo
(r—a r—b)

a<b7" T'min

2 aln®n+blnn+c

= —— 2
360+ o + (6.25)

but, if we fit a truncated version of this series, while ensuring that asy vanishes for

one electron, we obtain the approximation

2

T 1 In’n+3lnn
ol =—|(1-— _— 1< 2
az(n) 3m< M>+ 87n? (1sn<oo) (6-26)

which can be rewritten in terms of the curvature, using Eq. (6.13) to obtain

w2 In?(1 —7n) —61ln(1 —n)

aa(n) :—%77‘1'(1— n) 343

(0<n<1) (6.27)

The accuracy of this approximation is shown in columns 2 and 3 of Table
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6.4.2 Low densities

Strong-coupling perturbation theory for n-ringium yields the low-density expansion

_ Ba(n) | B3(n) n Ba(n)

.. 1 6.28
T's r§/2 r2 + (rs>1) ( )

ge(rs,m)

+ - +... (6.29)

and the HF Coulomb coeflicient

n

1 13
HF _ = _ _
Evin) = (1 4n2> DT

k=1

1 Inn ~vy+4+2In2 1
=1-—-—7 || — I
< 4n2)( 3 " 2 +48n2+ >

(6.30)

=~

It follows that

3 In27r Inn 18y +36In2—3 — 72

Bo(n) =7 - ——+355 14402

(6.31)

but, if we truncate this series after the n=2 term and modify it to ensure that 3,

vanishes for one electron, we obtain the approximation

Ba(n) = (3 - m”) (1 ! ) 4 bn (1<n < oo) (6.32)

4 2 2 8n2

which can be rewritten in terms of the curvature, using Eq. (6.13)) to obtain

Ba(n) = (i - hl;ﬂ) n— 1= ")ig(l —n) 0<n<1) (6.33)

The accuracy of this approximation is shown in columns 4 and 5 of Table [6.3]

6.4.3 Intermediate densities

How can we model e.(rs,n) for fixed n? Ideally, we would like a function that
reproduces the behaviors of Eqgs (6.24]) and (6.28)) and interpolates accurately between

these limits. However, for practical reasons, we will content ourselves with a function
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Max errors

n —Q2 75[2 7,32 732 ’7 % Abs

3

2 3/4 0.01321 0.01321 0.1073 0.1050 1.9792 1.0 0.10
3 8/9 0.01848 0.01862 0.1361 0.1349 2.1375 0.9 0.13
4 15/16 ~ 0.02117 0.02133 0.1483 0.1475 2.2054 0.8 0.16
5 24/25 0.02276 0.02291 0.1546 0.1541 2.2431 0.8 0.18
6 35/36  0.02378 0.02391 0.1584 0.1580 2.2670 0.7 0.14
7 48/49  0.02448 0.02460 0.1608 0.1605 2.2837 0.8 0.16
8 63/64  0.02498 0.02509 0.1624 0.1622 2.2958 0.7 0.16
9 80/81  0.02536 0.02546 0.1636 0.1635 2.3051 0.7 0.15
10 99/100 0.02565 0.02574 0.1645 0.1644 2.3125 0.8 0.20

00 1 0.02742  0.02742 0.1689 0.1689 2.3750 0.8 0.13

Table 6.3: Application of the £.(rs,n) approximation to the data in Table .
Absolute errors in mFEy,.

that approaches Gz (1) for small r,, behaves like 82(n)/rs for large 7, and changes
monotonically between these.
Although we could use robust interpolation [245], the hypergeometric function

[100]

fr)y=aF (1, g,’y, 204(1’;”7) (6.34)
_Ja + O(r) r<1 (6.35)

B/r+0(r=3%) r>1

possesses all of the desired features and we therefore adopt the approximate kernel

Ec(rs,m) = da(n)F (1, g,a(n), 2&2(77)5(21(”—) 7(77))7"5>

Table shows that this kernel models the energies in Table [6.2] well if we choose

(6.36)

19 /4n —3
~ = — < .
A(n) 16 <2n — 1> (1<n<o0) (6.37)
or, equivalently,
. 19 (4—-3/1—n
10 =1o (5——) (O<n<) (6:39)

reproduces the Table data to within a relative error of 1% and absolute error of
0.20 mE},.
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6.4.4 The LDA1, GLDA1 and gLDA1 functionals

We can now consider three approximate kernels for correlation in 1D systems. The

first is the LDA1 kernel, which is defined by

3 20(1 — 7

E%DAI(’FS) =alF(1,=,%, 7a( 7) Ts (6.39)
2 p

where a = —72/360, 8 = 3/4 — (In27)/2 and 4 = 19/8. This underpins the

traditional LDA and, by construction, it is exact (within fitting errors) for the 1D

HEG or, equivalently, for co-ringium. It is independent of the hole curvature 7.

The second is the GLDA1 kernel, which is defined by

3 .\ 28a(n)(1 —F(n)) rg) (6.40)

GLDAl(,. .\ _ & 9 4 )
M) = o) F (15,500, 22

where Gz (n), B2(n7) and 7(n) are defined in Egs (6.27), (6.33) and (6.38). Unfortu-

nately, because of a lack of information about high-curvature UEGs, these three
equations are not defined for n > 1 and thus, at this time, the GLDA1 is defined
only for systems where 1 < 1 at all points. Completing the definition of the GLDA1
is an important topic for future work.

The third is the gLDA1 kernel, a partially corrected LDA, which is defined by

GLDA1
€ rs,m) n<l
e P (rgm) = ¢ ° e (6.41)

515DA1(7“S) n=1

When applied to UEGs with n > 1, the gLDA1 and LDA1 kernels are, of course,
identical. However, when applied to gases with n < 1, they behave differently and,
by construction, the gLDA1 kernel is exact (within fitting errors) for any n-ringium.

The gLLDA1 kernel defaults back to the LDA1 kernel at points where n > 1
but we cannot predict a prior: whether this will cause it to under-estimate or to
over-estimate the GLDA. If the monotonic increase in the magnitude of the kernel
between n = 0 and = 1 continues beyond 7 = 1, then the gLDA1 kernel (which
assumes that the kernel is constant beyond 1 = 1) will underestimate the GLDA1
kernel and consequently underestimate the magnitude of the correlation energies in
systems with high-curvature regions.

Until the true kernel for n > 1 is known, we cannot draw any firm conclusions
about the accuracy of GLDA1. However, it is reasonable to conjecture that even the

imperfect gLDA1 may be superior to LDA1 for Density Functional Theory (DFT)
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calculations on inhomogeneous 1D systems and we now explore this through some

preliminary validation studies.

6.5 Validation

Having defined the gLDA1 functional, we turn now to its validation. The functional
is exact by construction for any n-ringium, so we require systems with non-uniform
densities. Here we choose the ground states of n electrons in a 1D box of length
L = 7 (a family that we call the n-boxiums) and of n electrons in a 1D harmonic
well with force constant & = 1 (a family that we call the n-hookiums). We will apply
the functional to 1D molecules in the next chapter. The HOMO-LUMO gap in
n-boxium increases roughly linearly with n while in n-hookium it slowly decreases.
We therefore regard them as “large-gap” and “small-gap” systems, respectively.

Given that the fitting errors (Table in the gLDA1 functional can be of the
order of 0.1 mFEy, we aimed to obtain the energies of the n-boxium and n-hookium to
within 0.1 mEy, of their complete basis set (CBS) limits. This is easily achieved for
the HF, LDA1 and gLDA1 energies, because they converge exponentially [246}248]
with the size M of the one-electron basis, but it is less straightforward for traditional
post-HF' energies.

We analysed the convergence behavior (see Appendix of Mgller-Plesset
perturbation (MP2 and MP3) and full configuration interaction (FCI) energies in
2-ringium, 2-boxium and 2-hookium and our results are summarised in Table [6.4]
From these, we devised appropriate extrapolation formulae and applied these to the
energies obtained with our largest basis sets. We also used QMC calculations [242]
to assess the accuracy of our extrapolated FCI energies.

Tables and show the energies obtained for 5-boxium and 5-hookium,
respectively, as the basis set size increases from M =5 to M = 30. The three compo-
nents of the third-order energy are separated because of their different convergence
behaviors. Table [6.7] summarizes our best estimates of the HOMO-LUMO gaps,
together with the HF, LDA1, gLDA1, MP2, MP3 and FCI energies, for n-boxium

and n-hookium with n = 2, 3, 4 or 5.

6.5.1 n-Boxium

The 2-boxium system (albeit with length L = 3) was studied in a basis of delta
functions by Salter et al. [249] and, using 804609 basis functions, they obtained
energies within roughly 10 pEy, of the exact values. The present work is the first

study of n-boxium with n > 3.
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MP2 MP3 FCI
2-ringium  O(M~3)  O(M™3) O(M~3)
2-boxium  O(M~3)  O(M™3) O(M~3)
2-hookium  O(M~3/2) O(M~%?2/InM) O(M~3?)

Table 6.4: Basis set truncation errors AFE}; for the energies in two-electron systems

Fig. 1a Fig. 1b
6¢ 6¢

4t
3t 3t
2F
1 1t

X X
0 - 0 :

Figure 6.1: HF density p(z) (blue) and curvature n(z) (red) in 2-boxium (left) and
5-boxium (right)

The orbitals of 1-boxium are

J/ is odd
o) = 4 VA meosma mis o (m=1,2,3,...) (6.42)

V2/msinma  m is even

and the first M of these form a convenient orthonormal basis for expanding the HF
orbitals in n-boxium. The antisymmetrised two-electron integrals (uo||vA) can be
found in terms of the Sine and Cosine Integral functions [I00] and we have used these
to perform SCF calculations with up to M = 30 basis functions. Our convergence
criterion was max |[P,F]| < 107°.

We first discuss 2-boxium. Choosing M = 8 yields the HF orbitals

(6.43a)

P (z) = 0.999715 ¢o () — 0.023850 () + 0.000728 ¢bg () — 0.000176 s ()

1 (x) = 0.994844 ¢ () — 0.101256 ¢(x) — 0.005729 ¢5 () — 0.000044 ¢7(x)
(6.43b)

and Fig. reveals that the density p has maxima at = ~ 4+ /4, indicating that
an electron is likely to be found in these regions. LDA1 interprets these maxima as

the most strongly correlated regions in the well and, through Eqs (6.2) and (6.39)),
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predicts the correlation energy

/2

ELDAL — / p(z)etPAY (r) do = —46.1 mE}, (6.44)
—7/2

In contrast, because the hole curvature 7 is strongly peaked at the center and edges

of the box and is small near the density maxima, gLDA1 identifies the center of

the box as the most correlated region and Eqgs (6.23)) and (6.41)) predict the much

smaller correlation energy

EELDAL /W/Z p(z)e8"PM (v, ) de = —11.0 mE), (6.45)
/2
LDA1 and gLDA1 offer very different qualitative and quantitative descriptions of 2-
boxium, but both perturbation theory (E(I:vIP2 = —8.33 mFE}, and EéVIP?’ = —9.45 mFE))
and near-exact calculations (EFCT = —9.82 mE},) support the gLDA1 picture.

We have also performed HF, LDA1, gLDA1, MP2, MP3 and FCI calculations on
3-, 4- and 5-boxium and the density and curvature for 5-boxium are shown on the
right of Fig. Both functions oscillate much more rapidly but with much smaller
amplitude than in 2-boxium, and it is easy to foresee that, as the number of electrons
becomes large, both the density and the curvature will become increasingly uniform.

The convergence of the 5-boxium energies is shown in Table and confirms
the theoretical predictions of Table The LDA1 energies, which depend only on
the density p(z), converge rapidly, changing by less than 1 uFEy beyond M = 11.
The HF and gLDA energies, which depend on the orbitals (rather than the density)
converge more slowly, achieving 1 pFEy convergence around M = 20. Because
the occupied orbitals converge more rapidly than the virtual ones [250], the O*)?
component of MP3 converges almost as fast as HF, the O3V3 component (which
is negative) converges more slowly, and the O?V* component (which is positive)
even more slowlyﬂ Because of the resulting differential cancellation [251], 252], the
total 3rd-order contribution initially becomes more negative, reaches a minimum
at M = 13 and rises thereafter. The MP2 energy is the most slowly converging,
and changes by 60 pFy between M = 29 and M = 30. It is interesting to note the
almost perfectly linear growth of the third-order energies. Because the n-boxiums
are large-gap systems, MP2 and MP3 work well, recovering more than 92% and 99%

of the correlation energy in 5-boxium.

2The symbols @ and V refer to the number of occupied and virtual orbitals, respectively. The
O*V? component, for example, involves four sums over occupied orbitals and two over virtual
orbitals.
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E® components

M EHF 7E£JDA1 7E§LDA1 7E£AP2 04 V2 03 VS 02 V4 7E£‘CI

5 40.990531  126.517 68.858 0 0 0 0 0

6  40.855806  126.499 63.929 0 0 0 0 0

7 40.807556  126.486 63.678 16.020 1.129 —-3.512 0.804 17.840
8  40.798066  126.482 63.314 28.753  1.728  —6.379  1.683  32.157
9 40.793901  126.478 63.208 38.619  2.085  —8.570  2.475 43.234
10 40.793518  126.478 63.207 45.564  2.276 —10.046 3.104  50.937
11 40.792520  126.477 63.067 49.972 2371 —10.871 3.577  55.640

12 40.792237 7 63.024 53.055  2.426 —11.394 3.932  58.850
13 40.792064 7 63.026 55.272 2458 —11.729 4.203 61.102
14 40.792057 7 63.031 56.876  2.478 —11.939 4.411 62.682
15 40.792051 7 63.019 58.059 2491 —12.071 4.572 63.815
16 40.792051 7 63.017 58.946  2.499 —12.157 4.699  64.646
17 40.792049 7 63.026 59.624  2.505 —12.214 4.799  65.271
18 40.792049 7 63.027 60.151  2.509 —12.254 4.880 65.750
19 40.792049 7 63.028 60.568  2.512 —12.282 4.945 66.124
20 40.792048 7 63.028 60.901  2.514 —12.302 4.998 66.420
21 7 7 63.029 61.170  2.515 —12.317 5.042  66.658
22 ” 7 7 61.391  2.516 —12.328 5.079  66.852
23 7 7 7 61.574 2517 —12.337 5.110 67.011
24 ” 7 7 61.726  2.517 —12.343 5.136 67.143
25 7 7 7 61.854 2518 —12.349 5.158 67.253
26 ” 7 7 61.963  2.518 —12.353 5.176  67.346
27 ” 7 7 62.055  2.519 —12.356 5.193  67.425
28 7 7 7 62.134 7 —12.358 5.207  67.493
29 ” 7 7 62.203 7 —12.360 5.219  67.551
30 7 7 7 62.262 7 —12.362 5.230 67.601

Table 6.5: Basis set convergence of Fyp (in E},) and E, energies (in mF},) in 5-boxium

Our best estimates of the CBS limit HF and correlation energies are summarised
in the left half of Table Because LDA1 operates without the benefit of curvature
information, it gravely overestimates the correlation energy, by between a factor of
five (for 2-boxium) and a factor of just under two (for 5-boxium). In contrast, gLDA1

is within 12% of the true correlation energy for all n-boxiums studied.

