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Abstract

2,2'-Bipyridine (BPy), one of the most widely used ligands in coordination chemistry, exists
naturally in the s-trans conformation but must preorganize to the s-cis conformer in order to form
chelating complexes. Lower stability of the s-cis conformer was mainly attributed to steric 3,3'-
hydrogen clashes and nitrogen lone pair-lone pair interactions, but recent trends in the literature
suggest that these clashes might be bonding interactions in similar molecules. These close contacts
are also present in metal complexes with BPy and are often used as “steric repulsions” in order to

explain trends in formation constants.

In the present work we investigate the CHes*HC interaction in the free ligand as well as in
Zn"(BPY)n(OH2)s-2n and Ni''(BPy)n(OH2)e2n complexes. We use multiple distinct advances in
theoretical chemistry in order to arrive at a consistent and coherent model describing these
interactions. The Quantum Theory of Atoms in Molecules (QTAIM) reveals the presence of an
atomic interaction line (a bond path) for the CHee*HC interaction. Using the Interacting Quantum
Atoms (IQA) energy decomposition scheme we show that the CHeesHC interaction is attractive
and guantum mechanical in nature. The Extended Transition State coupled with Natural Orbitals
for Chemical Valence (ETS-NOCV) energy decomposition scheme show favorable orbital mixing,
and Non-Covalent Interaction (NCI) analysis reveals that no steric (Pauli) strain exists in the
valence (overlap) regions of the interaction - electron density is concentrated rather than depleted

in the bonding region.

We also studied various other interactions, ranging from purely repulsive (N--N interaction in
the s-cis conformer of BPy), purely electrostatic (CHe**N interaction in s-trans conformer of BPy),
H-bonding (CH-N and CH-O bonds in complexes) to coordination bonds and covalent bonds.
Using a comparative approach, we show the similarities and differences among the interactions,
and conclude that the CHee*HC interaction cannot be classified as a “steric repulsion” - the
interaction is similar in properties to every studied known bonding interaction and opposite in

nature to the studied known repulsions.

Finally, we suggest novel interpretations and understanding of the nature of intramolecular
interactions and the field of theoretical chemistry, as well as representing the first work to combine
and corroborate QTAIM, IQA, NCI and ETS-NOCYV findings.

Keywords: Theoretical Chemistry, 2,2'-Bipyridine, H-clash, QTAIM, IQA, NCI, ETS-NOCYV,

coordination chemistry
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The chemical bond is the most central concept in the study of chemistry, and
understanding it is one of the most important goals of all chemists. Fundamental
knowledge of the chemical bond also leads to improved research output of all fields
dependent on chemistry, such as biology, geology, medicine and engineering. With the
advent and development of modern powerful computing, chemistry has begun its evolution
from a predominantly experimental and industry-driven science to a field rooted in physics
and mathematics, an upward change which allow us to critically and theoretically
investigate the building blocks of chemistry. One of these building blocks is the concept
of bonding - how it is defined, the physical models which can describe it most accurately,
the underlying mechanisms through which it occurs and the causal effects resulting from it
which produces the wide variety of phenomena that we see in labs, reactors and common
reality every day.

From a theoretical and computational chemistry perspective, it is useful to understand
chemical bonding mathematically, so that the concepts arising from the theoretical study of
bonds can be transferred epistemologically to other branches of chemistry and physical
science. A good example of this transfer of knowledge is in force-field methods: a force-
field (whether it is based on experimental or structural data™ 2, or based on rigorous
quantum mechanical calculations® 1) can be used by non-theoretical scientists without the
deeper mathematical and physical knowledge of the equations governing the force-field to
understand and predict phenomena in their own fields, usually in a manner that is
relatively cheap to calculate. Recently, sophisticated force fields™ ! have been developed
which the non-theoretical scientist can easily use. In addition, computationally cheaper
theories such as Density Functional Theory (DFT) are rising in popularity among non-
theoreticians, and it falls to the theoretical chemist to test, develop and show the proper use

of these types of theories.

A major problem in this line of study is the concept of intramolecular binding, and how
to define it. Typically, the bond dissociation energy is defined as E(A-B) = E(AB) —
E(A) — E(B) - or the difference between the molecular energy and the energy of the
isolated atoms or fragments. While this definition holds for diatomics or bimolecular
complexes, it fails to define intramolecular bonds. Specifically, it is impossible to
dissociate an intramolecular interaction in fully separated fragments without breaking

some other bond, too. Alternatively, the dissociation of an intramolecular interaction

© University of Pretoria
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might be incorrectly approximated by comparing two different conformers of a molecule,
one with the intramolecular interaction present and one without. Unfortunately, formation
or dissociation of an intramolecular interaction will be caused by or be the cause of a
change in the geometry of the entire molecule. Consequently, such a change will incur
differences in the chemical environments of each atom, leading to changed energies and

charge distributions which will obfuscate the nature of the intramolecular interaction.

The problem of intramolecular binding is also quite related to the concept of strain - an
intramolecular interaction (such as a hydrogen bond in i.e. glycine) will only form when
the interacting atoms are geometrically in a favourable position towards each other. While
such an interaction is most obviously stabilizing, it is plausible that the formation of an
interaction will cause the weakening of another bond in another part of the molecule. Such
an interaction is locally stabilizing, but molecularly destabilizing. Alternatively, formation
of interaction might cause the dissociation of another, affecting the molecular energy in a
non-trivial manner. These hypothetical situations highlight our lack of conceptual
knowledge with regards to intramolecular bonding. While it is easy to proclaim that if a
classical bond, such as an H-bond, is locally stabilizing even when a molecular
destabilization is seen because of a priori knowledge, what happens when we are faced
with a potentially locally stabilizing/molecularly destabilizing intramolecular interaction

but with an unknown nature?

Such a case was recently found in the form of close H-clashes in the planar form of
biphenyl. These clashes, present in hundreds of molecules, are usually interpreted as
destabilizing “steric repulsions”’2%  but recent theoreticall**'%1 and experimental6-l
evidence suggests that CHee*HC interactions in biphenyl and other molecules are, in fact,
stabilizing bonding interactions. Since the planar form of biphenyl is higher in energy than
the twisted form, the CHee*HC interaction is a perfect example of a potentially locally
stabilizing but molecularly destabilizing interaction, and it is therefore important to
discover the nature of this interaction, as a locally stabilizing interaction might be

molecularly stabilizing in other molecules.

2,2"-Bipyridine (BPy), named one of the most commonly used and important ligands°],
is a molecule similar to biphenyl but with the ability to form strong complexes with
transition metals in a bidentate fashion. In order to do so, BPy must deform from its
lowest energy structure, s-trans, to the higher in energy structure with N-atoms cis to each
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other, s-cis. In s-cis, hydrogens in the bay region (3,3'-hydrogens) are involved in a close
contact, and have been used (together with the lone-pair-lone-pair repulsions of the N--N
interaction) to explain the increased energy of s-cis and certain trends in formation
constants of BPy with metal ions" %, However, in light of the recent discovery of
potentially stabilizing CHee*HC interactions, we decided to investigate these claims
regarding BPy and investigate the nature of the CH,HC contact in free BPy as well as BPy-

metal complexes.

Our investigation is theoretical in nature, but unlike some other works on the subject of
CHe++HC interactions!***®1, we will explore the CHs+HC interaction using multiple but
different theoretical tools and approaches in order to arrive at a consistent and exhaustive
model for these interactions. In addition, we will investigate other intramolecular
interactions in BPy and BPy-complexes in a comparative fashion, providing new insights
to the general field of intramolecular interactions. Finally, using multiple theories in any

study inherently reveals more applications and deeper understanding of each method.

This work is presented as a collection of mostly independent manuscripts, some ready
and some in preparation for publication. Chapter 2 gives a brief overview of general
guantum Chemistry and the methods used in this work. Chapter 3 performs an in-depth
study of the intramolecular interactions present in the free BPy ligand and its various
conformers. The Quantum Theory of Atoms in Molecules (QTAIM), the Interacting
Quantum Atoms (IQA) energy decomposition scheme, the Non-Covalent Interactions
(NCI) real space method and the Extended Transition State coupled with Natural Orbitals
for Chemical Valence (ETS-NOCV) energy decomposition scheme are all used in the
analysis. While Chapter 3 mostly describes the interaction between atoms of interest (in
terms of energetics and charge distributions), Appendix A shows preliminary results
related to the changes in atomic and bond properties of other regions of the molecule in
order to detect where the strain is localized. Chapter 4 performs an in-depth study of the
intramolecular interactions present in complexes of BPy with aqueous Zn", using Density
Functional Theory (DFT), QTAIM, IQA, NCI and ETS-NOCV. The interactions present
in Zn?*(BPy)n(OH2)s2n complexes are analysed in a comparative fashion in an effort to
study the trends in unknown (controversial) interactions in comparison to the trends in
known (classical) bonds. Finally, Chapter 5 shows a predominantly DFT and in-depth
QTAIM study of the intramolecular interactions present in complexes of BPy with

aqueous Ni'". Intramolecular interactions are compared to the geometric and topological

4

© University of Pretoria



(02@*

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

trends of all other interactions and bonds, including coordination and covalent bonds.
Appendix D gives preliminary results with regards to the atomic energy changes when s-
trans BPy is deformed into the higher energy s-cis conformers and conformers present in
NiZ*(BPy)n(OH2)s-2n, as well as the changes in atomic properties when the ligand
undergoes coordination to Ni'". Major conclusions and suggestions for future research are
summarized in the final chapter, Chapter 6. Supplementary information, data and graphs

are provided for Chapters 3 through 5 in Appendices B, C and E.

Previous studies of BPy. Bipyridine have been studied extensively before, both
experimentally and computationally. Hancock and Martell reported in 1989 that BPy
shows lowered complex stability than 1,10-phenanthroline because of steric clashes
between 3,3’ H-atoms, using measured formation constants and molecular mechanics to
support their statements. At this time, the conformational preference of BPy in solution
was not yet known. Further molecular mechanics?! and semi-empirical™® calculations
suggested that BPy exists mostly in the s-trans conformation, with two rotation barriers
corresponding to the perpendicular and s-cis conformations. These studies were soon
supplemented with various ab initio and DFT calculations, ranging from STO-3G[?%2],
BP86[%¢!, B3LYP?! and various MP2 and high-level?-31 calculations. The results from
these works, including experimentally determined rotation barrierst®-2% confirm the
preferential existence of BPy in the s-trans confirmation. H--H and N--N clashes were
consistently given throughout all BPy literature as the reason for the increased energy of s-

cis.

Interestingly, BPy has also been studied using QTAIM. Alkorta et al 7 studied BPy
and various derivatives and protonated forms. However, although they report the
molecular graphs of many of the studied compounds, they do not show nor discuss the
molecular graphs for free BPy or any derivative containing an H--H clash. Very recently,
Hancock and Nikolayenko revisited the question of the effect of H-clashes on the
conformational preference of BPy and concluded again that no stabilization can arise from
the CHe++HC interaction in BPy, based on the observation that s-trans is lower in energy
than s-cis and the non-planarity of BPy when coordinated to very large metal ions. While
these observations (and the others surrounding BPy, as discussed above) are accurate with
regards to the potential surface of BPy, the claim that the increased energy of s-cis is a
result of clashing H-atoms remains unsupported, and the nature of CHe<*HC interactions in

BPy is still unknown.
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Mechanisms of a bonding interaction. The terms “bonding interaction” and
“chemical bond” are separate concepts, with the focus of this work on the former. A
generally accepted mechanism of chemical bonding is the accumulation or concentration
of electronic charge density in the inter-nuclear (or bonding) regions of an interaction.
Density concentration in this region increases the only attractive term of the general
Hamiltonian - Ve, the attraction between nuclei and electrons - thereby creating a bonding

interaction between atoms.

However, any concentration or pressurized region of density comes at a pricel?” - an
increase in the repulsion between electrons, Vee. Vee gives rise to the Coulomb-hole -
regions of decreased probability of finding an electron because of electrostatic repulsion.
In addition, because of the antisymmetric nature of fermions, electrons of the same spin
cannot exist in the same region of space, an effect independent of the charge of electrons
or the electrostatic repulsion between them. This effect of correlation between same-spin
electrons results in the Fermi-hole - regions of decreased density of same-spin electrons.
The Fermi-hole results in a stabilizing electron exchange contribution to the Hamiltonian,
Vee* - decreased density of same-spin electrons allows naturally for increased density of
electrons of opposite spin.

In order for the concentration in the inter-nuclear region to be necessary and sufficient
to form a bonding interaction, spin-coherence (or electron sharing) must occur between
atoms, resulting in the quantum-mechanical or covalent part of any bond. Due to the non-
locality of the exchange stabilization, the electron clouds of any two atoms (whether
bonded or non-bonded) will show some degree of delocalization between them. A major
effort of this work will be to show when the quantum-mechanical part of any interaction is
marginal or arbitrary - the result of two close but effectively non-interacting atoms - or
when it is an indication of a significant degree of covalency. In addition, we also show
examples of interactions with electron depletion in the inter-nuclear region - interactions
where a large Vee but comparatively small Ve* are seen and where removal of electron
density is more beneficial than its accumulation. Such interactions are classical

representations of the concept of “steric hindrance”.

Finally, we must mention that the presence of concentration in the bonding region of
interactions does not signify a bond - it only indicates a degree of a quantum-mechanical
bonding interaction. For a bonding interaction to be classified as a bond, the total
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electrostatic interactions must also be considered (as it is possible that a repulsive
electrostatic interaction can override the quantum-mechanical stabilization of an
interaction), as well as the effects of formation or dissociation of the interaction on the
atoms, fragments and molecules involved. Such considerations are mentioned in the

various chapters throughout this work, where applicable.

Contributions to the understanding of theoretical chemical tools. Although the
focus of this work is on the study of intramolecular interactions, a few novel contributions
is made which contributes to the understanding and interpretation of existing methods and
theories. It is the first work of its kind to combine QTAIM, IQA, NCI and ETS-NOCV
results, as well as one of few works to truly consider phenomenon from multiple
perspectives given by each theory. In Chapter 3, the concepts of net Pauli-Orbital and net
Pauli-NOCV deformation densities, used to study the dominating electron deformation
effect in any interaction, and the Privileged Exchange Index (PEI) as a NClI-based
diagnostic to study the degree of covalency and predict the existence of bond paths, is
introduced. Chapter 3 also provides additional interpretation and understanding regarding
the bond path. Chapter 4 introduces the Energy Interaction Ratio (EIR) as a quick
diagnostic for understanding the attractive/repulsive nature of interactions, as well as
electrostatic/covalent nature. 1D topology maps (cross-sections of the electron density
distributions of interactions) are explored as a potential aid for understanding electron
densities. Finally, the work represents a step forward in the understanding of various

intramolecular interactions, as well as the mechanisms guiding them.
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Introduction

The ideal model chemistry — the ultimate goal of computational and theoretical
chemistry — should contain extensive predictive power, aid fundamental understanding and
insight, be accurate to the point of no reasonable doubt, inherent in its statements and
should be pragmatically applicable to systems studied by chemists. In this regard, some
existing models used by both experimentalists and theoreticians alike only approach the
ideal model chemistry in a very small subset of chemical problems. These models include
classical molecular mechanics (MM) and semi-empirical methods, both of which are very
attractive for larger chemical systems due to their low costs, but are wholly inaccurate
except for the molecular systems upon which force field or empirical parameters were
fitted.l) On the other hand, advanced quantum mechanical theories such as the Lagrangian
approach to chemistry?, Bohmian mechanics and non-linear quantum chemistry®! and
relativistic quantum mechanics!! are showing great promise with regards to accuracy,
predictive power and insight, but due to underdevelopment with regards to the
mathematical and physical implementation these methods remain non-applicable to the

study of chemical systems.