6.5.2 n-Hookium

Electrons in 3D harmonic wells have been studied by numerous authors [102] 253H266]
but this is the first investigation of n electrons in a 1D harmonic well. The orbitals

of 1-hookium are

_ Hpa(z) exp(=2°/2)
Om(@) = Vr22m =1 (= 1))

(m=1,2,3,...) (6.46)
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Fig. 2a Fig. 2b

4,

I R— 0 1 2 7 )

Figure 6.2: HF density p(x) (blue) and curvature n(z) (red) in 2-hookium (left) and
5-hookium (right)

and the first M of these form a convenient orthonormal basis for expanding the HF
orbitals in n-hookium. The antisymmetrised two-electron integrals (uo||v\) can be
found in closed form (e.g. see Appendix and we have used these to perform
SCF calculations with up to M = 30 basis functions. Our convergence criterion was
max |[P, F]| < 107°.

We first discuss 2-hookium. Choosing M = 8 yields the HF orbitals

D1 () = 0.989962 1 () + 0.139577 3 () — 0.021464 ¢5(x) + 0.005740 g7 ()
(6.47a)

() = 0.997679 o () + 0.067586 ¢4 () — 0.008026 ¢g () + 0.001894 ¢hg ()
(6.47D)

and Fig. [6.2] reveals that the density and curvature are softened versions of those
in 2-boxium. As before, LDA1 interprets the density maxima as regions of strong

correlation, predicting
o
ELDAL — / p(z)elPA (r)) dox = —42.2 mEy, (6.48)
—0o0

whereas glLDA1 finds that almost all of the correlation comes from a narrow region

near the middle of the well and predicts
oo
ELDAT _ / p(2)eE-PAL (r p) dz = —12.7 mB (6.49)
— 0o

As for 2-boxium, LDA1 and gLLDA1 offer entirely different pictures of electron correla-
tion but both perturbation theory (EMFP2 = —10.78 mEy, and EMP? = —12.66 mEy,)
and near-exact calculations (E¥C! = —13.55 mE},) agree that gLDA1 is closer to the
truth.
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E® components

M EHF 7E£JDA1 7E§LDA1 7E£AP2 04 V2 03 VS 02 V4 7E£‘CI

5 19.649014 116.419 75.381 0 0 0 0 0

6 19.353767 115.709 60.013 0 0 0 0 0

7 19.180033  114.892 64.207 18.983  2.783  —7.833  1.952  23.103
8 19.171222  114.736 63.602 27.047  3.466 —11.252 2972  33.352
9 19.167260 114.619 63.990 33.786  4.058 —14.364 4.077  42.140
10 19.165782  114.658 63.679 37.870  4.298 —16.063 4.812  47.219
11 19.165244  114.680 63.512 41.400 4.488 —17.523 5434 51.621
12 19.165079  114.681 63.381 44.276  4.633 —18.697 5.973  55.159
13 19.164701 114.684 63.163 46.478  4.729 —19.539 6.417  57.776
14 19.164677  114.685 63.238 48.459  4.813 —20.301 6.807 60.137
15  19.164499  114.687 63.059 49.999 4870 —20.854 7.137 61.905
16 19.164467  114.687 63.063 51.368  4.919 —21.340 7.428  63.459
17 19.164400 114.687 62.993 52.493  4.956 —21.717 7.679 64.704
18 19.164370  114.687 62.957 53.476  4.987 —22.036 7.901  65.768
19  19.164342  114.687 62.940 54.317  5.012 —22.297 8.097 66.658
20 19.164323  114.687 62.917 55.049  5.032 —22.515 8.271 67.417
21 19.164309 114.688 62.899 55.688  5.049 —22.698 8.427 68.066

22 19.164 299 7 62.897 56.250  5.063 —22.851 8.567 68.623
23 19.164291 7 62.885 57.746  5.075 —22.981 8.692 69.105
24 19.164 287 7 62.889 57.187  5.085 —23.091 8.806 69.525
25  19.164 283 7 62.885 57.579  5.094 —23.185 8.909 69.891
26 19.164 281 7 62.888 57.931  5.101 —23.266 9.003 70.214
27 19.164 279 7 62.897 58.248  5.108 —23.335 9.088  70.500
28 19.164278 7 62.898 58.534  5.113 —23.396 9.167 70.754
29  19.164278 7 62.903 58.793  5.118 —23.448 9.239  70.982
30 19.164 277 7 7 59.029  5.123 —23.495 9.305 71.186

Table 6.6: Basis set convergence of Eyr (in E}) and E. energies (in mFEy) in 5-
hookium

We have also performed HF, LDA1, gLDA1, MP2, MP3 and FCI calculations
on 3-, 4- and 5-hookium and the density and curvature for 5-hookium are shown
on the right of Fig. [6.2] As before, both functions oscillate more rapidly but with
smaller amplitude than in 2-hookium and it is clear that, as the number of electrons
becomes large, both functions will become increasingly uniform [267].

The convergence of the 5-hookium energies is shown in Table As in 5-boxium,
the LDA1 energies converge most rapidly, followed by the HF and gLDA1 energies,
then the O*V?2, 0*V? and O?V* components of the third-order energy, and finally
the MP2 energy. However, each of these energies converges significantly more slowly
than its 5-boxium analog. All of these observations are consistent with the theoretical
predictions of Table Because the n-hookiums are smaller-gap systems, MP2 and
MP3 are less successful than for n-boxium, recovering roughly 85% and 96% of the

correlation energy in 5-hookium.
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n-boxium (L =) n-hookium (k = 1)
n=2 n=3 n=4 n=>5 n=2 n=3 n=4 n=>5
Eur 3.48451 10.37969 22.42489  40.79205 2.74367 6.63671 12.12335 19.16428

H-L gap 4.01 5.28 6.47 7.61 1.75 1.72 1.69 1.67
—ELbAl 46.1 72.5 99.4 126.5 42.2 65.9 90.1 114.7
B 11.0 26.3 44.0 63.0 12.7 28.0 44.9 62.9
—EMP2 8.3 23.1 41.8 62.8 10.8 26.0 43.7 63.0
—EMP3 9.5 25.6 45.4 67.3 12.7 30.0 49.8 71.1
—EFct 9.8 26.2 46.1 68.0 13.5 31.8 52.4 74.3

Table 6.7: Exgr and HOMO-LUMO gap (in E},) and E. (in mEy) in n-boxium and

n-hookium

Our best estimates of the CBS limit HF and correlation energies are summarised
in the right half of Table[6.7] As before, whereas LDA1 seriously overestimates the
correlation energies, gLDA1 is within 15% of the true correlation energy in all cases.
It is interesting to note that | E.(n-hookium)| > |E.(n-boxium)]| in all cases but that,

whereas gLDA1 correctly predicts this trend, LDA1 reverses it.

6.6 Conclusion

The traditional Local Density Approximation (LDA) is exact by construction for
an infinite uniform electron gas with Seitz radius rs. However, it significantly
overestimates the magnitudes of correlation energies in finite uniform electron gases,
such as those created when n electrons are placed on the surface of a D-dimensional
sphere. This overestimation, which becomes even more pronounced in non-uniform
gases, led us to seek generalizations of the LDA which are exact for both infinite
and finite uniform gases and here we have proposed that the local hole curvature 7
provides the necessary information to achieve this goal. For present purposes, we
have extracted n from the HF wave function: this requires only the occupied HF
orbitals.

By fitting accurately calculated correlation energies for systems of n electrons
on a ring, we have constructed the Generalised Local Density Approximation for
one-dimensional systems and this has yielded a correlation kernel e.(rs,n) and a
corresponding functional which we call GLDA1. To this point, we have considered
only gases in which n < 1 and, consequently, the GLDA1 functional is not yet defined
for gases with higher curvature. However, if we assume that the the correlation kernel
becomes flat, i.e. that e.(rs,n) = e.(rs, 1) when n > 1, we obtain an approximation

to GLDA1 which we call gLDAT.
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We have applied the traditional LDA1 functional and the curvature-corrected
gLDAT1 functional to electrons trapped in 1D boxes or in 1D harmonic wells and, by
comparing the predicted correlation energies with those obtained from MP2, MP3
and Full CI calculations, we have discovered that gLDA1 is much more accurate than
LDAT1 in all cases.

We have also observed that gLDA1 tends to underestimate the magnitudes of
correlation energies. This suggests that the true GLDA1 kernel continues to rise,
i.e. that |ec(rs,n)| > |ec(rs, 1)| but systematic examination of high-curvature (n > 1)
gases is required to test this. Such exploration is an important topic for future
research and will allow the GLDA1 functional to be completely defined and tested.

Although we have presented relatively few calculations here, and much more in-
vestigation is warranted, these preliminary results suggest that “Curvature-Corrected
Density Functional Theory (CC-DFT)” may offer an efficient pathway to improve-

ments over existing functionals.

6.A Calculation of matrix elements

The matrix elements in Eq. (6.22]) are expressed as expectation values of operators

over the HF wave function. Therefore, because ®? and its reduced density matrices,

. . 2
pa(61.02) = p(x)? <1 - =] ) (6.50)

e.g.

have finite Fourier expansions, integrals of their products with Fourier expansions of
operators reduce to finite sums.

The Fourier expansions of bounded operators on a unit ring are straightforward,

e.g.
2, =2 — 2cos(6; — ) (6.51)

Vrig - Vrig =1+ cos(6) — 62) (6.52)

rig = —% aojoo iaa(zi?) (6.53)

R =l R o
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The expansions of unbounded operators, e.g.

|a|

1 .
ia(01—02)
ry = —— g E 1 e (6.55)

a=—o00 \p=1

are delicate (they converge only in the Cesaro mean [100]) but this is sufficient for
our purposes because we require only a few of the low-order Fourier coefficients. The
expansions of “cyclic” operators (e.g. r12723731) are not simple products and must
be derived separately.

Thus, for example, to find the (®|riori3|®) integral in 3-ringium, the Fourier

expansion
2 —2cos(fy — 02)] [2 —2cos(01 — 03)] [2 — 2 cos(fy — 03)]
g | |
3!(2m)3 (6.56)
is combined with Eq. (6.53)) to yield
2 2 ia(61—62) ,ib(61—63)
e e 9
(®|r12113|P) = Z Z /// 1T 11 D°dh,db2dbs
16384
= G752 (6.57)

6.B Extrapolation of perturbation energies

It is common these days to estimate the CBS limit of post-HF correlation energies by
extrapolation [268]. Pioneering work by Schwartz [269], Hill [270] and Kutzelnigg and
Morgan [271] showed that, for atoms in 3D, the second-order energy contributions
from basis functions with angular momentum £ converge asymptotically as (£+1/2)~4

While generating the data in Section we found that the MP2 and MP3
energies converge so slowly (Tables and that the CBS limit is not reached
(within our 0.1 mE}, target accuracy), even with our largest (M = 30) basis set. This
is particularly noticeable for n-hookium. We therefore needed to develop and apply
appropriate extrapolation procedures.

To this end, we analyzed the convergence of the second-order energy

(12
Sy oy (659
€1+ €2 — € — €g

r=3 s=r+1
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obtained from the non-interacting orbitals and orbital energies in 2-boxium and

2-hookium. In n-hookium, the double-bar integral is

()Y D(r +5 - 2)/2)
™ L(r)[(s)

(12||rs) = (6.59)
if r + s is odd but it vanishes if 4+ s is even. The orbital energies are given by
er. = k — 1/2. By substituting these expressions into (6.58) and making use of
Stirling’s approximation [I00], one can show that the error introduced by truncating

the basis after M functions is

(12[|rs)?
AEY) = - E®
ZZ €1+ €2 — € — €

r=3 s=r+1

1
"~ 3(nM)3/2

+O(M™?%) (6.60)

The closed-form expression for the (12||rs) integral in n-boxium is cumbersome
but a similar analysis reveals that the analogous truncation error is O(M~3). The
truncation errors in the third-order energy can be found in the same way and all of
our results are summarised in Table [6.4

The MP2, MP3 and FCI energies obtained with our largest basis sets conform
to these analytical predictions and allowed us to extrapolate reliably to the CBS
energies given in Table [6.7 The good agreement between our extrapolated FCI

energies and QMC energies further increases our confidence in these results.



Chapter 7

DFT benchmarks for one

dimensional chemistry

7.1 Introduction

In Chapters we have described a new paradigm for theoretical studies of atoms
and molecules strictly confined to one dimension (1D). In this chapter we will apply
the newly constructed gLDA1 functional to these molecules, comparing it to the
LDA and the symmetry broken LDA recently constructed by Rogers, Loos and the
present author [I44]. This serves as both a comparative study of the functionals and
test of DFT’s applicability in our model of 1D chemistry.