The offset between practicality and power is a common theme in computational
chemistry, and possibly the reason why wavefunction-based quantum mechanics (and the
implicit physical interpretations thereof, such as the wave-particle duality) became so
popular and developed in quantum chemistry today. Wavefunction mechanics,
intrinsically exact, is scalable and modular and allows for varying degrees of accuracy
with corresponding changes in computational cost. In addition, wavefunction mechanics is
in principle ab initio (Latin, “from the ground up”), therefore reducing the probability of
biased interpretations — distortion of the results by “moulding the model to fit the
interpretation”. In addition, through the use of the variational principle and its application
in quantum chemistry, ab initio methods allow novel insights and new understandings of
some fundamental concepts in chemistry. It is for these reasons that we, like so many
other computational chemists, use and depend on wavefunction-based quantum mechanics

to model complex chemical systems.

This chapter gives a brief theoretical background for the methods used in this work. It
is organised as follows: a short discussion on quantum chemistry, including the various

methods which can be used to study it and some comments regarding implementation is
11
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presented first. Then Hartree-Fock theory is discussed, as well as its implementation and
followed by the same for Density Functional Theory. The next section details advanced
modern density and wavefunction analyses — the physical background of these methods,
their implementation and interpretation and the advantages and pitfalls of each method.
Finally, the last section introduces an algorithm used for calculating cross-sections of the
electron density — a simple but newly introduced method which is implemented in this

work.

The first section will focus mainly on the basic concepts, approximations,
computational machinery and analysis of wavefunction-based quantum chemical methods
(henceforth referred to just as quantum mechanics or quantum chemistry). The
fundamental postulate of quantum mechanics and the action of operators on the
wavefunction are discussed first, followed by discussions of the Born-Oppenheimer
approximation and the variational principle. The mathematical construction of a trail
wavefunction through basis sets, calculation of the energy of a wavefunction using the

Hartree-Fock method and the effects of electron-electron correlation are then briefed.

The work presented in this chapter follow principally two comprehensive and well-
written textbooks on Quantum Chemistry, A Chemist’s Guide to Density Functional
Theory by Koch and Holthausen!® and Essentials of Computational Chemistry, Theories
and Models (2" Edition) by Cramer®. Minor contributions were also taken from the
textbooks by McWeeny, 19921 Atkins and Friedman, 1997 and Szabo and Ostlund,
198219,

Quantum Chemistry

The fundamental postulate of quantum chemistry states that some function ¥ exists for
any chemical system and, upon action of some appropriate operator O, returns observable

properties. In mathematical terms:

oY = AY (2.1)
which, in analogy to matrix algebra, is an eigenvalue equation with eigenfunction ¥ and
(usually scalar) eigenvalue A. Formally, ¥ has the dimensions of the square root of a

probability density, and therefore the product of W with its complex conjugate ¥*

12
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generates a probability density - the probability of finding a particle (proton or electron) at
a specific coordinate in multi-dimensional space. For the sake of simplicity the complex

conjugate, \P*, will be omitted, giving [¥*¥| = |¥]%.

The ultimate goal of most quantum chemical theories is to find the solutions to the
time-independent, non-relativistic Schrodinger equation:

ﬁqji(il, 5(-)2, ...,iN, _R)l,_R)2, ...,ﬁM) = EILIJI(SZ:L, 522, ...,iN,ﬁl,ﬁz, ...,ﬁM) (2.2)
where ¥; is a function of N electrons and M nuclei, as well as the coordinates in multi-
dimensional space of each. Ei is the energy associated with a specific i and H the general

Hamiltonian operator,

or,

H=T. +Tx + Ven + Ve + iy (2.4)
where T, and Ty represent the electronic and nuclear Kkinetic energy operators,
respectively, and V,y, V.. and Vyy are the electron-nuclear, electron-electron and nuclear-
nuclear potential energy operators, respectively. ria, rij and Rag are the distance between a
specific electronic coordinate and nuclear coordinate, the distance between two electronic
coordinates and the distance between two nuclear coordinates, respectively. Za gives the
nuclear charge for nucleus A whilst Ma gives the mass of nucleus A. Finally, V? refers to
the Laplacian operator in Cartesian coordinates - the trace of the Hessian matrix of partial

second derivatives.

There are, in fact, a multitude of acceptable eigenfunctions ¥ with corresponding and
different eigenvalue E in the general form of Eq. 2.2. This set of wavefunctions is defined

in such a manner to be orthonormal,

where §ij is the Kronecker delta, which is equal to one if i = j and zero otherwise. Eq. 2.5
shows that all wavefunctions are both orthogonal (their integrated product is zero) and

normalized (the probability density when i = j is equal to one).

13
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Nuclear Correlation. Each potential energy term in Eq 2.3 is generated by pairwise
interaction between two particles. If each particle were moving independently of all other
particles, then all the terms in Eq. 2.3 would’ve been easy to calculate. However, particle
movement is said to be correlated - interdependent movement of each particle with every
other particle causes fluctuations in the kinetic energy of each particle as well as in the
attractions and repulsions between particles. Unfortunately, to account for all types of
particle correlation is a very daunting task numerically, and no exact solutions exist to

calculate correlation analytically.

Luckily, nuclear correlation (correlated nuclear-nuclear movement as well as nuclear-
electron movement) can be discarded in a relatively mild adjustment known as the Born-
Oppenheimer approximation. Because of the very large difference in mass between
protons and electrons, electrons have much higher velocities and momenta than protons.
The interdependency between electron and nuclei movements can thus be safely removed,
and for most systems it is enough to calculate the electronic energy for fixed nuclear

coordinates. The so-called electronic Hamiltonian can now be constructed:

Hotoe = Teo + Ve + Ven + Vin (2.6)
Note that the nuclear kinetic energy does not contribute to the electronic energy since
the nuclei are fixed (corresponding to a kinetic energy of zero) and the potential energy
due to nuclear-nuclear repulsions is merely a constant for the given nuclei coordinates.
The problem of correlated nuclear-electron computation is also fixed. However, electron
correlation is still present and can contribute significantly to the final energy of the system.

Electron correlation will be discussed later.

For the rest of this work, we will assume the Born-Oppenheimer approximation to hold
and all wavefunctions and operators, unless otherwise noted, will be only for the electronic

case.

The Variational Principle. In order to solve the Schrodinger equation (Eg. 2.2), we
must first set up the specific Hamiltonian for that system. It is clear from Eq. 2.6 and Eq.
2.4. that the specific Hamiltonian for a system depends only on the i) number of electrons
in the system, N, and ii) the position and charges of all nuclei in the system. However, the
problem now comes in in finding all the eigenfunctions Wi and corresponding eigenvalues
Ei in order to solve Eq. 2.2. Unfortunately, no such strategy to solve the Schrddinger

equation exactly exists yet.

14
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Using the variational principle, the ground state can be approached through variational
calculus. The observable expectation value of any operator acting on the square modulus

of any arbitrary trail wavefunction, Wi, IS given by

<6> = fqjt*rail’(jlptraildr = <Lp:rai1|6|qjtrail> (2'7)

In other words, the expectation value of an operator acting on a wavefunction is given by
the integrand over all coordinates of the operator acting on the wavefunction and the
product with its complex conjugate (note that since ¥ is Hermitian, the order of the
wavefunction or complex conjugate does not matter). Dirac’s bracket notation is
illustrated through the identity on the RHS of Eq. 2.7.

Wit Will be an upper bound to the ground state energy, Eo, because of the variational

principle:

(lptrail|ﬁ|lptrail> = Etrail 2 Eo = (lpolﬁ |lp0) (2-8)

A minimization then takes place until Eril = Eo.

The variational principle therefore allow us to calculate the ground state energy and
associated wavefunction, without the need to calculate all the (possibly infinite)

eigenvectors of eq. 2.2.

Basis sets. The preceding text has discussed the operations surrounding the
wavefunction, but has not made any mention with regards to the shape of the wavefunction
itself. In principle, any mathematical function adhering to certain rules can be used in
order to construct a trail wavefunction. For this reason it is often practical to describe a
wavefunction in such a manner that is i) easy and relatively fast to compute, ii)
encompassing of a wide range of Hilbert (function) space and iii) have some degree of
physical and chemical sense. The latter is by no means a requirement, yet most modern
guantum chemical software mathematically constructs wavefunctions with some
semblance of chemical concepts. The following section will describe the manner in which

the trail wavefunctions computed in this work have been constructed.

The basis set is a linear combination of a set of N functions,
N
¢ = Z a;Q; (2.9)
i=1

15

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

where N is the number of electrons, ¢i are one-electron “orbitals”, each of which generally
consists of a set of Gaussian primitives, and a; are scalar coefficients. Computationally,
the use of such a basis set greatly aids the computational process as the functions
themselves (the one-electron orbitals) can be pre-optimized or fitted to certain
experimental data and only the coefficients aj need to be optimized during the variational

minimization of the wavefunction.

The Gaussian primitives are constructed analogous to one-electron orbitals of the
hydrogen atom, generating mathematical distributions which resemble 1s, 2p, 2s, 3s, 3d
etc. functions for each atom in the molecule. In order to describe the general trends and
show the correct asymptotic behaviour as the real electron density of a hydrogen atom,
multiple Gaussian primitives are grouped (contracted) together and scaled linearly, with a
general increase in the number of primitives giving a more accurate description. However,
each additional Gaussian primitive results in an additional set of equations which must be
solved simultaneously, increasing computational costs exponentially. Therefore, basis sets
can be tweaked in order to provide the best possible description for the chemical problem
at hand with the lowest necessary computational cost. It must be stressed, however, that
expressing the wavefunction in terms of Gaussian type orbitals (GTO) does not determine
the final ground state wavefunction - rather, the choice of basis set determines the possible

space and forms a trail wavefunction can populate.

Many different basis sets are relatively freely available, with many reviews of
commonly used basis sets'% as well as some on-line providersi*Yl. In this work we have
exclusively used the 6-311++G(d,p) basis set by Pople and co-workers®™®, and only this
basis set will be discussed here in any detail. 6-311++G(d,p) is, first of all, known as a
split-valence basis set, where all the core electrons are described by six Gaussian
primitives per atomic orbital and all valence electrons are treated as three (valence-triple-{)
different atomic orbitals. The first of these valence atomic orbitals is constructed by three
Gaussian primitives, and the remaining two orbitals are treated by a single Gaussian only.
Furthermore, p- and s-orbitals are “polarized” in 6-311++G(d,p) with orbitals with higher
angular momentum, slightly changing the character of each type of orbital. Lastly, very
diffuse functions (functions with very small coefficients) are included for both H-atoms as
well as for heavy atoms in order to better describe regions of very little electron density,

particularly important for modelling anions and van der Waals interactions. Similar basis

16
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sets have been used to study H--H interactions in biphenyl*? - a molecule very similar to

bipyridine which is studied in this work.

The Hartree-Fock Approximation

While the variational principle provides a wonderful tool to find the exact
wavefunction, searching over all possible (and potentially infinite) wavefunctions is
practically impossible. However, the variational principle can also be applied to a subset
of wavefunctions, which, under mild yet physically sound approximations, can include
wavefunctions very close to the exact wavefunction. The simplest yet still powerful subset
of wavefunctions are those falling under the umbrella of the Hartree-Fock (HF)

approximation.

In the HF approximation, rather than treating the N-electron wavefunction as is, a
product of N one-electron wavefunctions is used. The product of these one-electron

wavefunctions is referred to as a Slater determinant:

1
Ggp = Wdet{llh Yy .. PN} (2.10)

Each one-electron wavefunction ¢ is called a spin orbital and is a function of three spatial
coordinates and one spin function, a(s) or A(s). Similar to Eg. 2.5, spin orbitals are also

orthonormal:

[ wir = (k) = 5y (2.11)

Again, the Kronecker delta is used (which is equal to 1 if i = j, and zero otherwise). The
Slater determinant is antisymmetric, as any determinant changes sign if two columns or
rows are interchanged, thereby accounting for the antisymmetric nature of the exact

wavefunction.

The lowest energy Slater determinant can now be found using the variational principle
under the constraint that the spin orbitals remain orthonormal. It can be shown that the
purely electronic (without nucleus-nucleus repulsion) Hamiltonian operator for the N-

electron wavefunction is similar to a Hamiltonian for a 1-electron spin orbital,
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R 1 , M ZA N-1 |¢j|2
i = —5V: —za+Zijdr (2.12)
A j#i

The last term in Eq. 2.12 is the electron-electron repulsion felt by the i™" spin-orbital by the
electron density in every other j" spin-orbital. However, evaluating the operation of h;j on
a spin-orbital requires integration of ¢4, which is what we are trying to calculate in the first
place! The Hartree-Fock scheme solves this problem by calculating the wavefunction and
subsequently minimizing the energy expectation value iteratively, through a procedure
known as the Self-Consistent Field (SCF). During the SCF procedure, a set of ‘guess’
spin-orbitals are generated and a one-electron Hamiltonian is constructed, evaluated
(which generates a new set of spin-orbitals) and repeated until the difference between the

energies of two subsequent sets are within some arbitrary threshold value.

Note that the expectation values of multiple hi acting on every spin orbitals, when
combined to give the molecular E, is actually double-counting the electron-electron
repulsion. This can be (and usually is) easily corrected by subtracting half the total
electron-electron repulsion from the final energy.

HF therefore allows a surprisingly cheap calculation of the approximate wavefunction
and provides relatively accurate results for most systems, but as we shall see, fails to

account for a major part of chemical interactions.

Electron correlation. The major pitfall of the Hartree-Fock method is that, in using
one-electron spin-orbitals instead of the N-electron wavefunction, an essentially non-
interacting system is created. This non-interacting system is relatively far removed from a
truly fully-interacting system, as each electron, in its own spin-orbital, only experiences
the average repulsion from all other electrons. The effect is lessened through the SCF
procedure, which minimizes the energy, and the antisymmetric property of Slater
determinants, but still does not account for the fluctuations in electron-electron repulsion
due to the actual position and momentum of an electron relative to every other electron in
real time. Correcting for these effects is known under the heading of electron correlation

and is highly dependent on the spin-state of each spin-orbital.