One major advantage of the LDA is its large degree of fortuitous error cancellation
when used to evaluate reaction energies [272], where despite the poor performance
of the LDA functional for evaluating the components of the reaction the overall
result can be relatively useful. Both the SBLDA and GLDA extensions to the LDA
have been shown to offer improvements, sometimes quite substantial, when used to
evaluate total correlation energies. Their ability to describe reactions has not yet
been tested however, and it is unclear how the errors of each component involved
will interact. Reaction descriptions are the ultimate goal of theoretical methods, and
so one major aim of this chapter is to explore the new functionals performance at
such a task.

We begin this chapter by describing the previously defined methods that are yet to
appear, along with some of the necessary framework for performing the benchmarks.
Of particular note, Sec. discusses the unique feature that correlation in 1D is
divided into two separate characters, which we have termed inter- and intra-domain

correlation. In Sec. we present the results of applying DFT to estimating intra-

119
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domain correlation. The next chapter contains a section on our preliminary attempts

to model inter-domain correlation.

7.2 Methods

In Chapter [6] we gave definitions of some of the functionals that we use here. In
particular we have defined an LDA functional for 1D (See Eq. ), and the
correlation kernel of the GLDA1 functional for n € [0,1] (See Eq. (6.40)). We
continue to evaluate the functionals for the Hartree-Fock density, rather than self-

consistently using the Kohn-Sham formalism.

7.2.1 Generalised LDA

In this chapter we generalise our definition of the gLDA1 functional (Eq. (6.41]))
slightly. Here we define the aLDA functional

GLDA
€ p,n, n<l
edtPAp = ¢ 1) (7.1)

aetPApl,  p>1

where the functional now uses a scaled LDA energy as a fallback when the correct

GLDA functional is undefined. We will refer to three choices of o below:

e The aLDA functional will refer to an « chosen by minimising the errors in

atomic energies.

e The OLDA functional takes a = 0, removing the LDA component completely
and allowing the contribution of the correctly parameterised GLDA to be

isolated.

e Finally, we continue to refer to the case where o = 1 as gLDA.

7.2.2 Symmetry-Broken functionals

The symmetry broken (SB) correction is a much simpler approach to improving the
performance of the raw LDA. The reference correlation values for the UEG that
are used to construct the LDA functional are typically based upon the difference
between a near-exact energy and the Hartree-Fock (HF) energy in the Fermi fluid
state, where the electrons are completely delocalised. It can be shown however that
the Fermi fluid state is never the true HF ground state however [273] 274].

Rather it is possible to show that in 1D the lowest energy state is always given

by the Wigner crystal, where the electrons are allowed to localise at lattice sites to
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AggBLPA asB bss csB
ao —0.0646228 —0.0348811 0.185088 1.53424
ai 0.535062 0.0348811 0.00794842 —0.0263157
az —0.490719 0.0438699 —0.174901 0.436547
as 0.168939
bo 53.1171 1 1 1.61107
by 1.53114 1.34815 0.361882
b 2.19606 —0.672131 —0.571199 —0.718872
bs 1 0.245916

Table 7.1: Parameters of numerical approximants used in the definition of symmetry
broken functionals.

minimise the energy [144]. The SBLDA correction measures the difference between
the Fermi fluid and Wigner crystal HF energies and hence the ensuing change in
correlation energy. This leads to the SBLDA functional giving a lower correlation
estimate than the LDA, which is well known to overestimate the total correlation in
both 3D [2I] and, as we have determined earlier, 1D.

This functional was recently described by Rogers et al. [144], who give the

following form for the correction

ASBLDA (. y _ ;2 ag + a7 + agry + agry (7.2)

° bo =+ bﬁ“? + bQTil/Q + b37“g

where r; = 1/2p is the Seitz radius and the a; and b; coefficients can be found in
Table This is added to the LDA energy to obtain the SBLDA energy.

The SB correction is not incompatible with the GLDA methodology, and we
have also constructed a new SBgLDA functional. We have evaluated the Wigner
crystal Hartree-Fock energies for the finite UEGs originally used to fit GLDA to
obtain the new set of correlation energies given in Tab.[7.2] We then follow the same
methodology as in Chapter [6] substituting the new reference correlation energies.
Care has also been taken to accomodate the new low-density behaviour that is a

consequence of taking the Wigner crystal state [144].
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Ts

n n 0 /10 1/5 1/2 1 2 5 10 20 50 100

1 0 0 0 0 0 0 0 0 0 0 0 0

2 3/4 13.212 12985 12.766 12.152 11.250 9.802  7.111 4.002 1429 0.334 0.113
3 8/9 18484 18107 17.747 16.755 15346 13.179  7.956 2.984 0.982 0.225 0.076
4 15/16 21174 20.700 20.250 19.027 17.324 14.762  6.826 2.425 0.787 0.177 0.060
5 24/25  22.756  22.216 21.706 20.332 18.444 15648  6.061 2.135 0.688 0.153 0.051
6 35/36 23.775 23.190 22.638 21.161 19.148 15701 5585 1.964 0.629 0.139 0.046
7 48/49 24.476 23.855 23.273 21.723 19.618 15247 5279 1.859 0.592 0.130 0.043
8  63/64 24.981 24.328 23.729 22.122 19.951 14.751  5.071 1.785 0.568 0.123 0.040
9  80/81 2536  24.686 24.067 22.415 20.199 14.316  4.925 1.734 0.549 0.119 0.039
10 99/100 25.651 24.960 24.327 22.644 20.386 13.957 4.812 1.698 0.538 0.117 0.038
00 1 27.416 26.597 2591 23430 18.882 11.979 4314 1524 0477 0.086 0.032

Table 7.2: n and —e.(rs,n) (mE}, per electron) for the ground state of n electrons
on a ring using the HF Wigner crystal reference

This process has resulted in the following functional form

c a 2/3
eSBOLDA ) = —agp(n) 2 1y (;’;2,653(71); - [ﬁr(czééﬁ(j)?zﬂ) bji] )

asp(n) = 20OV Z 1+ a2 (7.4)
B bo + bi/T — 1 + ban '

ag + a1v/1 —n+asn
bsp(n) = bo + b1 (7.5)
1

csp(n) =e 200 (ao +a1/1—n+as(l— 17))
n (1 - e*ﬁ) (bo Fbiy/T— 7+ bo(1— )+ bs(1 — n)3/2) (7.6)

where the a; and b; coefficients can once again be found in Table

7.2.3 Inter- and Intra-domain correlation

The separation of electrons into different domains causes a unique partitioning of the
correlation energy within the molecule. One can conceive of two kinds of correlation
present: interactions between electrons in the same domain (intra-domain correlation)
and interactions between electrons in two different domains (inter-domain correlation).
Intra-domain correlation is the same as observed in 3D molecules. Inter-domain
correlation, however, is purely dispersive in nature, since there is rigorously no overlap
in density of the two electrons.

While the similarity of intra-domain correlation to 3D correlation means any

standard method can be used to evaluate it, dispersion is a traditional weak point of
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DFT, which causes issues for evaluating the inter-domain correlation. The GLDA-
type functionals exemplify this weakness. If we consider the ground-state helium
atom, which has one electron on either side of the nucleus, then one can show that n
must be equal to 0 everywhere. The electron to the left of the nucleus can never be
found at the same point as the electron on the right. Due to the Dirichlet condition
the quantity P(ulr) (see Eq. (6.3)) must be 0 in any neighbourhood of u = 0 because
r # 0 in the entire neighbourhood. Hence it follows that d?>P(u|r)/du? = 0 when
u = 0, and from that n = 0.

All GLDA-type functionals are equal to 0 when n = 0. This is an advantage,
since it removes the self-interaction error that is inherent to the LDA. In this case,
however, it also forces the functional to remove the dispersive correlation between
the two electrons. LDA does give a non-zero correlation energy in this case, but this
is precisely due to the self-interaction error, and not an indication that the LDA is
correctly representing the physics involved.

As a result the density functionals used in this study can only evaluate the

intra-domain correlation within a molecule.

7.2.4 The G1D test set

For testing the methods under consideration over a range of situations we have
defined a set of molecules and their reactions which we call the G1D set. As the
name suggests, we take inspiration from what is commonly known as the Pople G1
test set [275]. This set contains molecules with a variety bonding characters and
four types of reactions for each: atomisation energies, ionisation energies, electron
affinities and proton affinities.

We have selected a set of 42 stable molecules that were identified in Chapter
These include diatomics, triatomics and tetra-atomics and contains all three kinds
of diatomic bonds identified as well as a group of weakly bound molecules. A full
listing of the molecules chosen for the test set can be found in Appendix [A]

The set also contains the same set of reactions as the G1 set. Both a “left” and
“right” sided reaction is included where it is appropriate. For example, an electron can
be removed from either the left-most or right-most domain of the molecule {H,Li,

during an ionisation process.

7.2.5 Benchmark methods

For benchmark values to compare the functionals against we have chosen to use the

MP3 level of theory, which was observed to be exceptionally accurate in Chapter
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As an additional benchmark, we also compare the MP2 level of theory along with
functionals.

MPn energies are able to capture both intra- and inter-domain correlation.
Slight modifications to the MPn paradigm must be taken in order to consider these
separately. We define the intra-MPn method to this end. Here one simply performs
an MPn calculation on each domain and sums the results, giving the intra-domain
correlation exclusively. In each of these sub-calculations only the occupied and virtual
domains are used in the summation, preventing any excitation coupling between
electrons in different domains. Inter-domain correlation can be found easily by

subtracting the intra-MPn energy from the total MPn energy.

7.3 Intra-domain correlation

To compute the intra-domain correlation energies we have added density functional
capabilities to LEGLAG, which has been described in Chapter [d We use the same
methodologies, such as basis set choice, as we did in Chapter o] In Sec. we
consider the ability of the functionals to reproduce the total correlation energy of
atoms and molecules. In Sec. we present a possible cause for the errors in the
gLDA functional when applied to molecular systems and in Sec. we compare
the accuracy of the functionals for determining reaction behaviour.

We present statistical summaries of the correlation errors throughout this section.
See Appendix [A] for a listing of the absolute correlation energies for each species of

the G1D test set.

7.3.1 Absolute correlation energies

Tables[7.3]and [7.4] contain a summary of the correlation performance of the functionals
described in Sec. Table contains total intra-domain correlation energies for
the atoms lithium through neon, while Table contains a summary of the same
energies for the molecules within the G1D test set.

The most striking result is how incredibly poor the LDA becomes in 1D, which
we have seen in Chapter [l Unfortunately, while the SBLDA correction makes a
significant effort to improve the LDA’s results it is unable to overcome the failure of
the parent LDA, leaving its performance at roughly the same level of quality. Note
that the LDA does improve significantly as the electron density becomes more diffuse,
much like in 3D, as evidenced by the increasing relative accuracy for atoms as the
atomic charge increases. The more diffuse electron distribution better mimics the

situation within a UEG, especially in 1D where the combination of the Super-Pauli
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Correlation error (mFEh)

Atom  intra-MP2 LDA SBLDA OLDA aLDA gLDA SBgLDA

Li —0.158 59.928 50.925  —0.576 0.718 1.986 1.059
Be —0.799 93.750 78.921  —4.434 1.792 7.894 5.890
B —0.480 79.547 67.799  —2.508 1.637 5.701 4.194
C —1.462 110.121 91.646  —7.918 1.593 10.915 7.754
N —2.005 122.891 101.387 —11.197 0.894 12.745 9.504
O -3.615 150.738  121.954 —19.840 —1.418 16.640 11.789
F —2.787 136.701 111.268 —15.255 0.003  14.958 10.622
Ne —4.402 161.458 129.518 —24.111 —2.750 18.188 12.882

Correlation percentage

Atom  intra-MP2 LDA SBLDA OLDA oLDA gLDA SBgLDA

Li 88 4842 4130 54 157 257 184
Be 90 1325 1132 42 123 203 177
B 89 1844 1586 45 136 225 192
C 89 952 809 39 112 184 160
N 89 792 671 37 105 172 154
(0] 88 599 504 34 95 155 139
F 88 674 567 36 100 163 145
Ne 88 542 455 34 92 150 135

Table 7.3: Errors in intra-domain correlation energy estimates for 1D atoms. Intra-
MP3 energies have been used as reference values, errors are given in milli-hartrees
(mEy) and as percentages of the intra-MP3 energy.

exclusion principle and the Dirichlet condition pushes electrons to spectacularly large
distances from the nuclei.

In contrast to the LDA, the GLDA family of functionals are outstanding. Un-
fortunately they do not reach the quality of perturbation theory, particularly the
consistency of its description. If we assume that the OLDA is an accurate estimate of
the correct correlation in the regions of space that it is able to describe then it appears
that areas with high 7 values are crucial to correctly describing correlation. The
atomic results show that this is particularly true as the overall density of electrons
decreases.

This, combined with the poor LDA results, explains why the gLLDA is overall the
worst of the GLDA functionals. Despite clearly removing a large portion of the worst
offending parts of the LDA it still results in a relatively large overestimation of the
total correlation. In this case, however, the symmetry broken correction of SBgLDA
gives a substantial overall improvement to the results of the gLDA functional, owing
to the much improved starting point.

Despite this it is the aLDA functional which performs the best overall. Here

the coefficient is fitted to minimise the error over the set of atomic correlations
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Correlation error (mFEh)

Atom  intra-MP2 LDA SBLDA OLDA aLDA gLDA SBgLDA

Mean —1.051 170.547 143.360 —5.518 2.842  11.036 7.585
o 0.568 45.999 38.482 3.400  1.089 4.696 3.604
Max —0.146 267.896 224.836 —0.455 5437 21.861 16.072
Min —2.230 78.878 65.227 —12.506  0.783 2.024 1.128

Correlation percentage

Atom intra-MP2 LDA SBLDA  OLDA oLDA gLDA SBgLDA

Mean 89 2550 2173 48 138 226 182
o 1 1907 1656 9 22 35 12
Max 90 10313 9032 68 186 301 202
Min 87 1041 878 38 111 181 156

Table 7.4: A summary of errors in intra-domain correlation energy estimates for the
molecules in the G1D test set. Intra-MP3 energies have been used as reference values,
errors are given in milli-hartrees (mF},) and as percentages of the intra-MP3 energy.