Electron correlation comes in two flavours: Coulomb and Fermi correlation (also called
correlation and exchange, respectively). As we shall see below, HF already accounts for
Fermi correlation exactly, but totally disregards Coulomb correlation.
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Electron correlation is most easily understood with the pair density pz(X1, X2):

pz(xl, xz) = N(N - 1) f "'fll'p(xl,xZ, ...,xN)|2dx3, dx4, ...,de, (213)

The pair density gives the probability of finding an electron at X2, given an electron is
already present at x1. The pair density is equal to zero if X1 = x2 (two electrons with the
same spin cannot be found at the same place), resulting in an effect which is known as the
Pauli Exclusion Principle. However, for electrons with opposite spin functions, the pair
density does not equal zero even if the electrons are in the same space.

If we analyse the HF pair density for a two-electron system with two spatial orbitals ¢

and ¢z and spin functions o1 and o:

P35 (x1, %) = [det{e;(r1) 01 (1) $2(r2)02(52)}] (2.14)
which becomes, after expanding the determinant and squaring:

P35 (x1,%2) = 1 (11)? P2 (13)? 01 (51)% 0 (52)?
+¢1(r2) 92 (1) ?01(52) %02 (51)? (2.15)
—2¢1 (1) $2 (1) P1(12) P2 (12) 91 (51) 02(51) 01(52) 02(S2)
In order to get the spin-independent pair density, Eq. 2.15 can be integrated over both
spins sy and s2. Doing so results in simply 1 for the spin-integral of the first two terms. If
the spins of the two electrons are antiparallel - that is, o1 # o2, the last term in Eq. 2.15

will vanish, and the overall HF-pair density for two electrons with opposite spin then

becomes pfp’gligz(rl,rz) = p,(r1)p2 (1) which is exactly the same as for the entirely
uncorrelated non-interacting system. If, however, the spins are parallel (o1 = o), the last
term in Eq. 2.15 will not vanish, and pfF'“F"Z (ry,,) becomes much more than the simple
uncorrelated situation. Therefore, the HF scheme covers the electron correlation arising
from the antisymmetry of the wavefunction exactly, but does not include the correlation
due to spin-independent Coulomb repulsions in an exact quantum mechanical
wavefunction. In other words, the movement of electrons with like spin are mostly

correlated in HF theory, but electrons of opposite spin are entirely uncorrelated.

The energy resulting from Fermi-correlation (exchange) can be calculated by
considering the interaction of the electron density with a hole function - a spatial and spin
distribution relating the region where an electron will not be found, given another electron

already at a specific coordinate. Since the exchange stabilization energy results from
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electrons having the same spin, Fermi-correlation reduces the electron density relative to a
non-interacting reference density and therefore always decreases the overall electron-
electron repulsion - in that sense it can be said that the quantum mechanical exchange
energy is always stabilizing. The exchange hole can also be quite delocalized - for
instance, the exchange hole for a reference electron in a benzene molecule is delocalized
equally on every carbon atom. This suggests a reduced probability of finding another
electron of the same spin all over the aromatic system, and, since electrons are
indistinguishable, means that the reference electron can be found equally on every carbon

atom. In other words, an electron is delocalized along the exchange-hole.

In general, the electron correlation resulting from Fermi-correlation is much greater
than the correlation resulting from Coulomb-correlation, which is why HF theory still
produces relatively accurate results. However, in systems where electron dispersion (an
aspect of Coulomb-correlation) is very important, HF have been known to produce quite
large errors. This is particularly true in the case of Van der Waal’s bonded interactions.
Coulomb-correlation can be included, in varying degrees, through a number of methods
which include perturbation theory, configuration interaction theory or Density Functional
Theory (DFT). In this work, only HF and DFT methods are used, so higher-order ab initio

electron-correlation will not be discussed.

Density Functional Theory

Ab initio quantum chemical methods - where the wavefunction is the central quantity -
were discussed in the previous section. These methods are in principle exact, and any
inaccuracies present are a result of certain approximations made in order to be able to
solve the relevant equations, or to speed up computations. However, there are a number of
problems associated with the ab initio approach: i) scaling - the wavefunction depends on
4N variables, and becomes unmanageable when all but the simplest molecules are
concerned; ii) unobservable - the wavefunction itself cannot be measured experimentally,
only through appropriate operators can the wavefunction be related to experimental data;
iii) non-intuitive - the multidimensional complex wavefunction is difficult to interpret and
understand, and once again one must turn to the use of appropriate operators to interpret
the subtle effects of the wavefunction, and iv) high computational cost (in both memory
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storage as well as processing speeds) for all but the most severe approximations (such as
HF). There is therefore sufficient reason to explore central quantities other than the

wavefunction in order to predict chemical phenomena.

One of the most avenues which were explored historically is the electron density. The
reasons for this is obvious: i) the electron density is the most direct observable relating to
the wavefunction itself, ii) the electron density can be accurately measured, iii) the electron
density is more intuitive (especially for chemists) than the wavefunction, and iv) all of the
information required to construct the Hamiltonian can be extracted from the electron
density. Specifically, integrating the electron density gives the total number of electrons,
N, and the electron density has maxima (specifically, cusps) at the nuclear coordinates.
The local behaviour of the electron density at the cusps can even be evaluated to give the
total nuclear charge for a specific atom. Therefore, with the electron density as the
primary, quantitative and qualitative measure, one can establish all the necessary

information in order to set up a Hamiltonian, and, consequently, a wavefunction.

Hohenberg and Kohn, in 1964, provided proof for this statement, showing that all the
required information for quantum chemistry is available through analysis of the electron
density (the first Hohenberg-Kohn theorem). The proof is based on the logical
philosophical method, known as reductio ad absurdum. Assume two wavefunctions, with
two possibly distinct Hamiltonians, but still generating the exact, ground state electron
density. Given now as axiom that the external potential (Vext = Ve + VNN) generating the
Hamiltonians must differ by more than a constant, it is easy to show that the axiom must
be incorrect - that there cannot be two different external potentials which result in the same
ground state electron density. Or, in other words, the ground state density uniquely

specifies the terms resulting in the Hamiltonian and the wavefunction:

po = {N,Z,,Rp,} 2 H2> ¥, 2 E,

Thus the ground state energy, Eo, is a functional of the ground state electron density:

Ey = fpo (r)Vne dr + T[po] + Eee[po] (2.16)

The last two terms are universally valid; their forms are independent of the number of
electrons, N, the coordinates of the nuclei, Ra, and the nuclear charges, Za. This gives rise
to the combination of the last two terms of Eq. 2.16 into a separate functional, known as

the Hohenberg-Kohn functional, Frux[m] = T[m] + Eee[m]. Therefore, any arbitrary
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density fed into Fuk[po] will give the expectation value for the sum of the electronic
kinetic energies and the electron-electron repulsion, with the shape of Fuk[po] independent
of the system at hand. If Fuk[o] were known exactly, the Schrodinger equation could be
solved, also exactly. Unfortunately, the precise form of Fnk[mo] is not known, and neither
are the two components of Frux[m] - T[] and Ee[pm]. However, the electron-electron
repulsion functional does contains a classical and quantum mechanical contribution, J[ ]

and Eqm[pl:

1
Feelp] = [[ 25222+ Equlol = 1o) + Bl @17

Finding increasingly accurate forms for Eqm[p] and T[g] is one of the major challenges for

DFT (since J[p] is already known from classical mechanics).

Whereas the first Hohenberg-Kohn theorem shows that the ground state electron
density is sufficient to obtain all properties related to the system, the second Hohenberg-
Kohn theorem deals with the problem of how to determine the ground state density. The
theorem, presented here without proof, states that Frk[p] delivers the lowest energy if and
only if the input density, p, equals the true ground state density, o. As with HF theory,

the lowest energy of Fruk[p] can be found via the variational principle.

The Kohn-Sham approach. In order to approximate Frk[p], Kohn and Sham reported
in 1965 an approach similar to the HF orbital approach but in a DFT context, by assuming
a non-interacting reference system constructed from a set of one-electron functions. In this
manner, the non-interacting Kinetic energy can be calculated fairly accurately, with the
remaining portion of the kinetic energy (arising through the real, dynamical interactions
between electrons) contributing a minor part. Arising from this approach is then also a
correlation contribution to the non-interacting electron-electron repulsion. Fuk[g], in the

Kohn-Sham context, is now composed of the following terms:

Fslpl = Tslp] +]J[p] + Exclp] (2.18)
where Ts[p] is the kinetic energy of the non-interacting system, J[p] the classical

(Coulombic) electron-electron repulsion and Exc[p] - the so-called exchange-correlation
functional which includes all the quantum-mechanical effects arising from a dynamical

particle-wave electron model, such as the electron-electron correlation, antisymmetry
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effects (exchange) and also the remaining contribution of the true kinetic energy, Tc[p] =
Tlol - TslAl.

The one-electron functions of the Kohn-Sham approach are constructed in a very
similar fashion as the one-electron orbitals in HF theory - through a Slater determinant and

with a Hamiltonian operator for the non-interacting system,

N N
1
‘= _Ez v2 +sz(r) (2.19)

where Vs(r) is the effective, local potential of the non-interacting system and does not

jmny

include any electron-electron interactions. Connecting the non-interacting system to the
true system is done by choosing Vs(r) in such a manner so that the electron density of the

non-interacting system is equal to the true ground state density,

N

ps() = D Y 1pu(r, ) = po(m) (2:20)
i s
where the electron density is constructed in the usual and same manner as in the HF-

scheme - through summation of the squared moduli of each one-electron function.

The final energy, which is then minimized (and under the usual constraints of

orthonormality for the one-electron coefficients), has the following form:

E[p] = Tslpl +J[p] + Exclp] + Enelp] (2.21)
Each term in Eq. 2.21 can be calculated explicitly, with equations very similar to the ones

used in HF theory, except for Exc[].

Very interesting is the difference in the formalism with regards to the use of one-
electron functions in HF and Kohn-Sham-DFT (KS-DFT) models. In HF theory, the
wavefunction is approximated by using a Slater determinant with one-electron orbitals
(with some severe consequences); in KS-DFT theory, the use of a Slater determinant is in

principle exact.

Exchange-Correlation functionals. The hunt for exchange-correlation functionals of
increasing accuracy (or better fit-for-purpose) lies at the crux of DFT development, with
schemes ranging from simple functionals based on a uniform electron gas, with local

approximations for the exchange energy to very sophisticated and complicated functionals
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with multiple empirical parameters. Interestingly, some of the most successful functionals
are those whose success cannot be inherently explained. One class of functionals which
has received tremendous success, due mostly to relatively cheap computational cost and
high accuracy for generalized purposes, are the so-called hybrid functionals. These class
of functionals combine HF exchange with one or more exchange and correlation
functionals in a weighted fashion. For instance, Becke’s three parameter hybrid functional

combined with Lee-Yang-Parr correlation, or B3LYP,

EB2 = EX2P + a(ERE — EESP) + bEE + cEFW? (2.22)
which contains fractions of exact exchange energy (from the HF scheme), the exchange
and correlation functional resulting from the local spin density model (where the exchange
is modelled locally and uniformly in a spherical fashion), the exchange from Becke’s 1988
exchange functional and the correlation contribution from Perdew and Wang’s 1991
functional. The coefficients a, b and ¢ are chosen in order to optimize certain chemical

properties on a test series of molecules.

The combination of HF and DFT in the manner of hybrid functionals allows some
cancellation of the errors introduced by the lack of correlation in HF and the inaccuracies
inherent in exchange-correlation (XC) functionals. In addition, combining different XC
contributions from different approaches in a fitted manner allows XC functionals to be
constructed for specific purposes. For instance, one can take B3LYP and optimize the
parameters to perform better geometry optimizations, or to improve calculated vibrational

spectra.

In this work we are mainly working with the extended hybrid functional combined with
the Lee-Yang-Parr correlation functional, or X3LYPEB4. Similar to B3LYP, X3LYP was
optimized in order to significantly improve the accuracy for hydrogen-bonded complexes

and Van der Waals interactions.

Modern charge density and wavefunction analyses

The discussions in the previous sections detailed the theory involved for calculating the
guantum mechanical system. However, many modern methods exist which can be used to

extract chemically relevant information from the state function for additional
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interpretation. In this work two different flavours of analyses are used - analyses based on
the electron density distribution and analyses based on the wavefunction. Using the charge
density is a very chemically intuitive approach, as the charge density is a real everywhere,
and it is an observable (and experimentally measurable) property. In addition, charge
density analyses are generally more invariant to the level of theory used (HF, DFT etc.)
than analyses based on the wavefunction. However, one loses information regarding the
phase of the wavefunction, which includes the exchange and correlation properties of
electron dynamics, as well as the lack of information regarding excited states, which can
have large implications regarding the reactivity of molecules. On the other hand,
wavefunction analyses provides one with all the system information at hand, but becomes
more difficult to interpret because of the complex nature of the wavefunction. One of the
features of this work is the inclusion of both types of analyses and interpreting the
informational collage that is subsequently generated. However, more emphasis is placed
on charge-density analyses for a purely pragmatic reason - it is chemically more intuitive

to interpret than in-depth studies on the wavefunction.

QTAIM. Bader’s Quantum Theory of Atoms in Molecules™ (QTAIM) is an
extension of the physics of an open system to the study of atoms as they exist in
molecules. An atom as an open system (Q2) is bounded by a surface S(Q;r) of zero-flux in

the gradient vector field of the electron density p(r),

Vp(r) en(r) =0 (2.23)
for all r on the surface. The result is an exhaustive and physically sound partitioning of a
molecule into real-space atomic contributions. The properties of an atom can be calculated
in the same fashion as molecular properties, by evaluating Heisenberg’s equation of
motion for a given operator on the atom and its boundaries. These atomic properties are
additive to give the molecular property. In fact, it has been shown that since QTAIM can
be derived from Schwinger’s principle of least action, the physics of the entire molecule is
a special limiting case to the physics of an open system.>14161 The gradient vector field of
the electron density is also used to define molecular structure, by finding lines of
maximum density connecting atom pairs. Such lines are called atomic interaction lines
(AIL) or bond paths. On each AIL exists a special critical point of rank three called a bond
critical point (BCP), which is a local minimum on the vector defined by the AIL and local
maxima in the axes perpendicular to the AIL (a (3,-1) critical point). In addition, each

interacting atom pair connected by an AIL shares a zero-flux interatomic surface (ZFS),
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centred on the BCP and extending to infinity. ZFSs shows various properties associated
with the interaction between two atoms!*3"-1% and integration of specific values related to
the surface has been correlated with bond strength™®l. Lastly, in this work the atomic net
charge is often used,

q(Q) = fn p(r)dr + Z(Q) (2.24)

where the first term of the RHS is the integrated electron density (or electron population)
of the basin and the second term is the effective nuclear charge. It is important to note that
many different definitions of atomic charges exist, such as Hirshfield atomic charges!®l,
Mulliken population analysis?? and Natural Atomic Orbitals®%. The expectation values of
these very different atomic charges also differ significantly, and there is no golden
standard of atomic charge calculations as of yet. However, QTAIM atomic charges
(despite being called ‘exaggerated’®! or ‘not as expected from chemical intuition’?) are,
in the same manner as the entire theory of QTAIM, rooted in quantum mechanics and

show great correlation with experimental results. %!