(v = 0.505). Tt is fortunate that this also works relatively well for the molecules of the
G1D test set, suggesting that nearby nuclei do not significantly alter the behaviour
of the electrons. This is easily explained by the Super-Pauli principle preventing
the pairing of electrons into a single orbital. Therefore there are no truly significant
shifts in environment for any electrons during the bonding process.

It must be noted that the parameter of the aLDA functional is ultimately
compromised by the shifting importance of the regions with large ) values as atomic
charge varies. It would, of course, be possible to choose a such that the molecular
estimates have an average error of 0 overall. The G1D set is comprised of molecules
built primarily from lighter atoms, and so the compromise of fitting the aLDA to the
full set of atoms does not favour its treatment of this set. Ultimately, this suggests a

lack of consistency in its treatment of electron correlation.

7.3.2 High density limit of helium-like ions

When the gLDA functional was first tested on electrons confined to boxes and
harmonic wells it was found to have exceptional, MP2 quality accuracy (See Sec. .
The results in Sec. show that this performance is not retained across other
systems. It is not immediately clear why this is the case. To attempt to gain
some clarity we have evaluated the high-density correlation limit of the one-sided
helium-like ions, i.e. the limit as Z — oo of an atom with two electrons found on
one side of a nucleus with charge Z. This is the same limit as was found for the

two-sided helium-like ions in Chapter [2| (Sec. [2.3.2]).
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This requires determining both the exact energy and the Hartree-Fock energy in
this high-density limit. For the exact energy we have used Hylleraas type expansions

[96-98] evaluated numerically, finding the following power series for the energy.

oo

Eexact = Z 6exact,nZQ_n (77)
n=0

Eexact,o = 0.625000 (7.8)

Eexact,1 = 0.282341 (79)

Coxact.2 = 0.185226 (7.10)

To evaluate the corresponding expansion of the Hartree-Fock energy we have
followed the method of Linderberg[105] where a perturbative expansion is applied
to the problem. One of the key insights of Linderberg is to introduce a scaled unit
charge ev/Z, and the modified Hartree energy Fanv = Fp. The energy Enp and the

two occupied orbitals u(r) and v(r) are then expanded as the power series

Bur =Y _curnZ " (7.11)

n=0

u(r) = Z up(r)Z™" (7.12)
n=0

v(r) = Z vp(r)Z7T (7.13)
n=0

such that the zero-th order gives the non-interacting orbitals and energy.
Assuming that the electrons are on the right side of the nucleus (i.e. 7 > 0) then

up and vy are the first two hydrogenic orbitals from Eq. (2.2))

uo(r) = 2rexp(—r) (7.14)
r(2—r)

vo(r) = s exp(—7/2) (7.15)

Both epr,p and epr,1 can be expressed in terms of the zero-th order orbitals. The
former is simply the sum of the non-interacting orbital energies while the latter is

the remainder of the Fock operator

5

enro = (u(r)|holu(r)) + (v(r)|holv(r)) = ~3 (7.16)
ear1 = (uullvv) = {uu|vv} — {wv|uv} = %9 (203 +241n 2) (7.17)

where ho = —1/2 ?/ar2 + 1/r and {uulov} is a quasi-integral (see Sec. [3.2.4)).
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These two coefficients match those obtained from the Hylleraas expansion, and
so these terms cancel when evaluating the correlation energy. The next coefficient

can be obtained from u; and v, which are given by the differential equations

- 1
<h0 + 2) u1 = enF,1to — Uo|vovo) + voluovo) (7.18)

- 1
<h0 + 2> U1 = EHF,1V0 — Vo|uoto) + uo|uovo) (7.19)

lugug) = (8r 4+ 2)e 2" — (2r 4+ 2w + 1) — (2r — 2w)2e20) Bi(—2w)

— (2r 4 2w)2e 209 (Ei(2w) — Ei(2r + 2w))  (7.20)

1 (8 1 2 4 4

lugvo) = ﬁ [9 (T+w+ 3> - g(r+w)2 + 3 (w +3t2 — 2t — 9> e 2t
3

2%

s (-
— (r+w=2)(r +w)2e AT E <w>
Bi(3r+ 3

—3/2(r—w)

—(r—w—=2)(r—w)’e

) ] (r.21)

+(r+w = 2)(r 4 w)Ze V2 H)

—-r

4(2r% — 3r® +2r + 1) 4 2(4r — 3)w”

lvovo) =
—((r+ W) =3(r+w)?+20r 4w+ 1))e"
— (r—w)*(r —w —2)%* Ei(-w)

— (r+w)*(r + w —2)%e"*(Ei(w) — Ei(r + w)) (7.22)
where w is a softening parameter with the same function as in Sec. [3.2.4 The limit

as w — 0 must be taken once the solution is obtained.

Unfortunately solving these equations is extremely difficult due to the Ei functions

in the inhomogoneities of the equations. Instead we use LEGLAG to determine the

enr,2 coefficient numerically, from which we eventually obtain

EHF,2 = 0.178102 (7.23)
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The correlation can then be written as

)
Eexact,n — €EHF,n
Ecorr = Llexact — EHF = § T (724)
n=0

where the leading term of the expansion becomes 0.007124.

This is at least one of the sources of gLDA’s worse than expected performance. The
functional was constructed to obtain the correct correlation energy of the finite and
infinite UEGs, whose high density correlation ranges from 13 to 27 mEy, (See Sec. ,
which are all larger than the 7 mFEy limit of the one-sided helium-like ions. Note,
however, that the OLDA functional underestimates the correct correlation energy of
all the atoms considered. This leaves the possibility that the fully parameterised
GLDA functional, which does not rely upon the LDA when 7 is above 1, could
correctly reproduce the correlation of 1D atoms.

Aside from a possible explanation for the worse than expected gLDA functional
performance, this discrepancy between the high-density limit of atoms and UEGs is
curious on a more fundamental level. It is known that in the infinite-dimensional
limit that high-density correlation energies are invariant under change in the external
potential that confines the electrons [106]. While this does not remain rigorously
true in finite dimensions, it has been shown numerically that assuming this fact
is an excellent approximation down to two-dimensions. This assumption is at the
heart of the motivation for the construction of the LDA, where the functional is
constructed using UEGs before being applied to a wide variety of different external
potentials. Clearly this assumption does not hold in 1D, and the LDA is a far weaker

approximation than it is in other dimensionalities.

7.3.3 Reaction correlation energies

The primary goal of this chapter is to model reaction energies. A summary of
applying DFT to find the intra-domain correlation contributions to the G1D reaction
set described in Sec. [[.2.4] can be found in Table [Z.5

Immediately obvious is a wide degree of error cancellation for all the methods
tested. The average error over the full set of reactions is typically 1-1.5 orders of
magnitude less than the average error over the set of molecules. This is even greater
for the LDA (approximately 2 orders of magnitude) and especially the SBLDA and
SBgLDA (approximately 2.5 orders of magnitude).

Although the reaction errors are greatly improved over those for the molecular
correlation energies the total correlation contribution in the reactions ranges between

—3 mEy and 43 mFEy, typically falling in the range of £1 mFEy. This completely
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Correlation error (mFE})

intra-MP2 LDA SBLDA OLDA «oLDA gLDA SBgLDA

Atomisation energies

MAE 0.042 2.264 2.167 0.095 0.445 0.824 0.333
MSE 0.000 —2.259 —-1.664 —0.062 —0.442 —-0.815 —0.320
Median (AE) 0.023 1.541 1.034 0.062 0.317 0.551 0.130
o (AE) 0.048 2.247 2.503 0.114 0.403 0.824 0.370
Maximum (AE) 0.244 7.784 9.327 0.623 1.418 2.820 1.274
Tonisation energies

MAE 0.146 14.866 9.119 0.607 0.429 1.339 0.743
MSE 0.130 —14.866 —9.119 0.491 -0.412 —-1.297 —0.660
Median (AE) 0.139 13.892 7.591 0.535 0.286 1.121 0.409
o (AE) 0.091 3.567 5.140 0.409 0.355 0.981 0.847
Maximum (AE) 0.530 23.226  21.894 2.408 1.193 3.320 2.895
Electron affinities

MAE 0.077 11.274 4.277 0.195 0.149 0.441 0.106
MSE —0.073 11.274 4.277  —0.160 0.136 0.426 0.065
Median (AE) 0.051 10.694 3.549 0.106 0.111 0.327 0.059
o (AE) 0.078 2.220 2.383 0.225 0.165 0.357 0.165
Maximum (AE) 0.433 16.750  10.849 1.274 0.719 1.638 0.775
Proton affinities

MAE 0.068 4.177 6.045 0.262 0.059 0.193 0.082
MSE 0.055 4.177 6.045 0.218 0.023 —0.168 —0.059
Median (AE) 0.047 3.762 6.051 0.240 0.038 0.159 0.044
o (AE) 0.067 2.926 4.080 0.228 0.076 0.167 0.086
Maximum (AE) 0.264 9.793  12.739 0.972 0.496 0.880 0.413
All reactions

MAE 0.087 8.779 5.750 0.307 0.239 0.658 0.298
MSE 0.028 0.363 0.431 0.136 —0.126 —0.382 —0.218
Median (AE) 0.061 9.321 4.868 0.196 0.110 0.346 0.081
o (AE) 0.083 5.665 4.451 0.331 0.306 0.772 0.540
Maximum (AE) 0.530 23.226  21.894 2.408 1.418 3.320 2.895

Table 7.5: Statistical summary of errors in the intra-domain correlation energy
estimates for the G1D reaction set. Intra-MP3 energies have been used as reference
values, absolute errors are given in milli-hartrees (mFE},).
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eliminates the LDA from being a useful approximation in this context, and although
the SBLDA receives greater error cancellation and makes a significant improvement
to the error it too remains unusable.

The four GLDA-type functionals do give errors which fall within a useful range.
Interestingly, the OLDA gives a relatively high quality estimate for the atomisation
energy, suggesting that the correlation in the n > 1 regions should largely cancel
across the reaction. All of the functionals extended to treat this range (aLDA, gLDA
and SBgLDA) have a much more significant error for the atomisations. Clearly there
is an aspect of electron correlation in this region that an LDA functional is unable
to describe.

The accuracy of the OLDA does not hold up over the other classes of reactions,
where the n > 1 extension plays an important role in describing the energetics.
The gLDA functional is not a useful extension either, and is almost strictly inferior
to the OLDA. Both the aLDAand SBgL.DA do improve upon the OLDA, although
when comparing their average overall results they are only capable of a modest
improvement.

The functional results suffer from some larger outliers however, and this appears
to skew the average measures. The median error, which is much more resilient to
such outliers, gives a more promising outlook for the GLDA-type functionals. In
particular, both the aLDAand SBgLDA appear to approach the overall performance
of intra-MP2. Recalling that the parametrisation of aLDAis somewhat compromised
(as discussed in Sec. , the SBgLDA appears to be the best performing functional
in this group. Of course, the large maximum errors means neither of these methods

can be considered as reliable as intra-MP2.

7.4 Conclusion

It appears that DFT has a difficult relationship with 1D chemistry. The high accuracy
of the Hartree-Fock approximation gives perturbation theory an exceptional starting
point, resulting in very high accuracy that the LDA and the derivatives examined here
cannot match. In addition, the separation of correlation into inter- and intra-domain
regions, combined with the locality of the LDA and its derivatives, prevent DFT
from being applied to the full correlation problem in a 1D molecule.
Unfortunately, over the G1D test set inter-domain correlation accounts for, on
average, roughly half of the total correlation in a molecule. In order to model
correlation in 1D chemistry with density functionals a dispersion correction that can

estimate the inter-domain correlation is required.
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Despite this 1D molecules have proven to be an interesting test for the GLDA
type functionals described in Chapter [6] Our results here suggest that the GLDA in
1D does not benefit from the kind of error cancellation for reaction energies that the
LDA does in 3D. The 1D LDA, however, does not appear to achieve the same feat
as it does in 3D either. This makes it unclear how the GLDA will perform in 3D,
leaving the original intent of this chapter unanswered. We do find, however, that
such functionals are significant improvements over the standard LDA for reaction

estimates. This should bode well for future development of GLDA functionals.



Chapter 8

Unpublished work

8.1 Self consistent GLDA theory

In the preceding chapters we have applied density functionals as a Post-Hartree-Fock
level of theory. That is, instead of using the Kohn-Sham (KS) formalism we have
performed a HF calculation and then applied the correlation functional to the HF
density. Employing the KS equations would yield a superior result as it would
allow the density to relax according to the correlation effects. Unfortunately a
self-consistent formulation using the GLDA functional is not as simple as the KS
equations due to the added complexity of including the n parameter.

At this point it is important to note where the GLDA functional sits in the
context of other functional development. The key component of the 1 parameter
is the Laplacian of the positional intracule that can be found in Eq. . This

expression can be partially rewritten using the “kinetic energy density”

[Vpl?
2p

VZP(0|r) = 27 — (8.1)

occ

7= |Vl (8.2)

(2

where 1); are the HF orbitals and 7 is the kinetic energy density. The use of the term
7 puts the GLDA functional into the class of meta-GGA functionals. This class has
gained some traction in the literature, and so there already exists some discussion of
the self-consistent implementation of functionals using these kinds of terms.

In this section we develop the theory required to perform self-consistent GLDA
calculations by tailoring previous work to the n parameter. We will work within the
finite-basis formulation for GGA functionals developed by Pople, Gill and Johnson

[276]. This necessitates determining the behaviour of the functional as the density
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changes. Since T is not expressible in terms of the density this proves to be somewhat
difficult. This problem was first solved by Neumann et. al. [277], however we follow
the slightly different notations used by Adamo et. al. during their implementation
of a meta-GGA functional [278].

8.1.1 Theory

The GLDA functional that was defined in Chapter [0]is a 1D functional only. The
method can scale to higher dimensions and here we will construct the self-consistent
theory in a general manner so that it may be applied to any dimensionality. This
will require the reintroduction of spin-coordinates. For the remainder of this section
we will assume we are considering an « spin electron, the modifications to consider a
[ electron are trivial.