IQA. The Interacting Quantum Atoms (IQA) approach of Pendas, Blanco and
Franciscol?2! is an energy decomposition scheme which calculates the interactions of
particles (protons and electrons) within atomic basins (defined by QTAIM, although the
scheme can be applied to any atoms-in-molecules approach!®). IQA can effectively split
the terms of the general multi-electron Hamiltonian into intra- and interatomic terms,
which it calculates (especially the very expensive Vee-based calculations) through the use
of an efficient algorithm for calculating the second-order density matrix?Yl. The various
terms resulting from such decomposition can then be combined into chemically relevant

values, resulting in an intra-atomic (or atomic self-energy),

Edpy =T+ VA + V84 (2.25)
and an interatomic interaction energy,

Efit = Vet + Wie® + VP + Ve (2:20)
where T4 indicates the integrated kinetic electron energy, V,, and V. the attraction
between electrons and nuclei, V,, the repulsion between nuclei and V,, the electron-
electron repulsion. These terms typically attain very large but opposite values, resulting in
large cancellations. The electron-electron term, V48, can be decomposed further into a

classical (Coulomb) component and an exchange-correlation stabilization. The total
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diatomic interaction energy (E/E) can now be partitioned into a classical or electrostatic

component,

V(,{%B = Vel;llB + an?aB + VnAB VeeC (2-27)

and a quantum-mechanical (exchange-correlation) component,

VXC - V VeeCorr (228)
VB is usually negatlve due to the stabilizing nature of the dominant exchange term, VeeX,
whereas the sign of V4% is dependent on the nature of the interaction. Finally, V£? and

VAE are combined to give the total interaction energy,

EfE =viB + V4P (2.29)
which is a measure of the strength of an interaction as well as providing valuable
information regarding the nature of the interaction. The overall energy of an atom in a

molecule is then given by the combination of intra- and interatomic terms,

@.

N

1
Efotar = Eftltra + 5 EEAB
Total Intra 2 Inter 30)

B+A

Note that E/4,.,will change significantly when the charge within the atom is reorganized
(because of a changing chemical and physical environment) and when charge transfer
occurs 2 Since the formation of an intramolecular interaction induces both charge
transfer and charge reorganization, a significant change in Efi4,, will be seen,
corresponding to the atomic deformation (or promotion) as a local effect of the interaction.
Therefore, it is important to realize that the interaction energy for a specific interaction is
not equal to the binding or dissociation energy of that interaction, as a change in E/iZ

might have an equal or even greater but opposite effect on the corresponding ESelf and
Esl?elf'

ETS-NOCV. The Extended Transition State coupled with Natural Orbitals for
Chemical Valence (ETS-NOCYV) is formulated and described by Mitoraj et all?>?4l and
briefly described here following the original derivation. ETS, an energy decomposition
scheme, is a fragment based approach which decomposes the heat of formation, AEg;,q =

E,s — E, — Eg, into a number of chemical meaningful components, calculated in a series

of different steps:

AEging = AEPrep + AEgistar + AEpguii + AEorp (2.31)
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AEp,p is calculated in the first step by distorting the two fragments A% and B from their
respective equilibrium geometries to A and B, the final geometries as they exist in the
combined molecule. In the second step, the distorted fragments A and B are brought
together from infinite separation to the distances they occupy in the final molecule but
without changing the densities of each fragment. The energy change calculated by this
step is given by AEg;s:q:, OF the electrostatic ETS energy. The irregular wavefunction for
the combined system at this state is given by ¥~¥B. However, this wavefunction is not
antisymmetric and does not comply with the Pauli Exclusion Principle. In the third step,
AEp g, 1s calculated by performing a Loéwdin orthogonalization and thereby constructing

the normalized, antisymmetric wavefunction:

YO = NA{wAWE} (2.32)
The proper wavefunction WO can be seen as an excited state, as it adheres to the Pauli
Exclusion Principle but is far away from the minimized, ground state wavefunction, as
fragment orbitals are not interacting in a stabilized manner yet. The final wavefunction is
then constructed by minimizing the orbitals of ¥?, the fourth and final step which produces
AE,,,. Occupied and virtual fragment orbitals of A and B now mix with each other (in
both intra- and interfragment fashion), allowing for spin-pairing and favourable occupation

of all electrons.

The density change of the final step, Apy,5, can be further decomposed and localized
through the NOCV procedure:

N/2 N/2
Dpory =p —p° = Z Vie[-W2, () + PE(0)] = Z Apy (2.33)
k=1 k=1

where the orbital deformation density, Apom, IS expressed as a sum of pairs of
complementary orbitals corresponding to eigenvalues (v«) equal in absolute value but
opposite in sign. A complementary NOCV pair gives a deformation density, Apor(K),
defining separate channels for charge transfer. Visual inspection of each deformation
density can provide chemically meaningful information related to orbital mixing (and the
consequences of inter-fragment spin-pairing) when the final wavefunction, W, is compared
with the non-interacting excited state, ¥°. AE,,;, can be decomposed into contributions

relating to each NOCV in a procedure described in Ref. 19.
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The concepts of deformation densities are used extensively throughout this work, with
the general term deformation density implying the difference in electron density between a
final and initial state. Four different densities are present in the ETS—NOCV scheme: the
isolated fragment densities, p” and pB, the Pauli density (non-interacting, orthogonalized
combination of fragment densities), p°, the Orbital density (or final, SCF-minimized
density), p, and the Orbital density decomposed in the k™ NOCV contribution, p*. From
these various densities, five different deformation densities can be constructed: the Pauli
deformation density (Appaui = p° — (o™ + pB), the Orbital deformation density (Apom = p —
p°), the k™ NOCV deformation density (Apors* = Ap¥, see Eq. 2.33), the Net Pauli-Orbital
deformation density (Apnet = Appauii + Apor = p — (0™ + pB)) and the Net Pauli-NOCV
deformation density (Apne = Appauii + (Apors¥). The Net Pauli-Orbital deformation
density is usually just known as the total deformation density, or sometimes just the
deformation density, and refers to the change in density of the isolated fragments with
regards to the final ground-state density. It is a very useful quantity, as it can be used to
gauge whether the Pauli deformation density or the Orbital deformation density is the
dominant effect in a specific region of space. It can be localized to some extent by using
the Net Pauli-NOCV deformation density, which combines the total Pauli deformation
density with a localized portion of the Orbital deformation density. It is used throughout
this work to determine how the Pauli Exclusion Principle interferes (constructively or
destructively) with a specific NOCV-localized orbital mixing, and which effect (Pauli or

Orbital) is dominant.

NCI. The Non-Covalent Interactions (NCI) method?>2¢ is, like QTAIM and IQA, a
real-space method with focus on the electron density. NCI is able to identify all
interactions which are stabilizing or destabilizing in the inter-nuclear regions through 3-D
surfaces smeared between close contacts. NCI identifies areas where the electron density
deviates with respect to the distribution of a homogenous electron gas, as described by the
reduced density gradient (RDG):

5(p) = — Pl (2.34)
Cr p4/3

where Cr = 2(3n%)? is a constant and the 4/3 exponent of the density ensures that s(p) is a
dimensionless quantity. The RDG has very large positive values in density tails (at
distances far away from nuclei), but approaches zero in regions where an interatomic

interaction is present. This feature can be exploited by plotting the RDG against p(r). In
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such plots, interactions appear as sudden troughs against an exponentially increasing RDG
with decreasing p(r). These troughs can also be visualized through isosurfaces of the

RDG, allowing meaningful chemical interpretation.

In order to classify regions of NCI-defined interaction as either stabilizing or
destabilizing, the second derivative of the electron density can be used. The eigenvalues
of the Hessian-matrix are, by convention, defined in the order of A1 < 12 < Ja.
Topologically, the density along an interaction will always be less than the density at the
nuclei and therefore at least one 4 eigenvalue will be positive (giving /3 > 0, by the above-
mentioned convention). Az then gives a useful indication of whether electron density is
locally concentrated (12 < 0) or depleted (42 > 0) in an axis perpendicular to the interaction.
Any interaction which is destabilizing in the inter-nuclear region (steric interactions) will
therefore show a depletion of electron density, whereas stabilizing interactions (such as
hydrogen-bonds) will show a region of electron concentration. Colouring isosurfaces of
RDG with the sign of A> times p(r) can give an indication of the local depletion or
concentration of each NCI-defined interaction region. In addition, plots of RDG against
sign(A2)p(r), henceforth known as NCI-plots, show interactions as troughs in either the

concentration or depletion regions.

It is important not to confuse “destabilizing in the internuclear region” as used above
with an overall destabilizing interaction. While NCI is able to identify interactions in the
internuclear (bonding) regions of interactions, it does not provide any information with
regards to the overall inter-basin interaction energies. Therefore, it is possible for NCI to
show a region of concentration between two highly positively charged atoms, relating the
possibility of a concentration of electron density which functions to partially screen large

Vnn repulsions.

Development of an algorithm for interaction cross-sections

Quantum chemical topology is a very useful field, as it allows a close-up view of the
point-by-point distribution of charge throughout a molecule. However, these analyses are
usually carried out in 3D space, resulting in a minor loss of information with regards to the
topology of charge and derived fields in 1D or 2D space. A good example is the Laplacian

operator, for which the expectation value is usually reported as the trace of the Hessian
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matrix at a point but the individual eigenvalues and eigenvectors of the Hessian matrix
contain very useful information (as is clear from the NCI method). We have found that 1D
topology maps lend some additional information, useful for interpreting the results
reported by QTAIM and NCI analyses. To this end we have developed a small utility
application which can calculate 1D cross-sections of the electron density and its 1D partial
derivatives. Even though the algorithm for these calculations is simple and easily coded,
we have included it here for the sake of clarity with regards to the results presented in the
following chapters. The application was written using Microsoft Visual C# 2010 and is

not yet available for use outside of our own labs.

The purpose of the application is to calculate the cross-section of electron density along
the eigenvector specified by the A, eigenvalue of the Hessian matrix (henceforth referred to
as just the A> eigenvector), given a specific starting coordinate (usually the point of
minimum electron density between two nuclei). The application accepts as input the
nuclear coordinates of two close atoms, and finds the coordinate of minimum electron
density between the atoms. Alternatively, one can specify any coordinate as starting point.
The electron density at this coordinate is recorded, and the X> eigenvector direction is then
calculated. A new coordinate is found at a user-specified interval distance away from the
input coordinate, and the electron density is recorded. This step is repeated until the length
of the entire cross-section path is the same as a user-specified input length. The first and

second partial derivatives are then calculated.

The user must also specify a wavefunction file (with extension .wfn), which can be
generated in most quantum chemical software. The wavefunction file contains all of the
molecular orbital and primitive coefficients, and the electron density at a Cartesian

coordinate r is recorded in the following manner:

M 2
1
p(r) = <WZ goi(r)Ol-) (2.35)

i'™ molecular orbital, Oj its occupation, N the total number of electrons and

where ¢ is the i
M the number of occupied molecular orbitals. Each molecular orbital is expressed in terms

of a weighted sum of primitives,

L
i) = ) (1) (2:36)
J

31

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETOR
YUNIBESITHI YA EE OR A

@%&

where ¢ is a Gaussian function and cj a molecular orbital coefficient (which is read from
the wavefunction file). Each Gaussian function is of a specific type and dependent on an
exponential factor and the distance r from the primitive centre (the coordinates of a
specific nucleus). All of this information is also read from the wavefunction file, and the
formula of each type of primitive was included in the code from the suitable basis set

descriptions.

Once p(r) has been determined, the Hessian matrix can be calculated:

02 02
H(r) = | P p
| dydx 0y? Oyaz

\oe 725 72t
0z0x 0zdy 622

Partial second derivatives are calculated through the finite difference method®®, with

(2.37)

62
/axz axay axaz\l
I
I

sufficiently small perturbations of 0.001 bohr. The > eigenvector can be calculated by
diagonalizing H(r), which is accomplished through a unitary transformation, r’ = ruU,

where U is a unitary matrix constructed from a set of three eigenvalue equations,

Hul- = /1,-ui (238)
The new coordinate system given by r’ contains the unit vector y’, which, when expressed
in the original coordinate system, gives the direction of the 1. eigenvector.

Following the A> eigenvector in this manner gives a very good description of the
electron density as it curves throughout the interaction, proceeding exactly through any
critical points in the region. However, for distances further away from the interaction of
interest (and closer to other interaction regions), the A> eigenvector is not applicable
anymore for the cross-section of the interaction of interest. Therefore, the user can specify
which part of the cross-section should be treated according to analysis of the Az
eigenvector and which part should be linear, i.e. continuing along the last calculated

direction without recalculating the 4> eigenvector.

The output of this code then produces a set of coordinates and distances away from the
input coordinate (or, if two nuclei coordinates were given as input, the point of minimum
density between the nuclei) as well as the electron density and its partial first and second

derivatives with respect to the cross-section path. This data can be plotted to give a graph
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which clearly shows the behaviour of the electron density and its derivatives when the
cross-section of the interaction between two atoms is considered. In addition, we have
included automatic script generation for visualization of the actual cross-section path in
VMDI?],

We plan to extend the code to include 1D topology maps of other functions, such as the
potential and kinetic energy distributions and the electron localization function. In
addition, we want to include 2D and 3D radial distribution plots, which can give an
indication of the electron concentration with respect to a nuclei as opposed to a Cartesian

system.

Conclusions

In order to investigate the possibility of CHeeeHC interactions in bipyridine and
bipyridyl-containing metal complexes, we need to be able to calculate the properties and
electronic charge distribution of the studied molecules. Using quantum wavefunction
mechanics, we approach the quantum chemical solutions via two major models: Hartree-

Fock theory and Density Functional Theory.

HF theory is fast, wavefunction-based theory which assumes that the wavefunction is
composed of N 1-electron orbitals. Constructing these orbitals to be orthogonal to each
other introduces the effects of antisymmetry on the combined wavefunction, resulting in an
exact description of quantum mechanical exchange (or electron correlation for electrons of
like spin).  However, spin-independent electron-electron correlation is absolutely
disregarded, leading to major deviations of the calculated wavefunction with regards to
reality. This is particularly true for Van der Waals interactions. That said, HF theory is
still a robust and very useful method, and, being an ab initio method, allows the

calculation of certain post-SCF analysis.

DFT, unlike HF, is a totally different approach based on the electron density as a

primary quantity. All other chemical properties can be derived from the density, including
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the wavefunction itself. In DFT, all classical energetic contributions are calculated by
constructing a non-interacting reference system (but with the exact ground state density).
All quantum mechanical effects, resulting from the kinetic energy and potential energy of
a dynamical interacting system, are then included in a separate functional. Unfortunately,
the form of this functional is unknown and must be approximated, a process which can
change the computational cost and accuracy of DFT quite significantly. However,
compared to HF, DFT methods contain significant electron-electron correlation, resulting
in much more accurate geometries, energies and chemical properties. Unfortunately, due
to the manner in which DFT is calculated, certain advanced analyses cannot be performed
- most notably IQA. The primary reason for this problem is the fact that the kinetic energy
in DFT is contained partially in J[p] and partially in Exc[p] - therefore, separating different
components of the Hamiltonian into meaningful contributions (such as Eintra OF Einter) 1S

impossible with regards to DFT formalism.

Three advanced density analyses were discussed (QTAIM, NCI and IQA) and one
wavefunction-based analysis (ETS-NOCV). Whereas QTAIM gives a robust description
of an atom in a molecule, and consequently recovers typical line-structures through a
collection of atomic interaction lines called a molecular graph, NCI is able to detect many
more intramolecular interactions through the deviations of the expected behaviour of the
electron density in comparison to a uniform electron gas. Combining the two methods
already gives a comprehensive description of interactions throughout a system, as not all
NCI-defined interactions shows the presence of an AIL. The question as to why this is so
is very important, and will be addressed to a certain extent throughout this work. 1QA
provides a strong energetic connection to a typical QTAIM analysis through partitioning of
the Hamiltonian into separate intra-atomic and interatomic components, as well as
grouping certain terms together to give the classical (electrostatic) and quantum-
mechanical (exchange-correlation) contributions of an interaction. However, IQA is
limited to ab initio methods, which, in this work, is only HF theory. Finally, ETS-NOCV
takes a completely different approach to energy decomposition by separating the steps in
wavefunction calculations and assigning energy and charge deformations to each step,
allowing the calculation of so-called electrostatic energy, Pauli-deformation energy and
orbital deformation energy. The recently developed NOCV contribution towards the ETS

scheme allows the orbital deformation density and energy to be partitioned into separate
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contributions, a very useful method to study the weaker interactions in a specific

fragmentation scheme.

Finally, we present here for the first time 1D topology maps of the cross-sections of
interactions. The algorithm for our in-house code is presented, and is based on following
the density and density derivatives along the 4> eigenvector in between two nuclei.
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Chapter 3

A rigorous theoretical investigation of the
physical natures of close H--H contacts and other

intramoleulcar interactions in 2,2'-Bipyridine.
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Abstract:

Intramolecular interactions present in various conformers of 2,2’-bypiridine (BPy) have
been investigated using multiple theoretical tools in a comparative fashion, with specific
focus on elucidating the chemical nature of the supposedly steric clash in the close contact
between hydrogen atoms in the 3 and 3’ positions. It was found that the CHeeeHC
interaction in the s-cis conformer shows an attractive interaction energy using the
Interacting Quantum Atoms (IQA) energy decomposition scheme. Using the newly-
developed Non-Covalent Interactions (NCI) technique, it was found that electron density is
concentrated within the bonding region of the CHeesHC interaction. The Extended
Transition State coupled with Natural Orbitals for Chemical Valence (ETS-NOCV) energy
decomposition scheme showed that: i) significant and stabilizing orbital mixing occurs and
ii) that the accumulated density resulting from orbital mixing is greater than the removal of
density resulting from enforcing the Pauli Exclusion Principle. Lastly, it is shown that
electron density is accumulated in the H3,H3' atomic basins upon formation of the
CHe+-HC interaction using the Quantum Theory of Atoms in Molecules (QTAIM) and an
atomic interaction line or bond path is seen. In comparison, the N--N interaction in s-cis
shows directly opposite observations, and is clearly repulsive. The attractive CHee*N
interaction in s-trans is similar to the CHeeeHC interaction, but whereas the latter is
predominantly quantum mechanical in nature, the former is fully electrostatic. This result
is confirmed through a novel interpretation of the bond path, using an NClI-based indicator.
Using four different theoretical tools we produce a consistent model which describes all
intramolecular interactions present in BPy, and confirm the stabilizing nature of CHessHC

interaction in this molecule.

39

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

Introduction

Two chemical concepts are commonly used to explain the energy of one conformer
relative to another: the strain of the backbone of the molecule, and the presence or absence
of intramolecular interactions. These concepts are sometimes related in a molecule — the
formation of a stabilizing interaction might only occur in the presence of significant
backbone strain, leading to the formation of new bonds and interactions which are locally
stabilizing but molecularly destabilizing. Both strain and the strength of intramolecular
interactions are difficult to quantify by examining the change in molecular energy alone - a
specific interaction might be wrongly interpreted as repulsive or stabilizing because of an
increase or decrease in molecular energy, respectively, when the dominant change in
energy might be caused by the increase or release of backbone strain. Understanding the
nature of specific intramolecular interactions, especially those which have been
heuristically (and sometimes arbitrarily) assigned to be either stabilizing or destabilizing,
is thus of key importance in the development of chemistry as a locally stabilizing
interaction which is overall destabilizing in one molecule might be overall stabilizing in

another.

The binding energy of a chemical bond can be calculated in diatomics by evaluating the
energy of the molecule with the energy of the atoms in vacuo, E(A—B) = E(AB) —
E(A) — E(B). This definition of the energy of a chemical bond, while well-defined and
useful for the study of diatomic molecules or supramolecular dimers, is less clear when
applied to intramolecular interactions in polyatomic molecules. Since the formation of an
intramolecular interaction will occur simultaneously with a structural and therefore
chemical change within the molecule (which will by itself also change the energy of the
molecule), can we truly localize, quantify and describe an intramolecular interaction with
the same conceptual precision with which we can analyse an intermolecular bond?
Specifically, can we isolate an interaction theoretically and describe the effects of its
formation on the interacting atoms, fragments and molecule? In addition, intramolecular
interactions usually do not have the freedom to dissociate because of the presence of
external constraints (such as a strong bond forcing the geometry in a preferred
conformation), which further clouds the concept of the binding energy for an
intramolecular interaction - rather, the question arises whether a specific forced interaction

is stabilizing or destabilizing to the molecule as a whole. Such energetics are difficult to

40

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

quantify as an ideal reference state (a state identical in every way to the conformer of

interest except for the presence of the interaction in question) is usually not available.

The concept of intramolecular binding and how to define it is similar to the question of
whether atoms exist within molecules, since both are vague elements of the whole where a
change in one element will cause a change in all others. The existence of atoms in
molecules has been the subject of many theoretical developments of the last four decades,
and to date at least ten novel atom-in-molecule partitioning theories have evolved!* 111,
Some of these theories are robust and well developed, and using the Quantum Theory of
Atoms in Molecules (QTAIM) as an example, has very strong roots in physics™?% and
correlations with experimental datal'®l. A large body of proof exists!**?1l which give
weight to the existence of an atom in a molecule. Many attempts have been made for
partitioning, localizing and analysing bonds in molecules, ranging from bond energy
decomposition schemes*’?! to schemes which analyse charge density, rearrangements
and transfers?:-?, That said, the study of bonding and interactions has been very active
recently with new interactions being discovered or reinterpreted, such as the halide-halide
inter- and intramolecular bonds!?>-2°1, charge-shift bondst*32, dihydrogen bonds3-38! and
ion-ion interactions®**4. One such interaction is the controversial CHe+HC interaction,
present in many molecules such as biphenyl, 1,10-phenantrene and natural estrogen (3-
hydroxy-1,3,5-(10)-estratrien-17-one) among othersi*¥l. The nature of these CHeesHC
interactions has been the source of an on-going debate, creating a large division in the
principle theories of both sides - Bader’s Quantum Theory of Atoms in Molecules (among
others) supporting a stabilizing interaction model™3*¢ and various Energy Decomposition

Analysis techniques for the repulsive viewpoint!*®-59,

A close H--H contact is present in the s-cis conformer of 2,2'-Bipyridine (BPy), as
shown in Figure 3.1, and is usually used, together with lone-pair lone-pair repulsions on N
atoms and the absence of a stabilizing CHee*N interaction in S-trans, to explain the
increased energy of s-cis relative to s-trans®*°6l. In this model, the interaction between
close H--H contacts has been called “steric hindrance” or “Pauli repulsion” even recently
despite the similarity between H--H contacts in BPy with the CHeesHC interaction in
biphenyl. These interpretations were mostly assumed in the literature, although Hancock
and Nikolayenko!™! have recently studied the H--H contact in BPy and concluded that
there exists no evidence from molecular orbital theory nor from NBO theory to support the

presence of increased electron density in the bonding region of these atoms. However,
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both MO and NBO theory, though useful to calculate electronic structure and analyse
classical bonds, respectively, make the unproven implicit assumption that electrons exist
only in maximally occupied finite partitions in Hilbert-space.’"% In contrast, real-space
methods (such as QTAIM, NCI or IQA) or orbital-methods which do not make the same

assumption (such as NOCV) can detect interactions in an unbiased fashion.

H16 H17
- . 4

Figure 3.1. Ball-and-stick representation of the s-cis conformer of 2,2'-Bipyridine

Members of our group recently reported© -6 that CHseHC interactions in Ni" and Zn"
complexes with NTPA (nitrilotri-3-propanoic acid) are in fact bonding interactions, based
on a real-space QTAIM analysis as well as a natural orbital based approach, the Extended
Transition State combined with Natural Orbitals for Chemical Valence (ETS-NOCV)[?2l,
Our analysis clearly showed that electron density is accumulated in a preferential manner
in the bonding region of these interactions. Our results for the CHee*HC interactions in
metal complexes with NTPA, as well as the finding by others of a bond path between the
H--H contacts of biphenyl have led us to suspect that such a bonding interaction might be

found in the supposedly clashing 3,3’ H-atoms of s-cis BPy.

For the purposes of further understanding the nature of intramolecular interactions and
towards the eventual goal of estimating the stabilization or destabilization that
intramolecular interactions contribute to the molecular energy, we present here a study of
the various interactions in all forms of the free BPy ligand using a multi-theoretical
approach. Using QTAIMI, the Interacting Quantum Atoms (IQA) energy decomposition
scheme in real-spacel?®l, ETS-NOCV?? and the recently developed Non-Covalent
Interactions (NCI) techniquel®, the aim of this chapter is to arrive at a consistent model
for all the intramolecular interactions in BPy and to add to the understanding of each
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interaction’s chemical nature. We are specifically interested in the controversial H--H
contact in BPy, and will compare the physical properties of the interaction with those of
other interactions present in BPy, CHe**N and N--N interactions. The rest of the chapter is
organized as follows: After a brief theoretical background and discussion of the
computational methods used, Section 3.1 will discuss the molecular energy and
geometrical changes which occur in BPy as s-trans is rotated along the junction C—C bond,
Section 3.2 will show the results from each theoretical tool applied to the CHeeeHC
interaction, Section 3.3 will discuss and compare the physical properties of the N--N and
CHeeeN interactions with those of the CHee*HC interaction and Section 3.4 will explore
the differences between the interactions by a) analysing the effects of including the Pauli
deformation density from the ETS scheme, Appaui, With the results obtained from ETS-
NOCYV analysis and b) expanding on the interpretation of bond paths and the presence or

absence of strain in the bonding region of each interaction.

Finally, it is important to state that the goal of this work is not to quantify or even
recover the relative energies between conformers of BPy in terms of bond- and interaction
energies, but rather to qualitatively understand the chemical nature of the interactions
present in BPy. However, since any arbitrary decomposition scheme (whether it be
decomposition of the molecular energy, electron density or molecular structure) must be
related to some relevant experimental observation!®?, the potential energy surface and the
rotational barrier of BPy will be used throughout as an observational benchmark which our
qualitative model should meet.

Appendix A discusses some preliminary results related to studying the causal effects
that the formation of each interaction induces in the involved atoms’ atomic properties, as
well as the nature of each interaction with regards to the overall relative molecular energy.
Appendix A uses QTAIM- and IQA-defined atomic energies, as well as looking at the
changes in surface virials (QTAIM) and interaction energies (IQA) when s-trans is
changed to s-cis. However, it should be noted that the results (including their
interpretation) in Appendix A are still in infancy and are only included because these
preliminary results show remarkable corroboration with the rest of the results shown in this

chapter. Appendix B provides supplementary figures and tables not included in Chapter 3.
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Computational Methods

All conformers of BPy were optimized in Gaussian 09c®® using the Hartree-Fock
approximation and 6-311++g(d,p) as a basis set. The effect of aqueous solvent was
approximated with the Polarizable Continuum Model (PCM-UFF). QTAIM and IQA
analyses were performed using AIMAII software®, All integrations were of sufficient
accuracy (L() < 1.0E-05 for all atoms). NCI analysis was carried out with NCIPlot
2.0 and visualized in VMD 1.9.1%°1.  Frequency calculations were carried out first
numerically and then analytically, and any reported molecular energy is the free energy
(corrected with the zero-point vibrational energies and enthalpic and entropic

contributions).

In order to perform ETS-NOCV analysis, all structures were re-optimized in ADF
2010[%6-671 with the X3LYP functional, an augmented triple-{ with polarization basis set
and the COSMO model to approximate solvation. ETS-NOCYV analysis was performed on
the optimized geometries in ADF. The fragmentation scheme that was used is shown in
Figure 3.2. The central C11-C12 bond was broken, and the N--N, CHe*sHC and CHe**N
interactions with it, in order to create two radical pyridine fragments.