A key component of the Kohn-Sham equations is the potential of the ex-
change/correlation functional. This potential can be found by applying calculus of
variations to the functional with respect to the density. When the functional includes
7, however, it is common to instead find the variation with respect to the KS orbitals.
Adamo et. al. give the following expression for this, except we have added spin

coordinates and a Laplacian of the density

0Exc _ (o2 Of > q_< of > o <5f> a
505 (v 52 ) T Vowea ) U e )

5 To 0Ta Ta

where f is the exchange/correlation functional. The exchange/correlation energy in

the one-particle KS equations is then given by

Exc = Z / 55%;(; - (8.4)

Using this potential will optimise the KS orbitals rather than the electronic
density, which is a subtle but important distinction [279]. While there are methods
which can optimise the density, e.g. the Optimised Effective Potential [279-282]
or more recent work by Ryabinkin and Staroverov [283], the computational effort
required is significantly greater. As a result working with the potential derived from

varying the orbitals is generally preferred, and we will follow that preference here.
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The finite-basis method of Pople et. al. defines a Fock-like matrix (in reference

to the Fock matrix of the Roothaan-Hall equations)
F* = H + J + FXCa (8.5)

where H™ contains the kinetic energies and interaction with the external po-
tential, J contains the Coulomb repulsion and FXC® contains the effects of the

exchange/correlation functional. We can expand the KS orbitals in a basis set
P = Cipdu (8.6)
o
Po =Y (5 budy = ZP VPudy (8.7)
ur g

which we can then substitute into Eq. (8.3) and (8.4) to obtain an expression for the

elements of the FXCY matrix

0 ) 0
w5 = [ | (Pawten) o (Vo) o0+ (5) o

( fi)(v%)gﬁ <;£>(V2¢u)¢] (8.8)

Judiciously applying integration by parts to the above simplifies this to

)
Fffl?a = P;O:V/ ( f ¢N¢V (v');a)v((ﬁu(by)

of

o
e ¥ (nt) +

+ (V(bu V(bl,)) (8.9)

So far the theory developed is general and can be applied to any functional.
Applying this to the GLDA functional causes difficulty because the definition of
n from Chapter [6] can only be applied to same spin electrons. Higher dimensional
GLDA functionals will require us to define two parameters 74, and 7,3 as measures
of the proximity of same spin electrons and opposite spin electrons respectively. The

functional can then be written as

F(®) = pa(r)ed™ A pa(r), naa(r), nas(r)] (8.10)

The 7o parameter retains the same definition as n previously did. Unfortunately

Nap has yet to be defined.
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The following quantities are required when Eq. (8.10) is substituted into Eq.

df_EGLDA+pa<a€GLDA Oaa 9 _arpa 877<x,6‘3€c;LDA> (8.11)

Spa € Opa © Opa OMaa ¢ Opa OMap
) = (a?g% e B 55LDA> (12
;TJ; :pOC(aaTl%aa:w GLDA | 68777(-);88:0[6€SLDA) (8.14)

Without a definition of 7,4 the terms involving it cannot yet be computed. The

remaining terms are given by

oo _ o (Td/2+1) (d+2)/d
Opa d 1d/2

(d L0 p 2y 002 902 2pa2(d+”/d7a> (8.15)

d d
Mo T(d/2+ 1)) @/ —2(d+1)/d
- _ o 1
877(101
— =0 8.17
870 (17
Maa _ oo (L2410
aTa == 2Cd (7-[-61/2 Pa (818)

This is sufficiently developed for the self-consistent evaluation of the 1D GLDA
functionals, although it has not been implemented.

Higher dimensional calculations will require the definition of an opposite spin 7
parameter, i.e. a measure of the distance between an « electron at a given point and
a [ electron. An unrestricted Hartree-Fock wavefunction contains two independent
determinants for the a and [ electrons. It appears that this results in an opposite
spin parameter being impossible to obtain from a HF calculation, unlike the same

spin parameter, and is the reason why this has not been done here.

8.2 The full-range GLDA functional

It is clear that one of the main drawbacks of the GLDA functional described in
Chapter [0 is its lack of coverage for the full range of the n parameter. This is

especially true given some of the results found in Chapter |7l We have made a number
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of attempts to extend the parametrisation of the functional, but unfortunately none
of them have borne fruit thus far. In this section we will give brief attention to the

two most promising strategies that have been used.

8.2.1 Excited states of n-ringium

A central assumption in deriving the Hohenberg-Kohn theorems is that the ground-
state wavefunction and density is used. As a result, traditional DFT cannot be used
with systems in excited states. However it is not difficult to show that excited states
of n-ringium have arbitrarily high values of n while maintaining their uniformity.

In Chapter [6] we found the HF orbitals of 2-ringium to be

W(0) = \/2171% exp <””29> (8.19)

where, for the ground-state, m = £1. In the ground-state we also find n = 1/2. If

we consider “symmetrically” excited-states, where m = £3,45,..., then using a
combination of Eqs. , (6.7) and (6.14) it is reasonably trivial to determine
3
n= 1m2 (8.20)

given that p must remain the same for all states due to the finite spatial extent and
the symmetry of the ring. Clearly n grows quickly as excitation levels increase, and
is not difficult to determine that the same also happens for other n-ringium systems.

The hypothesis we proceeded upon is simple: by expanding Tab. to also
include an appropriately selected collection of excited states it should be possible
to obtain data for n > 1 that the GLDA functional can be fitted to. This proved
promising initially. In Fig. we demonstrate that the HF energies for a wide range
of excitations of 3-ringium have an all but perfectly linear relationship with their
1 values. This suggested that the excited state energies would paint a consistent
picture of the GLDA functional.

Unfortunately, as this project continued we eventually discovered that although
the excited states of a particular n-ringium are able to suggest an attractive, self-
consistent picture of the GLDA functional past n = 1, this does not hold true when
comparing different electron counts. That is to say one can eventually find a state of
n-ringium and a state of m-ringium with equal p and 71 (or at least very similar) but
wildly differing correlation energies.

As a result, this approach ultimately leads to a situation where the GLDA

functional is not uniquely determined. This clearly does not lead to the correct



138 CHAPTER 8. UNPUBLISHED WORK

“r -+
120 - -
100 | e

80 - s

EHF
°

60 ° i
40} 7

20 @ -

o v ) P BRI
120 140

0 20 40 60 80 100

Ui

Figure 8.1: Hartree-Fock energies (in Ej) compared to n parameters of excited
states of 3-ringium with ry = 1.

parametrisation, which is unsurprising given the nature of the Hohenberg-Kohn
theorems and the wider understanding of mappings between external potentials and

excited state densities [284].

8.2.2 Broken symmetry states of n-ringium

In Sec. we briefly described the SBLDA correction of Rogers et. al. [144]. This
correction revolves around the difference between the Fermi fluid (FF) state and the
Wigner crystal (WC) state of the HF solution for the UEG. The Wigner crystal state
also has connections to high values of 7, which we will discuss here.

The FF state allows the electrons to delocalise to minimise their kinetic energy.
In contrast, the WC state localises the electrons onto lattice sites to minimise their
potential energy. This state can be found by breaking the spherical symmetry of a
HF solution for the finite UEGs. This yields a solution with a non-uniform density
due to the localisation of the electrons, resulting in a non-uniform 7 parameter which
can take values greater than 1.

One could in principle use these solutions (or any non-uniform 7 system) to
fit the full GLDA functional by solving a set of integral equations. However the

non-uniform density of the WC solution is something of a mathematical oddity. The
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WC should only demand that electrons localise with respect to each other, not at
absolute positions on the ring. The lattice should rotate freely around the ring. If
this were taken into account the spherical symmetry should be restored along with
the uniformity of p and 7.

Naively, one can attempt to do this by averaging the density

¥ pse(6)
P _/O do (8.21)

2

where p is the re-symmetrised density and pgp is the symmetry-broken WC density.
This does indeed return the density to the expected uniform value (p = 7/2xR),
however complications arise from the subtle dependency of the 1 parameter on
the density through Eq. . The averaging process does not commute with the
evaluation of 7, and it is unclear what the correct value should be. All other attempts
that have been made to re-symmetrise the solution have met with the same difficulty.

If one were able to overcome this problem then the WC solutions show some
promise for constructing the GLDA functional past = 1. The methods that we
have attempted thus far suggest that the WC solutions do indeed take uniform 7
values larger than 1. Unfortunately they cannot form a complete data set for fitting
the GLDA functional since the WC can only form at sufficiently low densities (the
point at which they do form depends upon the number of electrons). This is most
clear in the extreme case of the high-density limit where the WC and FF states are

always degenerate.
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Chapter 9

Concluding remarks

In this thesis we have explored two very distinct lines of research. In Chapters
through [5| we explored a new model of one-dimensional (1D) chemistry and ultimately
described the basics of molecular structure within it. In Chapter [6] we constructed
the Generalised Local Density Approximation (GLDA) and laid some groundwork for
its further development in Chapter [§f We were also able to explore the intersection
of these ideas in Chapter [7|, where we tested the efficacy of the GLDA in modelling
reactions.

Until this point studying 1D molecules has been the domain of physicists, be-
ing completely ignored by chemists since the early work of Loudon [69]. This is
understandable given the conclusions he reached, where under his assumptions 1D
chemistry is almost certainly an exceedingly dull topic. More recent developments
show that the situation is far more complicated than earlier researchers realised,
and a different approach reveals a far more curious set of results. Dealing with the
confinement using the Dirichlet conditions produces a surprisingly nuanced model
with a number of very unique features.

While we do freely admit that this may not be the most applicable model to
real-life situations (there are exceptions e.g. the unique bonds formed in extremely
large magnetic fields [I55] [I56]), the construction presented here offers possibilities
for some unique theoretical insight. A specific example of this, and one which has
been encountered in this thesis (See Sec. [7.2.3), is the possibility for new insight
into dispersion models. This arises due to the ability to isolate electrons from one
another, something which cannot be done in 3D molecules.

In contrast, the GLDA is a new approach to a long-standing body of literature
which is only increasing in popularity. Most modern functional development builds
upon its immediate predecessors. While this idea is at the heart of all scientific study,

contemporary work has also turned to extensive parameterisation against reference
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(experimental or theoretical) data. This is a pragmatic approach, but it slows the
development of our understanding of the fundamental physics at play.

As we pointed out in Sec. one can consider the GLDA to be a high level
meta-GGA functional due to its use of the kinetic energy density. But the method of
its construction builds directly upon the LDA. This makes its development in some
sense orthogonal to the directions that density functional development has taken so
far. This gives us some unique insights into the behaviour of electrons, and it may
form the basis for other new developments.

Apart from that we observe the GLDA to be a promisingly successful improvement
over the LDA in 1D. Although our work stops there it lays most of the necessary
foundation for constructing the same functional in 3D. Furthermore, our observations
in Sec. suggest that it might be possible that the GLDA functional performs
even better in 3D than it does in 1D.



Appendix A

G1D correlation energies

The G1D test set is subset of the molecules studied in Chapter 5l It is a collection of
42 molecules which are intended to contain a range of the different bond characters
observed in 1D. The set includes diatomic, triatomic and tetra-atomic molecules with
a variety of aligned and opposed dipole bonds, noble atom bonds. It also includes a
set of weakly bound molecules. The full list of molecules is found in Tab. and
correlation estimates in Tab. [A.3]

The set also includes seven different reactions for each of the molecules (where
the reaction is possible). Using ;H;He; as an example, the following reactions are

included (the table in which the energies are listed is given in brackets):

e Atomisation energy HHe;, — H; + Hey (Tab. |A.4
e Left ionisation energy HHe;, — H;He; +e (Tab.|A5
e Right ionisation energy HHe;, — HHe+e  (Tab.[A.6
o Left electron affinity HHe; +e- — ,H{He; (Tab. |A.7)
e Right electron affinity HHe; +e~ — H;He, (Tab. |A.8
e Left proton affinity H,;He; + HY  — H;H;He," (Tab. |A.9
e Right proton affinity H,He, + H" — H;He;HT (Tab.|A.10

Geometries for each of the required species have been optimised at the Hartree-

Fock level. We also report correlation energy estimates for the first ten atoms in

Tab. [A2
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APPENDIX A. G1D CORRELATION ENERGIES

Diatomics Triatomics Tetra-atomics
H,H, HyLisLi, oBsH;H;B;
1H{He,; H;B;Bj 1H3B;BsH
H,Li, H;B,Li, 1HsByH3 B3
(HyLiy 1HsB,Li;
1HyBeg 1Li;H3B; Weakly bound species
H3Bj 1LisLigLi, H,H,B4
1H3By 1 LisLiyBs H,He;B4
1H2B3 oLigHyBj 1H,Hey Gy
1H3Cy 1HsLisBe, 1HeyHeyLiy
1HeyLiy oLizLisBe, oLisHe;Be,
1 LisLi, sBeyHsBg oLi,He, B,
oLizBey 1H3C3H,y 2B4H,Bj
oLi By oLisBesLi, 3BsHe, Cq
oLi5 N oB5Be, By
oLiy Ny 3ByH,BsH
2B5B3

Table A.1: Molecules contained in the G1D test set.

Total correlation

Intra-domain correlation

Atom  MP2 MP3 Intra-MP2  Intra-MP3 LDA SBLDA O0LDA aLDA gLDA SBgLDA
H, 0 0 0 0 —19.054 —15.024 0 0 0 0

1He;  —2.063 —2.688 0 0 —43.024 —38.826 0 0 0 0

1Liy —3.364 —4.032 —1.106 —1.264 —61.192 —-52.189 —-0.687 —1.982 —3.250 —2.323
2B3 —9.576 —10.853 —6.852 —7.650 —101.400 —-86.571 —3.216 —9.442 —15.545 —13.540
oBe;  —6.666 —7.682 —4.081 —4.561 —84.109 —-72.360 —2.053 —6.199 —10.263 —8.756
3C3 —14.337 —16.261 —11.464 —12.926 —123.047 —104.571 —5.008 —14.518 —23.840 —20.680
3N, —18.718 —21.152 —15.747 —17.751  —140.643 —119.138 —6.554 —18.645 —30.496 —27.255
5  —29.740 —33.740 —26.608 —30.224 —180.962 —152.178 —10.384 —28.806 —46.864 —42.013
404 —24.082 —27.278 —21.020 —23.807 —160.508 —135.075 —8.553 —23.810 —38.766 —34.429
sNes —35.289 —40.056 —32.095 —36.497 —197.955 —166.015 —12.386 —33.747 —54.685 —49.378

Table A.2: Correlation energy estimates (in mFE}) for 1D atoms.
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Total correlation

Intra-domain correlation

Atom MP2 MP3 Intra-MP2  Intra-MP3 LDA SBLDA OLDA oLDA gLDA SBgLDA
H,H, —0.846 —1.156 0 0 —-39.380 -31.699 O 0 0 0

HyHyBg —10.316 —11.869 —6.815 —7.604 —141.309 —118.045 —-3.190 —9.409 —15.506 —13.416
HyHe3Bj3 —11.711 —13.597 —6.924 —7.707  —163.904 —139.914 —-3.207 —9.480 —15.628 —13.566
HyLis —3.751  —4.489 —1.475 —1.688 —80.566 —66.915 —1.106 —3.090 —5.034 —3.383
H,LizLi, —-7.595 —9.102 —2.998 —3.424 —143.048 —120.009 —-2.250 —6.254 —10.179 —6.816
H;B3 —9.670 —10.937 —6.947 —7.736  —120.654 —101.125 —-3.360 —9.668 —15.852 —13.649
H;B4Li, —13.508 —15.532 —8.423 —9.385  —184.421 —155.376 —4.386 —12.696 —20.842 —16.988
H;B5B3 —19.493 —22.079 —14.035 —15.653  —222.926 —187.864 —6.804 —19.671 —32.282  —27.546
1H;Hey —-2.305 —2.987 0 0 —62.754 —54.300 O 0 0 0

1HHesC3  —16.751 —19.343 —11.574 —13.021 —186.242 —158.576 —4.996 —14.638 —24.090 —20.778
1HoBg3 —10.329 —11.885 —6.826 —7.617 —122.232 —103.093 —-3.194 —9.421 —15.525 —13.430
1HyBe, —7.522 —8.898 —-3.951 —4.407  —105.164 —89.677 —2.032 —6.103 —10.093 —8.596
1HoLiy —4.583 —5.805 —1.026 —1.172 —83.661 —71.386 —0.689 —1.955 —3.196 —2.300
1HsLigBe, —11.620 —13.911 —5.463 —6.130 —168.516 —143.917 —3.148 —9.205 —15.142 —-12.014
1H3By —10.958 —12.874 —6.678 —7.397 —126.145 —107.826 —3.165 —9.270 —15.254 —13.385
1H3ByLi;,  —14.557 —17.179 —8.004 —8.909 —187.785 —160.033 —4.049 —11.715 —19.230 —15.985
1H3BsBsHy —21.133 —24.416 —14.102 —15.692 —248.510 —210.484 —6.859 —19.745 —32.375 —27.650
1H3C3H, —16.549 —19.434 —10.935 —12.153 —168.166 —143.175 —4.858 —14.010 —22.980 —20.005
1H3C3 —15.442 —17.843 —11.203 —12.544 —145.806 —123.722 —4.910 —14.255 —23.414 —20.347
1HeoHe,Lis, —7.629 —9.573 —1.250 —1.432 —147.679 —129.332 —-0.977 —2.659 —4.309 —2.894
1LioH3Bs  —14.293 —16.790 —8.028 —8.977  —185.070 —157.466 —4.069 —11.793 —19.364 —16.059
1LizLigy —7.178 —8.611 —2.598 —2.964 —123.689 —104.904 —-1.810 —-5.103 —8.330 —5.699
1LizLizLi, —11.016 —13.210 —4.127 —4.707  —186.314 —158.166 —2.964 —8.278 —13.486 -9.141
1LigLiyB;  —16.989 —19.730 —9.687 —10.881  —225.395 —191.226 —5.292 —15.099 —24.711 —19.563
2B4H,B3 —19.869 —22.701 —13.647 —15.238  —224.163 —189.595 —6.428 —18.941 —31.205 —26.998
2B5B3 —19.385 —21.976 —13.926 —15.550 —203.894 —172.965 —6.613 —19.400 —31.934 —27.411
2BsBeyBs  —25.863 —29.443 —17.832 —19.918  —287.814 —244.754 —8.598 —25.355 —41.779  —35.990
2BeoH3B;  —17.236 —19.891 —10.943 —12.199 —206.724 —175.862 —5.391 —15.875 —26.151 —22.330
oLioHyBy  —14.150 —16.462 —8.392 —-9.419  —184.177 —155.505 —4.315 —-12.579 —20.679 —16.905
oLisHey —5.565 —6.884 —1.249 —1.431 —-104.530 —-90.637 —0.967 —2.652 —4.303 —2.890
oLi;HezBey, —12.262 —14.590 —5.364 —6.021  —188.870 —162.731 —-3.073 —8.938 —14.688 —11.695
oLiHeyB, —15.176 —17.771 —8.141 —-9.120 —206.601 —177.113 —4.252 —12.337 —20.261 —16.600
oLizBey —10.378 —12.114 —5.518 —6.193  —146.013 —124.280 -3.139 —9.204 —15.150 —11.996
oLizBegLi, —14.072 —16.527 —6.933 —7.800 —207.730 —176.501 —4.173 —12.145 —19.960 —15.186
oLisLizBey, —14.209 —16.710 —7.035 —7.922 —-208.472 —-177.351 —4.315 —12.382 —20.289 —15.419
oLiyBo —13.393 —15.421 —8.308 —9.274  —165.332 —140.427 —4.289 —12.471 —20.490 —16.849
oLiyNy —22.621 —25.746 —17.348 —19.503  —203.015 —171.141 —-7.569 —21.585 —35.323 —30.375
oLisN3 —22.555 —25.738 —17.198 —19.352  —205.572 —173.433 —7.577 —21.613 —35.372 —30.561
3BoH,BsHy —20.045 —22.880 —13.827 —15.422  —243.544 —204.850 —6.546 —19.257 —31.717 —27.211
3BsHe,C3  —26.115 —29.911 —18.456 —20.686 —268.231 —229.193 —8.180 —24.025 —39.556 —34.273

Table A.3: Correlation energy estimates (in mEy) for 1D molecules in the G1D test

set.
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Total correlation

Intra-domain correlation

Atom MP2  MP3 Intra-MP2 IntraMP3 LDA SBLDA OLDA oLDA gLDA SBgLDA
H,H, 0.846  1.156 0 0 1272 1651 0 0 0 0

H,H,B; 0.741  1.016 —0.037 —0.047 1.802  1.425 —0.026 —0.033 —0.039  —0.124
H,He; B, 0.072  0.056 0.073 0.057 0.427 —0.507 —0.008 0.038  0.083 0.026
H,Li, 0.387  0.457 0.369 0.425 0.321 —0.298  0.418 1.108 1.784 1.060
H,LisLiy 0.867  1.037 0.786 0.897 1.610 0.606  0.875 2.291  3.679 2.171
H;B; 0.094  0.084 0.096 0.086 0.201 —0.470  0.144 0.226  0.307 0.109
H,B,Li, 0.569  0.647 0.466 0.472 2.775  1.592  0.483  1.273  2.047 1.125
H,B;B; 0.342  0.372 0.332 0.353 1.073 —0.303  0.372  0.787  1.193 0.465
\H, He, 0.242  0.299 0 0 0.676  0.450 0 0 0 0

\H,He,C;  0.351  0.393 0.110 0.096 1.118  0.154 —0.012 0.120  0.250 0.098
\H,B; 0.753  1.032 —0.025 —0.033 1.778 1498 —0.022 —0.021 —0.020 —0.111
\H,Be, 0.856  1.216 —0.130 —0.155 2.002 2292 —0.021 —0.096 —0.170  —0.160
\H,Li, 1.219  1.773 —0.080 —0.092 3.415  4.173  0.001 —0.027 —0.054  —0.023
\H,LizBe,  1.590  2.197 0.275 0.305 4161  4.344  0.407 1.024  1.629 0.935
\H3B, 1.383  2.021 —0.173 —0.253 5691  6.231 —0.051 —0.172 —0.291  —0.155
\H;B,Li, 1.618  2.294 0.047 —0.005 6.130  6.240  0.146  0.292  0.435 0.122
\H;BsBsH, 1.982  2.710 0.399 0.392 7.603  7.294 0427 0.861  1.286 0.569
\H,C5H, 2.212  3.173 —0.528 —0.772 7.011 8555 —0.149 —0.508 —0.860 —0.674
\H;Cy 1.105  1.582 —0.261 —0.382 3.706  4.127 —0.097 —0.263 —0.426  —0.333
\He,He,Lis  0.139  0.164 0.144 0.168 0.440 —0.509  0.289  0.678  1.059 0.571
\Li,H;Bs 1.354  1.904 0.071 0.063 3.424 3682 0165 0.369 0.569 0.196
1LizLi, 0.450  0.546 0.387 0.437 1.305 0526  0.435 1.139  1.830 1.054
\Li;Li;Li, 0925  1.113 0.809 0.916 2.738  1.599  0.902 2.333  3.736 2.173
\Li;Li,B;  0.686  0.812 0.623 0.703 1.611 0277  0.701 1.694  2.666 1.378
,B4H,B; 0.718  0.995 —0.056 —0.063 2.309  1.428 —0.003 0.057 0.116  —0.083
,BsBs 0.233  0.270 0.223 0.249 1.094 —0.178  0.181 0516  0.845 0.331
,BsBesB;  0.046  0.055 0.048 0.056 0.905 —0.749  0.113  0.272  0.428 0.154
,Be;HsBy  0.995  1.356 0.010 —0.013 2.162  1.906  0.122 0.234  0.344 0.034
,Li,H,Bj 1.211  1.577 0.434 0.505 2531  1.721 0412 1.155 1.884 1.042
,Li,He, 0.138  0.163 0.143 0.167 0.314 —0.378 0280 0.670 1.053 0.568
,Li,He;Be, 0.169  0.187 0.177 0.195 0.546 —0.644 0332 0.758 1.175 0.617
,Li;He,B,  0.173  0.197 0.183 0.206 0.986 —0.474  0.348 0.913  1.467 0.737
,Li;Be, 0.348  0.400 0.331 0.368 0.713 —0.269  0.398  1.024  1.637 0.917
,LizBesLi,  0.679  0.780 0.641 0.711 1.238 —0.238  0.745 1.983  3.197 1.785
,Li;Li;Be,  0.816  0.963 0.742 0.833 1.980 0.612  0.88 2220  3.526 2.018
,Li,B, 0.453  0.536 0.350 0.360 2.740  1.666  0.386  1.047  1.695 0.986
,LisN, 0.539  0.561 0.496 0.488 1.181 —0.186  0.327  0.958  1.576 0.797
,LisN, 0.473  0.554 0.346 0.337 3.738  2.106  0.335 0.987  1.626 0.983
sBoH,B;H, 0.894  1.174 0.124 0.121 2.636 1.659  0.114 0.373  0.627 0.131
sBsHe,C3  0.140  0.109 0.140 0.110 0.760 —0.775 —0.044 0.065 0.171 0.053

Table A.4: Correlation contribution to atomisation energies (in mEy) for 1D molecules
in the G1D test set.
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Total correlation Intra-domain correlation
Atom MP2 MP3 Intra-MP2 Intra-MP3 LDA SBLDA OLDA «oLDA gLDA SBgLDA
H,H,
H,H,B;
HyHe3Bs
H,Li,
H,LizLi,
H3B;
H;B,Lis
H;B5;Bj3
1H,Heq 0.592 0.785 0 0 18.673 14.194 0 0 0 0
1HHey Cs 0.780 1.010 0.183 0.218 19.302 15.026 —0.101 —0.002 0.095 0.194
1HyB3 0.646 0.878 —0.200 —0.285 17.587 13.310 —0.101 —-0.252 —0.401 —0.201
1HoBey 1.388 1.863 0.296 0.327 18.063  13.079 0.096 0.298 0.497 0.510
1HoLiy 1.703 2.331 0.380 0.432 17.618 12.091 0.160 0.478 0.790 0.698
1HoLisBey 1.699 2.337 0.353 0.401 17.547 12.001 0.164 0.443 0.716 0.642
1H3By 1.948 2.752 0.382 0.461 16.810 10.708 0.224 0.524 0.818 0.524
1H3B4Li; 1.938 2.742 0.356 0.426 16.928 10.885 0.120 0.450 0.773 0.523
1H3BsBsHy  1.913 2.721 0.321 0.388 16.772  10.648 0.277  0.499 0.716 0.444
1H3C3H; 2.209 2.990 0.778 0.919 17.645 12.030 0.353 0.847 1.330 1.095
1H5C3 2.111 2.860 0.707 0.830 17.329 11.663 0.259 0.760 1.250 1.003
1HeoHeoLis  2.008 2.624 —0.052 —0.060 20.821 18.189 0.002 —0.047 —0.094 —0.092
1LioH3B3 1.547 2.043 —0.857 —0.961 21.015 18.769 —0.158 —0.665 —1.162 —1.506
1LisLig 1.331 1.745 —0.951 —1.065 20.662 18.073 —0.289 —0.923 —1.545 —1.686
1LizLizLiy 1.677 2.143 —0.605 —0.669 21.681 19.415 —0.076 —0.361 —0.639 —0.992
1LizLigBs 1.588 2.042 —0.697 —0.775 21.079 18.744 —0.138 —0.454 —0.763 —1.149
»,B,H;B; 1.896 2.066 1.660 1.725 17.550 13.476 0.959 2.902 4.807 4.450
2B5B3 2.166 2.401 1.922 2.045 18.177 14.168 0.983 3.177  5.327 4.798
»,BsBesBs 1.930 2.101 1.691 1.756 17.442  13.391 0.926 2.868 4.771 4.454
»,Be,H3 B3 2.393 2.679 2.198 2.387 17.503 11.986 1.126 3.208 5.249 4.169
oLis HoBs 0.848 0.973 0.811 0.913 14.423 7.672 0.548 1.628 2.687 1.864
oLisHeq 1.093 1.259 1.070 1.223 14.977 8.182 0.683 1.937  3.167 2.248
oLiHezBey,  1.096 1.262 1.073 1.227 14.996 8.218 0.705 1.942 3.154 2.247
,LisHe, By 1.225 1.427 1.198 1.384 15.359 8.597 0.668 1.973 3.252 2.329
5LizBe,y 1.042 1.216 0.985 1.124 14.741 7.945 0.636 1.796 2.932 2.073
oLizBesLi, 1.051 1.226 0.995 1.136 14.720 7.922 0.592 1.792 2.968 2.095
oLizLizBey 0.937 1.116 0.852 0.974 14.229 7.253 0.662 1.694 2.707 1.843
2LiyBy 0.945 1.162 0.834 0.973 13.526 6.197 0.612 1.644 2.656 1.650
oLiyNy 0.986 1.133 0.921 1.027 14.379 7.800 0.567 1.647  2.705 2.033
oLis N3 0.793 0.999 0.663 0.777 12.767 5.293 0.651 1.508 2.349 1.362
sBoH BsHy  1.126 1.379 1.108 1.350 12.298 5.052 0.489 1.483 2.457 1.447
3BsHe,Cs 0.931 1.139 0.925 1.128 11.727 4.485 0.458 1.320 2.166 1.216