Figure 3.2. Fragmentation scheme used for ETS-NOCV analysis

Results and Discussion

Geometric analysis and free energy surface. Full Cartesian coordinates and
thermochemical data for selected conformers of BPy are shown in Tables B1-B4 in

Appendix B.
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The potential energy surface of BPy with the dihedral angle DA(N1,C12,C11,N2)
(henceforth referred to as ®(1)) as the reaction coordinate is shown in Figure 3.3. Four
stationary points are observed: the global minimum at s-trans (®(1) = 180°), a local
maximum for the perpendicular structure (®(1) = 90°) at +3.87 kcal-mol* higher in energy
than s-trans, a local minimum (®(1) = ~37°) at +2.56 kcal'‘mol ™ and the global maximum
at s-cis (d(1) = 00°), +4.06 kcal'mol ! higher in energy than s-trans, which is also the
value of the calculated rotational barrier. The higher energy of ®(1) = 90° is usually
explained using conjugation - that the central C—C bond is weakened because of lack of
effective n-bonding in the perpendicular ®(1) = 90° conformerB-5688-701  As d(1) is
changed from 90° to 00°, increasing conjugation effects along the central C11-C12 bond
decrease the molecular energy until it reaches the local minimum of ®(1) = ~37°.
Thereafter, in the region of 0° < ®(1) < 37°, the molecular energy rises again. This
increase in energy is usually attributed to the formation of N--N and CHeeeHC

interactions®*%,  Our energetic results are identical to what has been observed in the

literature.[®5-56]

0.006 =
< 0004 250 21
o ' (CANe)

o [
1.50 £
> 0.002 o=
= 050 = O
® 0.000 ox
= -0.50 5 o
© o
2 .0.002 L5
v -150 @ g
~<-0.004 S g
Ll) -2.50 =5 g
© -0.006 350 O F
© o o
-0.008 ‘ ‘ : 450 =~

0 30 60 90 120 150 180
®(1) / deg

Figure 3.3. Variation in the junction C11-C12 bond length (diamonds with blue line) and
variation in electronic energy (squares with red line) with ®(1) of the free ligand BPy. All values
are relative to ®(1) = 90°

From geometrical analysis, when interatomic distances are compared with the van der
Waals radii, three types of intramolecular close contacts can be identified in different

conformers of BPy. In s-cis, two interactions, N--N with d(N--N) = 2.711 A and a
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CHsesHC with d(CHs*sHC) = 2.009 A are present. In s-trans, two CHeesN interactions
exist with d(CHeseN) = 2.487 A each. These intramolecular contacts are significantly
shorter than the sum of Van der Waal’s radii of atoms involved, 3.10 A, 2.40 A and 2.75 A
for the N--N, CHeesHC and CHe**N, respectively!’%.

Distances between central carbon atoms, d(C11-C12) are shown in Table 3.1 and they

are plotted in Figure 3.3 as a function of ®(1).

Table 3.1. Selected geometrical data for the various conformers of 2,2’-Bipyridine

®(1) d(C11-C12) Ad(CI1-C12F ®(2) o®(2— 1)

deg A A deg deg
0 1.506 0.005 0.0 0.0
10 1.504 0.004 18.2 8.2
20 1.502 0.001 33.4 13.4
30 1.499 -0.001 45.6 15.6
40 1.498 -0.003 56.3 16.3
50 1.498 -0.003 66.1 16.1
60 1.498 -0.003 75.5 15.5
70 1.499 -0.001 84.9 14.9
80 1.500 0.000 94.0 14.0
90 1.501 0.000 102.9 12.9
100 1.500 -0.001 111.7 11.7
110 1.499 -0.002 120.4 10.4
120 1.497 -0.004 128.8 8.8
130 1.496 -0.005 137.1 7.1
140 1.495 -0.006 145.3 5.3
150 1.495 -0.006 153.6 3.6
160 1.496 -0.005 162.2 2.2
170 1.497 -0.004 171.0 1.0
180 1.498 -0.003 180.0 0.0

*Relative to ®(1) = 90°. "Deviation of DA(H13,C3,C10,H20) ((2)) from &(1).

The change in d(C-C) shows a few similarities to the change of the molecular energy
(Figure 3.3): a local maximum is seen at ®(1) = 90°, consistent with a weakening C-C
bond because of conjugation effects and d(C—C) decreases as ®(1) is changed towards 0°
or 180°. However, conjugation cannot solely explain the changes in d(C-C) as local
maxima are seen for both s-cis and s-trans. Clearly, the interactions present in these planar
conformers cause a lengthening of the C11-C12 bond, a change only reflected by the
increase in molecular energy in s-cis. In s-trans, the energy reaches a global minimum,
indicating that the increase seen in d(C-C) is due to strain caused by the presence of

potentially stabilizing CHee*N interactions (discussed later). The origin of this strain can

46

© University of Pretoria



(02&

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

either be geometric (in order to accommodate the CHee*N interactions at favourable
distances) or electronic (removal of charge from C11 and C12 in order to strengthen the
CHee*N interaction). This is a very important observation, as it shows that the strain
caused by the presence of an intramolecular interaction need not be localized to that
specific interaction. In terms of s-cis, a relatively large increase in d(C—C) of +0.005 A
(relative to (1) = 90°) is seen, resulting in the global maximum. The strain in d(C-C) is
now caused by the presence of the repulsive N--N interaction or the potentially stabilizing
CHe++HC interaction. The only way to rationalize the changes in d(C-C) as well as the
changes in the molecular energy is therefore to understand the nature of the intramolecular

interactions.

The dihedral angle formed by the CHeeeHC interaction - DA(H13,C3,C10,H20)
(henceforth referred to as ®(2)) - should reflect the constrained ®(1). However, large
variations are seen, and the differences between ®(2) and ®(1) (d®(2-1)) are shown in the
last column of Table 3.1 and plotted in Figure 3.4. At s-cis and s-trans, ®(2) is indeed
equal to ®(1), indicating that the H-atoms are perfectly planar with regards to the pyridine
rings. This is unexpected for s-cis if H13 and H20 were truly involved in a repulsive clash.
What is remarkable about Figure 3.4 is the asymmetric distribution of 6(®(2-1)) — the
deviation is the largest in ®(1) = 40°, decreasing slowly in the region of 40° < ®(1) <
180° but decreasing sharply in the region of 0° < @®(1) < 40° (the region where the
CHe+HC interaction is present). This observation seems to indicate that in the region
where we expect the largest deviation of ®(2) from ®(1) (if the H-atoms were clashing),
the opposite is seen — H13 and H20 are interacting in a manner which reduces the
deviation from planarity for these atoms, implying that the interaction between these atoms

are significantly strengthened in the s-cis conformer.

Interpretation of these geometrical observations, as well as the changes in the molecular
energy, is highly dependent on our understanding of the nature of the intramolecular
interactions in BPy - a topic which will concern the rest of this work. The next section will

discuss the theoretical description of the CHes*HC interactions in S-Cis BPy.
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Figure 3.4. Deviation of the dihedral angle for H13,C3,C10 and H20 (@(2)) from the constrained
dihedral angle for N1,C12,C11 and N2 (®(1)) for each conformer.

Theoretical description of CHeeeHC interactions

Table 3.2 shows various theoretical descriptors from different methods describing the

CHe++HC interaction. The following text will describe each descriptor in more detail.

QTAIM. Figure 3.5 shows the molecular graph for the cis conformer, as generated by
QTAIM. Bond critical points (BCPs) are shown by green dots, whereas ring critical points
(RCPs) are shown by red dots. Atomic interaction lines (AILs) are indicated by solid lines
and ring paths from BCPs to RCPs are indicated by dots. As the central dihedral angle is
changed, an AIL appears between H13 and H20 at ®(1) < 20°. The formation of the AIL
(which necessitates the existence of a BCPM) connects the two pyridine fragments,
forming a 6-membered ring by C12, C3, H13, H20, C10 and C11 and a RCP is present.
The electron density at the BCP and RCP formed by the CHe+*HC interaction is shown in
Table 3.2. pecp(H13,H20) as well as the associated prcp reaches a maximum in the cis

conformer.

Topologically, the electron density along an AIL is at a maximum at each of the two
nuclei and at a minimum at the BCP. With regards to the axes perpendicular to an AlL,
each point on the AIL is a local maximum. Furthermore, according to the eigenvalues of
the Hessian matrix, each point of an AIL also shows a local concentration of electron
density with regards to the axes perpendicular to the AIL™M. Therefore, the AIL appearing
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between H13 and H20 at ®(1) < 20° describes a line of maximum, concentrated density
between these two atoms, which is absent when the atoms are separated enough. Local
electron density accumulates and is attracted towards the inter-nuclear region of interacting
H-atoms — a phenomenon which would not occur if the associated atoms were indeed

clashing.

Figure 3.5. Molecular graph of the s-cis conformer of BPy.

Another consequence of the formation of an AIL between H13 and H20 is the presence
of a zero-flux surface (ZFS) at the union of the atomic surfaces. We are interested in the
virial of the force H13 and H20 exert on each other, Vs(H13IH20), giving an indication of
the energy released when the interatomic surface is formed. This inter-atomic potential
energy is shown in Table 3.2, and is highly stabilizing by —22.76 kcal-mol™.
Vs(H13IH20), as well as similar analyses of other intramolecular interactions are shown in
Figure A4 in Appendix A.

Lastly we consider the atomic net charge, q(H13). The charge shown in Table 3.2 is
relative to the perpendicular non-interacting conformer, ®(1) = 90°. The net charge of
H13 in this conformer is +0.0295 e and decreases by —0.0092 e to +0.0203 e in the s-cis
conformer. Figure 3.6a shows the relative changes of all hydrogens on one pyridine ring,
indicating that the only H13 undergoes any significant change in charge. H13 (and H20)
gains significant electron density as the CHeesHC interaction is formed. In addition,
Figure 3.6b shows that for regions of d(H13eseH20) < 2.500 A electron density is
deposited significantly in H13 and H20.
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Table 3.2. Theoretical descriptors of the CHee*HC interaction in BPy

QTAIM IQA ETS-NOCV NCI

(1) d(HH) | p(BCP) p(RCP) Vs(H13IH20) Aq(H13)* | EGHeesHC yLHeesHC  yCHeseHC AEor (QplheHC  (+)pLlLreHC

Deg. A au au kcal-mol* e kcal-mol* kcal-mol? kcal'mol* | kcal-mol? au au
0 (Cis) 2.009 0.01229 0.01119 -22.76 -0.00916 -3.03 -0.05 -2.97 -1.45 -0.01228 0.01120

10 2.041 0.01190 0.01113 -22.06 -0.00803 -2.81 -0.08 -2.74 -1.34 -0.01189 0.01114
20 2.130 0.01089 0.01074 -19.06 -0.00611 -2.30 -0.11 -2.18 -1.16 -0.01089 0.01074
30 2.257 -0.00403 -1.67 -0.11 -1.55 -1.01 -0.00968 0.00976
40 2.410 -0.00233 -1.13 -0.12 -1.01 -0.85 -0.00834 0.00854
50 2.593 -0.00130 -0.70 -0.13 -0.58 -0.74 -0.00658 0.00714
60 2.805 No Bond Path -0.00071 -0.43 -0.15 -0.28
70 3.046 -0.00043 -0.29 -0.17 -0.12
80 3.302 -0.00021 -0.24 -0.19 -0.05
90 3.555 -0.23 -0.21 -0.02

2 Relative to ®(1) = 90°
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These observations are again unexpected if the hydrogens were indeed clashing —
electron density would’ve been removed from these atoms in order to (i) lessen the
deformation caused by a decrease in atomic volume (as shown in Table B5 and Figure B1
of Appendix B) and (ii) lessen the effect of close electron-electron repulsions. The
changes in q(H13) from ®(1) = 90° to ®(1) = 180° is related to the formation of a CHe**N
interaction and will be discussed in Section 3.3, but already it is clear that the nature of
these two interactions with regards to the electron population of the involved H-atoms is

very different.
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Figure 3.6. Atomic net charges of hydrogen atoms, (a) relative to the ®(1) = 90° conformer and
(b) as a function of the interaction distance.
IQA. Table 3.2 shows the CHesHC interaction energy, Ef ¢, as well as the

partitioning of the interaction energy into the inter-atomic electrostatic (or classical)

potential, V***f¢ and the inter-atomic quantum exchange potential, V¢ " *H¢. The

exchange energy is always negative, as expected, but increases in value from almost 0
kcal'mol™? in s-trans to —2.97 kcal'mol™? in s-cis, showing the quantum mechanical
stabilization resulting from electron delocalization when the CHee*HC interaction forms.
Interestingly, the electrostatic potential is also close to zero, and even a little bit stabilizing
(-0.05 kcal'mol™) in s-cis. Lastly, the summation of the classical and exchange terms
gives Efi***ACwith a value of —3.03 kcal'mol® in the s-cis conformer. Clearly, the
interaction between particles of H13 with particles in H20 is stabilizing, and is quantum

mechanical in origin.

ETS-NOCV. The relevant NOCV-based deformation density for the CHeeeHC
interaction is shown in Figure 3.7. The deformation density is stabilizing by AEorm(8) = —
1.45 kcal'mol ™. Electron density is accumulated preferentially in the inter-nuclear region,

depleted in the non-bonding regions (the areas in H13 and H20 outside of the inter-nuclear
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region) and in C3-C4 and C9-C10 bonds. Therefore, charge originating from
neighbouring carbon atoms is transferred into the CHeeeHC bonding region, forming a
stabilized channel between the interacting atoms. This picture is concurrent with the
QTAIM results (with the electron accumulation mimicking an AIL) as well as IQA results

(stabilizing interaction energy and stabilizing orbital interaction energy).

H20 H13

Figure 3.7. NOCV deformation density describing the CHe**HC interaction in the s-cis conformer
of BPy. Aps, AEn(8) = —1.45 kcal-mol™?, isovalue = 0.0007 au. Red-coloured regions show
electron depletion, and blue-coloured regions show electron accumulation.

NCI. Figure 3.8a shows isosurfaces of the reduced density gradient (RDG), coloured
with the value of sign(A2)p(r), for the region describing the CHeesHC interaction. The
interatomic region (between H13 and H20) is characterised by a local density
concentration (coloured blue). In addition, there is a region of density depletion (coloured
red) adjacent to the region of concentration, but it is located within the ring formed by
C12, C3, H13, H20, C10 and C11. The regions of concentration and depletion corroborate
with the positions of the QTAIM-defined BCP and a RCP, respectively. This is not
surprising - a RCP is defined by two positive eigenvalues of the Hessian matrix, A2 and A3,
and will thus appear as a region of depletion in the A2-centric NCI analysis. There is no
NClI-based evidence of the inter-atomic region between these two H-atoms being strained
due to high electron-electron or “Pauli-” repulsions (a depletion in electron density would

have had to be observed).
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Figure 3.8. (a) NCI isosurface of RDG coloured with the value of sign(A2)p(r). Isosurface = 0.5.
(b) NCI-Plot of RDG against sign(A2)p(r).

An NCI-plot of the RDG as a function of sign(A2)p(r) for the CHeeHC interaction is
shown in Figure 3.8b. Two troughs are visible, corresponding to the concentration region
between the diatomic interaction and the depletion region related to the polyatomic ring, as
discussed above. The value of sign(A2)p(r) where the RDG in each trough approaches zero
is known as NCI Interaction Critical Points (ICPs)[’?. The values of both ICPs,
Lt and (+)pL*HE, are shown in Table 3.2. For ®(1) < 20, the values of
|()p 5 HC| correspond almost perfectly to the values of pgce(CHes*HC) — 0.01228 and
0.01229 au at d(1) = 0°, respectively. Similarly so for the values of (+)p L **H¢ and the
values of prcp(C12,C3,H13,H20,C10,C11). An interesting observation relates the values
of both ICPs to the presence of an AIL. For an AIL to exist topologically, the density at a
BCP must be larger than the density at an RCP. In NCI terms, |(-)pjes| must be larger
than (+)pf,. For ®(1) > 30°, no AIL is present and therefore no BCP or RCP. However,
NCI still show regions of concentration and depletion - now corresponding to a pseudo-
BCP and pseudo-RCP, respectively. As expected, for these regions (+)p55="H¢ is larger
than |(-)p<L*H¢| - hence the disappearance of the topologically-defined AIL. This topic
will be fully explored in Section 3.4. Lastly, it should be shown that the strength of the
ring (as measured by (+)p<fL**HC) increases with the strength of the intramolecular

interaction (as measured by (-)p&h**HC) - an observation made beforel”>7°],

In conclusion, we have shown in this section that the electron density between
supposedly clashing H--H contacts in BPy is in fact significantly concentrated in the
bonding region and results in a stabilizing interaction which is quantum mechanical in

nature.
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The next section will perform similar analyses on the N--N interaction in s-cis, as well

as the CHee*N interactions in S-trans.
Comparison with other close contacts in BPy

N--N Interaction. Figure 3.5 shows the molecular graph for the s-cis conformer.
Clearly, no AIL between N1 and N2 is seen - no bridge of concentrated maximum density
links these two atoms. The net charge of N1 in s-cis relative to ®(1) = 90°, Aq(N1), is
shown in Table 3.3 and plotted as a function of the inter-nuclear separation in Figure 3.9.
The net charge increases (becomes less negative) from —1.5276 e in ®(1) = 90°, to -1.5143
e in ®(1) = 00°. N1 therefore loses electrons as it comes into close-contact with N2. This
is the opposite trend than what is seen in the CHee*HC interaction (Figure 3.6b), and is
what is expected for a truly repulsive interaction - electron density is withdrawn from the

interacting same atoms in order to reduce unfavourable electron-electron repulsion.

IQA data for the N--N interaction is collected in Table 3.3. Although there is a
significant exchange stabilization (-8.51 kcal'‘mol™ in s-cis), the interaction is overall
highly repulsive (+255.60 kcal'-mol ™) because of very large electrostatic repulsion term
(+264.11 kcal'mol™?). More enlightening though, is the relative interaction energy as the
interaction is still very repulsive even at large separations - EN; N increases by +20.59
kcal'mol ™ from 235.01 kcal'mol ™ in ®(1) = 90° going to S-Cis.
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Figure 3.9. The net charge of N1 as a function of the inter-nuclear distance. d(N1--N2) decreases
as @(1) = 90° is changed to ®(1) = 00° (cis).
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Table 3.3. Theoretical descriptors for N--N interaction in BPy

QTAIM IQA ETS-NOCV NCI
(1) d(N1,N2) pscp prer Vs(N1IN2)  q(N1)* Efe ™™ vV AEor Oeics ™ poicp ™
Deg. A au au kcal-mol* e kcal-mol*  kcal-mol* kcal-mol* kcal-mol? au au
0 (Cis) 2.711 0.01332 255.60 264.11 -8.51 -2.27 -0.01407 0.01447
10 2.722 0.01285 255.21 263.49 -8.28 -2.00 -0.01384 0.01425
20 2.747 0.01189 254.28 262.03 -7.76 -2.19 -0.01297 0.01340
30 2.782 0.01075 252.91 259.98 -7.07 -2.37 -0.01148 0.01217
40 2.828 0.00919 251.08 257.30 -6.22 -2.47 -0.00990 0.01087
50 2.882 0.00720 248.87 254.19 -5.32 -2.46 -0.00792 0.00935
60 2.946 0.00508 246.06 250.43 -4.36 -2.36
70 3.015 0.00312 242.81 246.27 -3.47 -1.94
80 3.088 0.00126 239.16 241.85 -2.69
90 3.163 No Bond Path 0.00000 235.01 237.07 -2.06
100 3.238 -0.00074 230.67 232.28 -1.61
110 3.310 -0.00065 226.16 227.47 -1.31
120 3.377 -0.00057 222.01 223.14 -1.13
130 3.437 -0.00034 218.22 219.26 -1.04
140 3.488 -0.00082 215.26 216.25 -0.99
150 3.530 -0.00122 212.85 213.82 -0.97
160 3.561 -0.00199 211.16 212.11 -0.95
170 3.580 -0.00257 210.22 211.16 -0.94
180 (Trans) 3.587 -0.00295 209.78 210.72 -0.94

@ Relative to ©(1) =90°
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Figure 3.10. NOCV deformation density describing N--N interaction. Ap(7), AEom(7) = -2.27
kcal'mol?, Isosurface = 0.0003 au.

Finally, Figure 3.11a shows the RDG isosurface coloured with sign(A2)p(r) describing
the N--N region in s-cis, and the corresponding NCI-plot in Figure 3.11b. Superficially,
NCI shows similar results as CHeesHC in Figure 3.8 - a region of concentration is
neighboured by a region of depletion (Figure 3.11a) and the NCI-plot shows two almost
identical troughs (Figure 3.11b.). However, closer inspection reveals that, unlike for the
CHe++HC interaction, the region of depletion is located in the inter-nuclear region and the
region of concentration is located outside the inter-nuclear region. NCI thus show a clear
region of steric strain in the valence region for the N--N interaction, consistent with the
observation that charge is removed from N1 and N2 when the N--N interaction is formed.
The region of concentration is either a topological consequence of the inter-atomic
depletion, or it is a concentration as a result of quantum exchange between the two lone-
pairs. Table 3.3 shows the sign(A2)p(r) value for each ICP trough. Since the values of
each ICP for CHe**HC corresponded perfectly with the values of pscp and prcp, We assume
here that the concentration ICP (-)pN:»" represents a pseudo-BCP, and the depletion peak
(+)pN:5N a pseudo-RCP. Since in this case the (+)pN-p~V is related to interatomic strain
rather than a pure polyatomic ring effect, it is unlikely that an AIL will ever form as it will
be very highly strained. It is then unsurprising that, unlike for the CHe**HC interaction in
s-cis, the depletion ICP is larger in absolute value than the concentration ICP. This
observation holds throughout conformers of all values of ®(1) and is the reason why no
topologically-defined BCP and RCP for the N--N interaction are present in any of the

conformers.
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Figure 3.11. (a) NCI isosurface of RDG coloured with the value of sign(A2)p(r) for the N--N
interaction. Isosurface = 0.5. (b) NCI-Plot of RDG against sign(A2)p(r) for the N--N interaction.

CHbee*N Interaction. Figure 3.12 shows the molecular graph for the s-trans conformer.
Like N--N, no AIL is seen between N1 and H20 or N2 and H13, even though the inter-
nuclear distance for each of these interactions is 2.487 A, well within the sum of the
interacting atoms’ van der Waals radii (2.75 A)["Y. The atomic net charges (relative to
®(1) =90°) for both N1 and H20 are displayed in Table 3.4. N1 has an atomic net charge
of —1.52764 e at (1) = 90°, and becomes more negative by —0.00295 e to —1.53059 e in s-
trans. H20, on the other hand, becomes more positive by +0.02236 e from +0.02951 e in
®(1) =90° to +0.05187 e in s-trans. The change in net charge for these atoms, relative to
®(1) = 90°, is displayed in Figure 3.13. Therefore, electron density is accumulated in the
N1 and N2 atomic basins, whilst being depleted from the H13 and H20 basins. This
observation can be explained by electrostatics - the interacting H- and N-atoms are
positively and negatively charged, respectively. Therefore, we expect (and find - see IQA
results below) an electrostatic interaction between these two atoms, which will be
facilitated if the H-atom becomes more positive and the N-atom more negative. This
observation is also in line with Popelier and Koch’s criteria for hydrogen bonding[’®, but
since no AIL is present between these atoms, we cannot state (at least according to

Popelier and Koch’s criteria) that the CHe**N interaction is a true H-bond.
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Figure 3.12. Molecular graph for the s-trans conformer.
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Figure 3.13. Change in atomic net charge, relative to ®(1) =90°. The blue line shows Aq(N1),
whilst the red line shows Ag(H20).

The IQA results for the CHes*N interaction is shown in Table 3.4. E5H***N is negative
and equal to —7.42 kcal'mol™? in s-trans. The largest contributor is the electrostatic
interaction, V&7***Y with a stabilization of —5.29 kcal'mol™*. However, the exchange
energy, VEH**N is also contributing significantly, with a value of —2.13 kcal'‘mol™. The
electrostatic portion of this interaction is even present in s-cis, with a value of —1.78
kcal-mol* and therefore becomes more stable from s-cis to s-trans by —3.51 kcal-mol .
CHee*N, like CHe*HC, is thus an attractive interaction, but whereas CHe**HC is quantum

mechanical in nature, CHe**N is predominantly an electrostatic interaction.
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Table 3.4. Theoretical descriptors for CHeeeN interaction in BPy

QTAIM IQAP ETS-NOCV NCI
(1) d(N1,H20) | pece PReP Aq(N1)*  Aq(H20)* | ELN  ygiv o g AEor Oeler™  piep ™
Deg. A au au kcal-mol? e kcal'-mol*  kcal-mol*  kcal-mol? kcal-mol* au au
0 (Cis) 4.075 0.01332 -0.00916 -1.80 -1.78 -0.02

10 4.056 0.01285 -0.00803

20 4.009 0.01189 -0.00611

30 3.950 0.01075 -0.00403

40 3.878 0.00919 -0.00233 -2.27 -2.24 -0.03

50 3.798 0.00720 -0.00130

60 3.704 0.00508 -0.00071

70 3.595 0.00312 -0.00043

80 3.471 0.00126 -0.00021

90 3.336 No Bond Path 0.00000 0.00000

100 3.194 -0.00074 0.00046

110 3.052 -0.00065 0.00144 -2.52

120 2.918 -0.00057 0.00312 -3.36

130 2.797 -0.00034 0.00580 -3.77 -0.00751 0.00821
140 2.690 -0.00082 0.00954 -4.03 -0.00962 0.01008
150 2.604 -0.00122 0.01385 -4.31 -0.01113 0.01137
160 2.540 -0.00199 0.01827 -4.60 -0.01238 0.01251
170 2.500 -0.00257 0.02147 -4.80 -0.01326 0.01333

180 (Trans) 2.487 -0.00295 0.02236 -7.42 -5.29 -2.13 -4.86 -0.01350 0.01360

2 Relative to ®(1) = 90°. * Only conformers for ®(1) = 0°, ®(1) = 40° and ®(1) = 180° were calculated due to the high cost of IQA calculations.
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Relevant NOCVs for the CHeeeN interaction is displayed in Figure 3.14. The
interaction is generally described by two different deformation densities - one pertaining to
an induced electrostatic interaction, where density is depleted on H but accumulated on N
(Ap(6), Figure 3.14a), and one deformation density showing electron sharing, similar to
what was seen for N--N and CHessHC (Ap(8), Figure 3.14b). Ap(6), the electrostatic
NOCV-pair, is always more stabilizing with AEom(6) = —1.95 kcal-mol™ per interaction in
s-trans. The second NOCV-pair, Ap(8), shows an orbital stabilization of AEom(8) = —0.48
kcal-mol ! per interaction. Together they give the overall stabilization from orbital mixing,
AEor(CHe+*N) = —2.43 kcal'‘mol ™ per interaction. The electrostatic deformation density
reflects the same results that the atomic net charges showed - electron density is withdrawn
from H13 and H20, but accumulated in N1 and N2. The accumulation of density is also
shared across the C11-C12 bond, similar to the NOCVs describing N--N. The electron-
sharing deformation density shows a more defined path, with electron density coming
mostly from the nitrogen atom. The situation is the most defined in Figure 3.14c, for ®(1)
= 140°. Here we see a clear exchange channel, with electron density being depleted from

outside the inter-nuclear region and accumulated within it.

“bH20 * N1

Figure 3.14. NOCV deformation densities for CHe**N interaction. (a) Ap(6), AEom(6) =—-3.90
kcal-mol ™, Isosurface = 0.0002 au, s-trans. (b) Ap(8), AEom(8) =—0.96 kcal-mol?, Isosurface =
0.00004 au, s-trans. (c) Ap(9), AEom(9) = —0.68 kcal'-mol™, Isosurface = 0.0001 au, ®(1) = 140°.

60

© University of Pretoria



&
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

@ YUNIBESITHI YA PRETORIA

Finally, NCI plots and RDG isosurfaces for the CHee*N region in s-trans are shown in
Figure 3.15. As for the CHeesHC interaction, no steric hindrance is seen. Instead, a
concentrating pseudo-BCP and a depleting pseudo-RCP is seen, with (-)p&hN = -
0.01350 au and (+)p5 "N = 0.01360 au. Like N--N, (+)ph*N is slightly larger in value
than (+)p 5 **N. This supports our hypothesis that an AIL is only formed when |(-)pfi5,| >

(+)pf5,.. Again, these observations will be discussed fully in Section 3.4.

(b) 1
08

06

RDG

04

02

0 1 1 1 1 : 1 1 1 1 1
-0.1 -0.08-0.06-0.04-0.02 0 0.02 0.04 0.06 0.08 0.1

-0.90

Sign(A)p / au

-1.50

Figure 3.15. (a) NCI plots of RDG and Azp for CHe**N interactions in trans. (b) Corresponding
isosurfaces of the RDG coloured with Azp, with an isovalue of 0.5 au.

In conclusion, we have shown in this section that the CHee*N and N--N interactions in
BPy are indeed attractive and repulsive, respectively, as what has been expected from the
literature®>-°,  Both interactions are electrostatic in nature, but show some degree of
orbital mixing/electron exchange stabilization. However, no AIL is seen for either of the
interactions. In addition, electron density is concentrated in the bonding region of CHee*N

but depleted in the inter-nuclear region of N--N.

Clearly, three similar but different in nature intra-molecular interactions are present in
the different conformers of BPy. The next section will focus on the interpretation of the
AIL, and how NCI, IQA and inclusion of the Pauli deformation density in ETS-NOCV
analysis can be used to fully distinguish these interactions on a physical and chemical

meaningful basis.
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Classification of intramolecular interactions in BPy

Inclusion of Pauli deformation density in ETS-NOCV analysis. The Pauli
deformation density — the difference between orthogonalized Pauli density, p°(AB), and
the combined fragment density, p(A) + p(B), gives an indication of the density
rearrangements associated with enforcing the Pauli Exclusion Principle. Therefore, the
Pauli deformation density for any close interaction will usually show depletion in the inter-
nuclear region, due to the proximity of overlapping orbitals in the separate fragments.
Figure 3.16a shows the total Pauli deformation density for s-cis. Clearly, the three points
of close contact resulting from the fragmentation scheme used (Figure 3.2) - C12--C11,
N1--N2 and H13--H20 - resulted in very large density depletion in the internuclear regions

due to enforcing the Pauli Exclusion Principle on overlapping promolecular densities.