Table A.5: Correlation contribution to left side ionisation energies (in m£Ey) for
1D molecules in the G1D test set. Blank entries indicate that the molecule has no
possible left ionisation.
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Total correlation

Intra-domain correlation

Atom MP2 MP3 Intra-MP2 Intra-MP3 LDA SBLDA OLDA oLDA gLDA SBgLDA
H H, 0.846 1.156 0 0 18.212  13.367 0 0 0 0
HyH,B; 1.092 1.337 1.077 1.312 12.160 4.886 0.597 1.529 2.443 1.411
HyHes B3 0.911 1.116 0.905 1.105 11.683 4.427 0.538 1.354 2.153 1.193
H,Li, 0.898 1.045 0.855 0.978 14.570 7.694 0.577  1.644  2.691 1.835
H,LisLi, 0.924 1.101 0.839 0.959 14.220 7.245 0.574 1.645 2.694 1.823
H3B;3 0.871 1.067 0.864 1.055 11.579  4.354 0.599  1.343  2.073 1.139
H3;B,Li, 0.928 1.143 0.816 0.952 13.493 6.164 0.595 1.623 2.631 1.625
H3;B;B; 0.734 0.907 0.718 0.877 11.078 3.907 0439 1.119 1.786 0.958
1HiHeq 1.851 2.392 0 0 20.982  18.299 0 0 0 0
\H,He,C; 1814  2.195 1.775 2.125  14.307  7.227  0.710  2.285  3.829 2.565
1HoB3 1.106 1.353 1.090 1.328 12.187 4.901 0.601 1.543 2.466 1.428
1HoBey 2.008 2.322 1.821 2.039 17.757 12.224 0.954 2.893 4.794 4.018
1 HoLiy 1.856 2.349 —0.493 —0.544 22.682 21.350 —0.166 —0.549 —-0.924 —0.924
\H,Li;Be,  2.070  2.401 1.879 2.107  17.855 12.319  1.027  3.060  5.053 4.174
1H3B, 2.251 2.552 1.913 2.047 19.061 14.943 0.963 2.989 4.975 4.690
1H3B,Li; 1.394 1.822 —0.865 —0.949 20.563 17.892 —0.193 —0.681 —1.159 —1.591
1H3BsB3Ho

1H3C3H; 2.209 2.991 0.779 0.919 17.645 12.031 0.354 0.847 1.331 1.096
1H3C3 2.089 2.511 2.052 2.454 14.961 8.172 0.911 2.533 4.122 2.923
1HeoHeoLi,  1.091 1.257 1.069 1.222 14.975 8.179 0.691 1.940 3.164 2.246
1 LioHsB3 0.772 0.943 0.774 0.944 11.262 4.089 0.441 1.179 1.902 1.034
1LisLi, 0.965 1.145 0.883 1.010 14.318 7.363 0.600 1.698  2.773 1.903
1LizLizLis 0.913 1.091 0.824 0.943 14.095 7.068 0.614 1.653 2.672 1.799
1LizLiyBg 0.751 0.919 0.740 0.899 11.298 4.198 0.513 1.183 1.841 1.031
2B4H,>B3 1.152 1.411 1.135 1.383 12.443 5.170 0.646 1.579 2.494 1.471
2B5B3 0.752 0.929 0.736 0.899 11.129 3.951 0.551  1.185  1.807 0.974
-BsBe,Bj3 0.937 1.147 0.930 1.134 11.840 4.608 0.617 1.396 2.159 1.221
>2BesH3 B3 0.834 1.020 0.833 1.017 11.494 4.277 0.498 1.260 2.007 1.096
oLis HoBs 1.185 1.452 1.171 1.429 12.356 5.032 0.632 1.628 2.605 1.516
,LipHe,

oLiHezBe,  1.865 2.169 1.675 1.874 17.295 11.553 0.913 2.785 4.621 3.800
oLisHey B, 1.957 2.145 1.717 1.798 17.888 13.696 0.946 2992  4.997 4.563
oLizBes 1.961 2.274 1.777 1.989 17.374 11.689 0.950 2924  4.859 3.989
5LizBesLi, 1.051 1.226 0.995 1.136 14.720 7.922 0.592 1.792 2.968 2.095
oLizLizBey 2.028 2.352 1.843 2.066 17.617  12.020 1.045 3.040 4.995 4.110
5Lis By 2.506 2.805 2.254 2.438 19.810 16.161 1.132 3.468 5.758 5.333
oLigNy 0.666 0.844 0.662 0.838 10.046 3.049 0.349 0876  1.392 0.707
oLisN; 3.163 3.726 3.108 3.638 17.446  11.607 1.230  3.500  5.725 4.726
3B2H4B3Ho

3B3sHe Cs 1.748 2.113 1.709 2.044 14.035 6.987 0.771 2239  3.678 2.466

Table A.6: Correlation contribution to right side ionisation energies (in mFE},) for
1D molecules in the G1D test set. Blank entries indicate that the molecule has no

possible right ionisation.
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Total correlation

Intra-domain correlation

Atom MP2  MP3 Intra-MP2 IntraMP3 LDA SBLDA OLDA oLDA gLDA SBgLDA
H,H, ~1.077 —1.519 0 0 ~16.750 —10.849 0 0 0 0

H,H,B;  —1.601 —2.389 0.106 0.130 —15.609 —9.266  0.006 0.088  0.167 0.129
HoHe;B;  —1.612 —2.402 0.097 0.119 —15560 —9.216 0.013  0.067  0.119 0.100
H,Li, —0.983 —1.508 0.348 0.404 —11.576 —6.164 0.208 0.616  1.016 0.665
H,Li;Li, —1.614 —2.259 —0.230 —0.262 —16.842 —11.014 —0.102 —0.323 —0.540 —0.441
H,B, ~1.562 —2.319 0.092 0.115 —15.045 —8930 0.052 0.007 —0.036 0.050
H,B,Li,  —1.781 —2.586 —0.128 —0.154 —16.245 —9.994 —0.112 —0.281 —0.446  —0.227
H;BsB;  —1.725 —2.518 —0.074 —0.088 —15.892 —9.687 —0.141 —0.247 —0.351  —0.150
\H,He, —0.023 —0.031 —0.024 —0.032  —9.263 —2314 —0.065 —0.143 —0.220 —0.072
\H;He,C; —0.039 —0.049 —0.039 —0.048  —9.389 —2434 —0.195 —0.203 —0.211  —0.091
\H,B; 0.057  0.065 0.054 0.063  —8.287 —1.537 —0.080 —0.109 —0.137 0.036
\H,Be, —0.016 —0.020 —0.024 —0.032  —9.404 —2.397 —0.070 —0.113 —0.155 —0.077
\H,Li, —0.021 —0.023 —0.033 —0.042  —9.816 —2.726 —0.058 —0.110 —0.161  —0.075
\H,Li;Be, —0.016 —0.017 —0.029 —0.037  —9.852 —2.752 —0.043 —0.098 —0.150  —0.066
\H3B, ~0.023 —0.025 —0.039 —~0.049 —10.043 —2.878  0.014 —0.087 —0.185  —0.082
\H;B,Li,  —0.025 —0.025 —0.040 —0.050 —10.161 —3.002 —0.026 —0.107 —0.185  —0.093
\H;BsBsH, —0.025 —0.027 —0.040 —0.051 —10.207 —3.028  0.038 —0.073 —0.182  —0.089
\H;CsH,  —0.031 —0.036 —0.043 —0.054  —9.620 —2.564 —0.066 —0.118 —0.169  —0.080
\H5Cs 0.009  0.013 —0.005 —0.009  —9.537 —2.445 —0.032 —0.073 —0.114  —0.025
\He,He,Li, —0.006 —0.009 —0.007 —0.009  —8.225 —1.555 —0.070 —0.145 —0.218  —0.081
\Li,H;B;  —0.613 —0.743 —0.513 —0.580 —12.603 —5.371 —0.491 —1.299 —2.092 —1.258
\LizLi, —0.725 —0.879 —0.630 —0.720  —13.004 —5.719 —0.520 —1.412 —2.287  —1.443
\LisLizLi, —0.795 —0.957 —0.703 —0.804 —13.428 —6.236 —0.504 —1.482 —2.441 —1.579
\Li;Li,B; —0.748 —0.902 —0.657 —0.749  —13.039 —5.882 —0.476 —1.429 -2.364 —1.506
,B,H,B;  —0.331 —0.419 —0.311 —0.380  —9.442 —2.327 —0.359 —0.747 —1.126  —0.462
,BsB; —0.503 —0.627 —0.484 —0.591  —9.930 —2.860 —0.419 —0.907 —1.385 —0.672
,BsBe,B;  —0.331  —0.420 —0.307 —0.375  —9.235 —2.166 —0.312 —0.711 —1.103  —0.460
,Be,HsB;  —0.077  —0.099 —0.073 —0.092  —8.832 —1974 —0.093 —0.228 —0.361  —0.126
,Li,H,B;  —0.132 —0.168 —0.135 —0.171  —10.580 —3.453 —0.141 —0.286 —0.428  —0.203
,LiyHe, ~0.192  —0.240 —0.193 —0.241 —10.858 —3.712 —0.130 —0.328 —0.522  —0.287
,LiyHe;Be, —0.194 —0.242 —0.195 —0.243 —10.889 —3.745 —0.136 —0.333 —0.527  —0.290
,Li;He,B, —0.243 —0.301 —0.243 —0.302 —11.187 —4.055 —0.171 —0.387 —0.599  —0.346
,Li;Be, —0.197 —0.245 —0.198 —0.248  —10.989 —3.844 —0.137 —0.348 —0.554  —0.293
,LizBesLi, —0.189 —0.237 —0.190 —0.239 —10.813 —3.659 —0.188 —0.357 —0.523  —0.271
,LizLizBe, —0.209 —0.258 —0.213 —0.266 —11.368 —4.218 —0.098 —0.376 —0.649  —0.346
,Li,Bs —0.231 —0.285 —0.240 —0.301 —11.492 —4.292 —0.222 —0.457 —0.688  —0.383
,LiyN, —0.128 —0.158 —0.131 —0.162 —10.423 —3.353 —0.104 —0.243 —0.379  —0.214
,LisN; —0.216 —0.268 —0.228 —0.289 —11.533 —4.296 —0.216 —0.434 —0.648 —0.362
sBoH,B;H, —0.735 —0.931 —0.732 —0.926 —13.591 —6.351 —0.412 —0.914 —1.405 —0.867
sBsHe Gy —0.717  —0.910 —0.717 —0.910 —13.644 —6.367 —0.441 —0.942 —1.433 —0.835

Table A.7: Correlation contribution to left side electron affinities (in mFEy,) for 1D
molecules in the G1D test set.
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Total correlation

Intra-domain correlation

Atom MP2  MP3 Intra-MP2 IntraMP3 LDA SBLDA OLDA oLDA gLDA SBgLDA
H,H, —0.017 —0.022 —0.021 —0.028  —9.539 —2.525 —0.062 —0.100 —0.136  —0.065
H,H,B;  —0.667 —0.848 —0.664 —0.842 —13.197 —5.957 —0.339 —0.827 —1.304  —0.797
H,He;B;  —0.704 —0.896 —0.705 —0.896 —13.610 —6.320 —0.387 —0.911 —1.424 —0.821
H,Li, —0.195 —0.244 —0.196 —0.245 —11.082 —3.941 —0.144 —0.358 —0.568  —0.296
H,Li;Li,  —0.208 —0.257 —0.213 ~0.265 —11.410 —4.264 —0.157 —0.407 —0.651  —0.354
H;B; —0.716 —0.911 —0.716 —0.911 —13.741 —6.456 —0.332 —0.897 —1.451  —0.833
H,B,Li,  —0.229 —0.283 —0.238 —0.299 —11.525 —4.328 —0.268 —0.476 —0.679  —0.380
H;BsB;  —0.781 —0.990 —0.785 ~0.996 —14.351 —7.015 —0.391 —1.010 —1.617 —0.921
\H;He, —0.059 —0.073 —0.055 —0.066  —8.152 —1.531 —0.136 —0.281 —0.424  —0.193
\H;He,C; —0.301 —0.382 —0.302 —0.385 —10.919 —3.713 —0.299 —0.496 —0.689  —0.439
\H,B, —0.665 —0.844 —0.661 —~0.839 —13.147 —5.903 —0.382 —0.843 —1.295  —0.796
\H,Be, ~0.111 —0.139 —0.107 —0.133  —9.248 —2.313 —0.089 —0.248 —0.405 —0.173
\H,Li, —0.177 —0.215 —0.140 —0.156 ~ —8.564 —1.842 —0.219 —0.563 —0.899  —0.491
\H,LizBe, —0.125 —0.158 —0.123 —0.154  —9.167 —2.256 —0.146 —0.302 —0.455  —0.190
\H;B, —0.501 —0.616 —0.492 ~0.601  —9.903 —2.886 —0.334 —0.854 —1.364 —0.679
\H;B,Li, —0.817 —1.015 —0.696 —0.810 —13.038 —5.604 —0.588 —1.523 —2.439  —1.450
\H;BsBsH, —1.812 —2.625 —0.158 —0.192  —16.370 —10.092 —0.151 —0.339 —0.524  —0.262
\H;C3H,  —0.031 —0.036 —0.043 —0.054  —9.620 —2.564 —0.066 —0.118 —0.169  —0.080
\H5Cs —0.362 —0.457 —0.358 —0.452  —11.049 —3.904 —0.255 —0.505 —0.750 —0.514
\HeoHe,Li, —0.192  —0.240 —0.193 —0.241 —10.861 —3.715 —0.122 —0.324 —0.523  —0.287
\Li,H;B;  —0.742  —0.942 —0.747 —0.949  —14.074 —6.758 —0.399 —0.980 —1.550  —0.874
\LizLi, ~0.212  —0.262 —0.216 —0.269 —11.335 —4.187 —0.157 —0.408 —0.654  —0.347
\LiLi;Li, —0.212 —0.262 —0.218 —0.271 —11.492 —4.340 —0.164 —0.413 —0.657 —0.374
\Li;LiyB; —0.756 —0.957 —0.759 —0.961 —14.266 —6.971 —0.376 —0.981 —1.575  —0.907
,BsH,B;  —0.735 —0.931 —0.732 ~0.926 —13.573 —6.326 —0.291 —0.856 —1.411  —0.873
,BsB; —0.782 —0.991 —0.786 —~0.997 —14.311 —6.979 —0.383 —1.003 —1.611  —0.921
,BsBe;B;  —0.753  —0.954 —0.753 —0.955 —13.898 —6.611 —0.493 —1.003 —1.504  —0.883
,Be;HyBy  —0.717  —0.911 —0.721 —~0.916 —13.810 —6.515 —0.355 —0.917 —1.467 —0.834
,Li,H,B;  —0.622 —0.792 —0.620 —0.789  —12.752 —5.503 —0.389 —0.808 —1.219  —0.768
,LiyHe, —0.024 —0.035 —0.019 —0.024  —8.125 —1.404 —0.118 —0.252 —0.383  —0.125
,LioHezBe, —0.075 —0.097 —0.076 —0.098  —9.210 —2.223 —0.071 —0.218 —0.363  —0.130
oLi,He,B, —0.394 —0.495 —0.373 —0.456  —9.819 —2.627 —0.433 —0.853 —1.264  —0.562
,Li;Be, —0.096 —0.123 —0.095 —0.122  —9.040 —2.093 —0.093 —0.248 —0.400  —0.142
,LizBesLi, —0.189 —0.237 —0.190 —0.239 —10.813 —3.659 —0.188 —0.357 —0.523 —0.271
,LizLizBe, —0.118 —0.151 —0.118 —0.149  —9.028 —2.113 —0.068 —0.258 —0.445  —0.170
,Li, By —0.536 —0.663 —0.521 —0.635 —10.177 —3.091 —0.365 —0.907 —1.440 —0.728
,Li,N, —1.489 —1.923 —1.488 ~1.921 —16.247 —8915 —0.647 —1.711 —2.753  —1.557
,LisN, —0.400 —0.504 —0.397 ~0.501  —9.601 —2.702 —0.183 —0.550 —0.911  —0.456
3BoH,B;Hy —1.619 —2.389 0.032 0.040 —15.756 —9.457 —0.152 —0.186 —0.218  —0.020
sBsHe,Cs  —0.265 —0.340 —0.267 —0.342 —10.721 —3.535 —0.284 —0.458 —0.628 —0.395

Table A.8: Correlation contribution to right side electron affinities (in mEy,) for 1D

molecules in the G1D test set.
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Total correlation

Intra-domain correlation

Atom MP2  MP3 Intra-MP2 IntraMP3 LDA SBLDA OLDA aLDA gLDA SBgLDA
H,H,

H,H,B;  —0.063 —0.078 —0.061 —0.074  —0.291 —0.342 —0.020 —0.062 —0.103  —0.077
H,He;B;  —0.059 —0.072 —0.058 —0.071  —0.326 —0.375 —0.053 —0.078 —0.102  —0.073
H,Li,

H,LisLi,

H,B, ~0.112 —0.138 —0.112 —-0.137  —0.557 —0.597  0.001 —0.093 —0.185  —0.136
H,B,Li,  —0.031 —0.037 —0.032 —0.039  —0.163 —0.217 —0.070 —0.056 —0.042  —0.031
H;B;B;  —0.075 —0.091 —0.075 —0.092  —0.402 —0.443 0.007 —0.051 —0.107  —0.086
\H, He, 0.150  0.205 0 0 —2.326 —3.826 0 0 0 0
\H,He,C; 0294  0.378 0.135 0.161  —1.932 —3.319 —0.083 —0.002 0.078 0.147
\H,B, —0.025  0.006 —0.276 —0.354  —3.149 —4.393 —0.109 —0.298 —0.484  —0.327
\H,Be, 0.515  0.716 0.135 0.149  —2.730 —4.500 0.048 0.138  0.225 0.235
\H,Li; 0.691  1.005 0.145 0.164  —3.256 —5.542 0.058 0.173  0.286 0.26
\H,LizBe,  0.782  1.113 0.232 0.263  —3.064 —5.190 0.090 0.278  0.462 0.427
\H3B, 0.923  1.380 0.188 0.225  —3.725 —6.354 0.096 0.237  0.375 0.251
\H3B,Li, 0.932  1.395 0.183 0.217  —3.616 —6.195 0.102 0.231  0.357 0.268
\H;B;B;H, 0925  1.394 0.167 0.201  —3.732 —6.374 0.073 0.204  0.332 0.221
\H,CsH, 1.068  1.487 0.463 0.545  —2.958 —5.084 0.188  0.477  0.76 0.658
\H3Cy 1.001  1.394 0.419 0.489  —3.202 —5.359 0.171 0.448 0.718 0.604
\He,He,Li, 0.301  0.429 —0.045 —0.052  —1.131 —1.670 —0.003 —0.042 —0.08 —0.079
\Li,H;B,

\LizLi,

\LizLisLi,

\Li;Li,B;  —0.094 —0.109 —0.095 —0.111  —0.473 —0.526 —0.018 —0.085 —0.151  —0.149
,BsH,B;  —0.130  —0.180 —0.193 —0.273  —2.807 —3.378 —0.025 —0.168 —0.307 —0.085
,B;B; 0.100  0.104 0.029 —0.002  —2.251 —2.759  0.001 0.05  0.098 0.201
,BsBe;B;  —0.109 —0.158 —0.176 ~0.256  —2.929 —3.488 —0.043 —0.196 —0.346  —0.089
,Be,HyB;  0.980  1.070 0.874 0.910  —2.765 —4.339 0322 0.774 1.218 0.931
,Li,H,B, 0.261  0.297 0.226 0.244  —5.287 —7.958 0.084 0.251 0.415 0.37
,Li,He, 0.458  0.529 0.432 0492  —4.758 —7.418 0.151 0471  0.784 0.667
,Li,He;Be, 0.460  0.531 0.435 0.494  —4.753 —7.403 0.150 0.465  0.774 0.665
oLisHe,B,  0.571  0.673 0.543 0.630  —4.474 -7.124  0.133  0.504  0.867 0.742
,Li;Be, 0.412  0.487 0.362 0411  —5.039 —7.767 0.130 0.373  0.612 0.529
,LizBesLi,  0.416  0.491 0.367 0.417  —5.044 —7.765 0.066 0.353  0.635 0.543
,LizLi;Be,  0.335  0.414 0.264 0.298  —5.558 —8.467 0.108 0.273  0.435 0.356
,Li, B, 0.353  0.464 0.258 0.305  —6.083 —9.242 0.061 0.235 0.405 0.238
oLisN, 0.330  0.375 0.275 0.288  —5.326 —7.841 —0.012 0.191 0.39 0.469
,LisNj 0.258  0.367 0.146 0.177  —6.691 —9.978 0.150 0.178  0.205 0.039
sB,H,BsH, 0.746  0.951 0.729 0924  —7.106 —10.262 0.178 0.787  1.383 0.902
sBsHe, C3 0563  0.727 0.554 0.710  —7.662 —10.836  0.164  0.633  1.093 0.678

Table A.9: Correlation contribution to left side proton affinities (in mF£;,) for 1D

molecules in the G1D test set. Blank entries indicate that the geometry optimisation

could not find a stable proton position.



152

APPENDIX A. G1D CORRELATION ENERGIES

Total correlation

Intra-domain correlation

Atom MP2  MP3 Intra-MP2 Intra-MP3 LDA SBLDA OLDA oLDA gLDA SBgLDA
H,H, 0.264  0.378 0 0 —2.687 —4.449 0 0 0 0
H,H,B, 0.725  0.925 0.710 0.901  —7.172 —10.343  0.337  0.865  1.383 0.881
H,He;Bs 0.547  0.708 0.538 0.692  —7.695 —10.879  0.237  0.664  1.082 0.659
H,Li, 0.398  0.466 0.360 0.410  —5.028 —7.731 0.134  0.395  0.652 0.542
H,LisLi, 0.325  0.404 0.254 0.287  —5.570 —8.478  0.066 0.248  0.425 0.342
H;Bs 0.506  0.658 0.496 0.641  —7.819 —10.986 0.340 0.673  1.000 0.602
H,B,Li, 0.341  0.451 0.245 0.290  —6.113 —9.272  0.073  0.233  0.390 0.221
H;B;B; 0.379  0.510 0.359 0.474  —8.356 —11.488  0.121  0.431  0.736 0.435
\H,He, 0.226  0.308 0 0 —0.994 —1549 0 0 0 0
\H,He,C;  1.018  1.294 0.981 1229  —5001 -7.775 0258 1.020  1.767 1.382
\H,B, 0.738  0.941 0.723 0.917  —7.140 —10.320 0.340 0.878  1.406 0.897
\H,Be, 0.585  0.702 0.483 0.548  —2.545 —4.164 0.159  0.454  0.744 0.759
1HaLiy

\H,Li;Be,  0.645  0.784 0.526 0.597  —2471 —4.106 0.169  0.559  0.941 0.872
\H3B, 0.158  0.211 0.013 —0.012  —1.629 —2.274 —0.007 —0.089 —0.170 0.102
\H;B,Li;, —0.053 —0.057 —0.053 —0.056  —0.260 —0.380 —0.023 —0.047 —0.070  —0.118
\H3B;B;H, —0.016 —0.020 —0.017 ~0.020  —0.108 —0.174 0.091 0.041 —0.007 —0.018
\H,CH, 1.068  1.487 0.463 0.545  —2.958 —5.084 0.188  0.477  0.760 0.658
\H3Cy 1.102  1.400 1.047 1.310  —4.714 —7.420 0406 1.092 1.765 1.438
\He,He,Li,  0.457  0.527 0.432 0.491  —4.761 —7.421 0.159 0.474  0.782 0.665
\Li,H;B, 0.410  0.538 0.406 0.530  —8.166 —11.304 0.144  0.490  0.830 0.495
\LisLi, 0.356  0.436 0.287 0.325  —5.475 —8.362 0.090 0.290  0.487 0.402
\LizLi;Li,  0.318  0.397 0.244 0.275  —5.688 —8.642 0.117 0.264  0.407 0.324
\Li;Li,B;  0.391  0.517 0.376 0.491  —8.172 —11.253  0.198 0.489  0.774 0.487
,B4H, B, 0.771  0.982 0.755 0.955  —6.971 —10.147  0.337  0.884  1.420 0.927
,BsB; 0.395  0.528 0.375 0.493  —8.308 —11.446 0.110 0.434 0.751 0.448
,BsBesB;  0.565  0.729 0.555 0.711  —7.586 —10.760 0.220 0.654  1.080 0.676
,Be;H;By 0472 0.615 0.466 0.604  —7.914 —11.081 0.226  0.586  0.940 0.563
,Li,H,B, 0.821  1.044 0.807 1.021  —6.928 —10.123  0.298 0.928  1.545 0.990
,Li,He,

,Li;He;Be, 0.460  0.567 0.355 0.403  —2.969 —4.805 0.120 0.348  0.572 0.554
,LioHe,B, —0.066 —0.099 —0.133 —0.197  —2.474 —3.155 —0.110 —0.117 —0.124 0.029
,Li;Be, 0.503  0.612 0.405 0.459  —2.923 —4.699  0.099 0.392  0.678 0.642
,LizBesLi,  0.416  0.491 0.367 0.417  —5.044 —7.765 0.066 0.353  0.635 0.543
,LizLi;Be,  0.551  0.668 0.453 0514  —2.737 —4.442  0.202 0.492  0.776 0.729
,Li,B, —~0.010 —0.017 —0.091 —0.140  —2.106 —2.738 —0.055 —0.175 —0.293 0.006
oLisN, 0.334 0518 0.331 0512  —9.281 —12.228 0.322 0.671  1.013 0.501
,LisNy 0.893  1.146 0.844 1.063  —3.439 —5.190 0216 0.720 1.213 1.476
3BoH,B;Hy —0.114  —0.140 —0.112 ~0.137  —0.433 —0.507 —0.053 —0.100 —0.146  —0.128
sBsHe,C;  0.690  0.905 0.652 0.840  —5.545 —8.427 0.106 0.616 1.116 0.881

Table A.10: Correlation contribution to right side proton affinities (in mEy,) for 1D
molecules in the G1D test set. Blank entries indicate that the geometry optimisation

could not find a stable proton position.
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