Whereas the Pauli-step in the ETS-scheme removes electron density from the
internuclear region, performing a minimization on p° generates the orbital deformation
density (Aporp = p(AB) — p°(AB) or the difference from the final SCF-minimized
density and the Pauli-density, details are given in Chapter 2, section 2.4) and results in the
final, lowest energy density, p. The orbital-mixing step usually accumulates significant
density in the internuclear regions of bonds and interactions which can accommodate
orbital mixing - mixing occupied and virtual as well as occupied with occupied orbitals to
produce the final wavefunction. The total Apor for s-cis is shown in Figure 3.16b.
Electron density is now donated into the bonding or internuclear regions of each

interaction.

Combining Apory and Appaui gives the net Pauli and Orbital deformation density,
Apner = Appauii + Aporp, @nd can be used to show whether the local removal of density
in the Pauli-step is greater than the local accumulation of density in the Orbital-step for
any given interaction. Alternatively, Apnet can be interpreted as the comparison of the
density in the final wavefunction to the minimum densities of the non-interacting
promolecular fragments. To aid interpretation, the localized NOCV deformation densities
can be used for a given interaction instead of the total orbital deformation density, yielding
the net Pauli and NOCV deformation densities, ApNet(Y--X) = Appauii + Bporp (Y--X)

(unfortunately no localization scheme exists yet for the decomposition of Appauli).

Apye:(C-C) for the junction C11-12 bond is shown in Figure 3.16c, illustrating that
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formation of the covalent C—C bond results in electron density accumulated in the inter-
atomic bonding region while density is removed in the non-bonding regions within the
rings, as expected. Apye;(CHeeeHC) for the CHee*HC interaction is shown in Figure
3.16d. When compared to Appauii in Figure 3.16a or to Apom(CHe**HC) in Figure 3.7, it is
very clear that, while the Pauli-step removes density from the CHe+sHC bonding region
(indicated by a yellow dashed line in Figure 3.16d), the Orbital-step (localized via
NOCVs) accumulates significantly more density in the same region. The net result is that
orbital mixing for the CHe+sHC interaction is dominant to the removal of density due to
satisfying the Pauli Exclusion Principle, and the final electron density shows accumulation
in the bonding region. Lastly, Figure 3.16e shows ApNet(N--N). Again, orbital mixing
reduces the density depletion occurring from the Pauli step. However, unlike the CHeesHC
interaction, in the inter-nuclear region of N--N (indicated by a green dashed line in Figure
3.16e), more density is removed because of the Pauli-step than density accumulated
because of orbital mixing. The only region where orbital mixing is the dominant effect for
N--N is outside the inter-nuclear region, in the lone-pairs of each N. Clearly, the N--N
interaction shows significant steric strain, a result of the Pauli Exclusion Principle and two

close electron-rich N-atoms.

Figure 3.17 shows the total Pauli, total Orbital and total net Pauli-Orbital deformation
for s-trans. The electrostatic nature of this interaction is now perfectly visible - density is
depleted in the H20 and H13 basins (because of orbital deformations) and accumulated in
N1 and N2. Orbital effects play the dominant role for this interaction and thus no strain or
“Pauli repulsion” is visible in the density distributions. Yet unlike the net Pauli-NOCV
deformation for the CHe+*HC interaction in Figure 16¢, no channel of electron flow is seen

for the CHee*N interaction.
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®

H13 H20 H13 20

Figure 3.16. Pauli, Orbital and net deformation densities in s-cis BPy. Green and yellow dashed
lines indicate the N1,N2 and H13,H20 geometric interatomic vectors, respectively. All isosurfaces
at 0.00025 au.. (a) Total Pauli deformation, Appaui. (b) Total Orbital deformation, Apom. (C) Net
Pauli-NOCV deformation for the C11-C12 bond, Apne(C11-C12). (d) Net Pauli-NOCV
deformation for the H13++¢H20 interaction, Apnei(H13+2eH20). (e) Net Pauli-NOCV deformation
for the N1--N2 interaction, Apnet((N1--N2). (f) Total net Pauli-Orbital deformation , Apnet.
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Figure 3.17. Pauli, Orbital and net deformation densities in s-trans BPy. Green dashed lines
indicate the N1,H20 and N2,H13 interactions.. All isosurfaces at 0.00025 au. (a) Total Pauli
deformation, Appaui. (b) Total Orbital deformation, Apor. (C) Net Pauli-NOCV deformation for
the CHee*N interaction.

Bond Paths as privileged exchange channels. The three different intramolecular
interactions present in s-cis and s-trans forms of BPy are similar in only one account:
electrons are shared quantum mechanically across the interacting atomic basins. However,
since the exchange interaction energy will always be negative, it is difficult to gauge
whether V4B for a given interaction is the result of significant spin coherence (as in the
case of a classical covalent bond) or just the result of two atoms in a non-interacting close

contact showing marginal exchange stabilization.

The differences between the CHee*HC, CHe**N and N--N interactions are illuminating:
i) the inter-atomic interaction energy is attractive for the CHeesHC and CHee*N
interactions, but repulsive for the N--N interaction, ii) CHe**N and N--N interactions are
electrostatic in nature (either electrostatically attractive or repulsive, respectively) whereas
the CHe+*HC interaction is quantum mechanical in nature, iii) NCI shows no steric strain
for the CHee*HC and CHe**N interaction, but depletion in the inter-nuclear region for the
N--N interaction, iv) the net Pauli and orbital deformation density shows that only for the

CHe+eHC and CHee*N interactions is the charge accumulation in the bonding region
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greater than the charge depletion due to the Pauli Exclusion Principle (although for the
CHee*N interaction, no electron flow channel is seen in the net Pauli-NOCV deformation
density), and v) an AIL is present only for the CHeeeHC interaction. The last point is of
particular importance - AlLs are present for all classical chemical bonds, whether they are
covalent organic bonds (usually with repulsive EZ?), coordination and hydrogen-bonds
(usually [VAB| > [VAB|) or any other, recognized bond. In fact, Bader suggested that the
presence of a bond path (AIL) indicates that atoms are bonded™®. Why then does a bridge
of maximum density only appear for the CHes*HC interaction when fairly large exchange
stabilization is seen (for all three interactions), and in the case of CHee*N and CHessHC
interactions, no steric strain in the bonding region is apparent and attractive interaction
energies are seen? In order to understand the nature of the AIL better, Pendés et al showed
that AlLs can be interpreted as privileged exchange channels - quantum-mechanical
exchange channels which signal preferred interactions (in relation to neighbouring,
competing interactions) 61, They showed that such channels always stabilize the
interaction, but are not dependent on the nature of the interaction (whether quantum
mechanical or electrostatic) nor are they an indication of the overall binding energy
between two atoms (which takes into account the induced changes within atomic basins as

well, Eg%7). Tognetti and Joubert added further proof that AILs indeed signal

privileged exchange channels by showing that the exchange energy or delocalization
indices of a primary interaction of interest (with an AIL present) is greater than the
delocalization of competing secondary interactions (without any AILS). We decided to
follow their approach to further understand the fundamental differences between the
CHe++HC, CHe**N and N--N interactions in BPy.

Following Tognetti and Joubert’”], the primary and secondary exchange channels for
the interactions of interest are shown in Figure 3.18. The delocalization indices for each

possible exchange channel, as well as the ratio of primary and greatest secondary exchange

channels (8 = %) are shown in Table 3.5.
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Figure 3.18. Possible competing exchange channels for CHessHC and N--N in a) s-cis, and
CHee*N in b) s-trans. Green dashes and red dots indicate primary and secondary exchange
channels, respectively.

The primary and greatest secondary exchange channels for each intramolecular
interaction are plotted as a function of ®(1) in Figure 3.19. It can be clearly seen from
Figure 3.19a that when the DI for the primary exchange channel is significantly greater
than for its competing neighbours, such as for the CHee*HC interaction, an AIL is seen (3
> 1.20). For the N--N interaction, in the region close to the s-cis conformer, the
delocalization for the primary channel exceeds that of the greatest secondary channel, but
only marginally (B = 1.04). This is in accordance with the results by Tognetti and
Joubert!l”1 where they have observed a region of indeterminacy for competing exchange
paths where an AIL might or might not form. Finally, the primary channel of the CHes*N
interaction approaches but never exceeds the delocalization of the greatest secondary
channel, and consequently no AIL is seen. Therefore, we can conclude that only the
CHe++HC interaction can form privileged exchange channels. In light of our results from
Sections 3.2 and 3.3, we can interpret this observation as follows: despite the presence of
concentrated electron density in the bonding region of the CHee*N interaction (From NCI
and ETS-NOCV results, Figures 3.15 and 3.14), electron exchange stabilization is still
greater for other competing interactions (such as N1--C11, or N1--C10) than for the
interaction of interest. For the N--N interaction, electron density is depleted in the inter-
nuclear region (Figures 3.11 and 3.10) and it is thus expected that electron exchange
stabilization is greater for competing interactions. On the other hand, CH,HC groups in
BPy preferentially delocalize electrons across the CHee*HC interaction than in between
other neighbouring interactions, consequently forming a bridge of maximal electron

density between these atoms - a bond path.
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Table 3.5. Primary and secondary exchange channels for intramolecular

interactions in BPy

Interaction d(1) DI Primary? DI Secondary? B =DlIy/DIP
CHe+HC H13,H20 C10,H13
0 0.0224 0.0146 1.54
10 0.0208 0.0146 1.43
20 0.0171 0.0142 1.20
30 0.0127 0.0133 0.95
40 0.0086 0.0120 0.72
50 0.0053 0.0103 0.51
N--N N1,N2 N1,C11 N1,C7
0 0.0792 0.0763 0.0025 1.04
10 0.0776 0.0764 0.0025 1.02
20 0.0738 0.0770 0.0025 0.96
30 0.0687 0.0780 0.0025 0.88
40 0.0623 0.0795 0.0025 0.78
50 0.0552 0.0812 0.0024 0.68
CHe**N N1--H20 N1-C10 C12-H20 C6--H20

180 0.0369 0.0408 0.0040 0.0010 0.90
170 0.0357 0.0406 0.0040 0.0010 0.88
160 0.0325 0.0395 0.0044 0.0009 0.82
150 0.0280 0.0380 0.0049 0.0008 0.74
140 0.0227 0.0357 0.0055 0.0007 0.64
130 0.0173 0.0328 0.0062 0.0005 0.53

aDI refers to the delocalization index

, within the theory of QTAIM, in atomic units. Identical

secondary exchange channels (due to symmetry) were omitted.

®The ratio of the primary DI and the greatest secondary DI, in this case always given by the first
column of secondary DI. The region of ®(1) (0° < ®(1) <20°) where an AIL is seen for the

CHe+*HC interaction is in bold.
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Figure 3.19. Delocalization indices for primary and greatest secondary exchange channels
in @) CHes*HC, b) N--N and c) CHeesN. Blue graphs indicate the primary exchange
channels, whereas red graphs show the secondary exchange channels. The value for ®(1)
(®(1) = 20°) where a CHe+sHC AIL first appears is indicated as a green vertical line on a).
In order to better understand and explain this phenomenon, we suggest a new diagnostic
based on the ICP values from an NCl-plot. For each intramolecular interaction in BPy we
observe two troughs on a corresponding NCI-plot - one with a negative value of /2,
indicating a region of concentrated density, and one with a positive value of 1>, indicating
a region of depleted density. In Sections 3.2 and 3.3 we showed that the values at the
bottom of each trough, (-)pfi5 and (+)p;es, correspond to a BCP (or pseudo-BCP) and a
RCP (or pseudo-RCP), respectively. We also observed that an AIL only appears when |(—
05| > (+)pfis,, which only occurs for the CHes*HC interaction in conformers with ®(1) <
20°. In other words, when the density at the point of greatest concentration (BCP or
pseudo-BCP) is greater than the density at the point of greatest depletion (RCP or pseudo-
RCP), an AIL is seen. This purely phenomological statement is in line with the topology
of the electron density if the Poincaré-Hopf relationship (which relates the number of

RCPs to the number of BCPs) is satisfied!. However, since an AIL can also be
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interpreted as a privileged exchange channel, the topological criteria (|(-)pits| > (+)pfes
and relative values of the density at BCPs and RCPs can be viewed in a new light: the
density that is concentrated at a (-)p;i5 must be significant enough to overcome the effects
of nearby density (including electron-electron effects such as the Pauli Exclusion
Principle) resulting from every other atom in the ring at the exact same point. The

following discussion provides evidence for this hypothesis.

Figure 3.20b-d shows the electron density as it changes along the vector defined by the
junction BCP(C11,C12) and the NCl-defined ICP’s, (-)pf5 and (+)p/5, for each
interaction. Such a vector is shown graphically for the CHee*HC interaction in Figure
3.20a. This analysis illustrates perfectly the local density changes which lead to the
presence of density concentrations and depletions defined by the eigenvector A2 in the
NCl-analyses. In addition, the partial second derivative of the density with the change in r
(in A2), shown in Figure B2 in Appendix B, can be used to pinpoint where the regions of
depletion end and the regions of concentration begin. Figure 3.20b shows the density
changes for the CHes*HC interaction. Two clear peaks can be seen, a local minimum
corresponding to (+)p L **H¢ and local maximum corresponding to (-)p5*f¢. In this
case the density at (-)pt**f¢ is strong enough to overcome the density resulting from the
other bonds of the enclosed ring, thus |(-)pZh*H¢| > (+)pt*H¢ and an AIL is formed.
The region of depletion is a topological effect caused by the increased density at
()pfr"HC  The atomic interaction line (dashed green line in Figure 3.20a) crosses the A2
eigenvector within a region of concentration, showing that there is no steric strain for this
interaction. Figure 3.20c shows the density changes for the CHee*N interaction. Here the
region of concentration is not strong enough to overcome the natural density falloff
resulting from neighbouring atoms, and electrons will rather delocalize among other atoms
of the ring than in the CHee*N interaction. In this case, |(-)p b *"N| < (+)p5*N, resulting
in no critical points and no AIL. As for the CHeesHC interaction, the depletion is a
topological effect from the increased density at (—)piL**N. The atomic interaction line
lies within a region of concentration, indicating no steric strain. Lastly, Figure 3.20d
shows the density changes for the N--N interaction. Unlike the CHeesHC and CHee*N
interactions, the atomic interaction line now lies within a region of depletion, indicating a
degree of steric strain in the bonding region. Here the density falloff resulting from
neighbouring atoms and bonds is almost unperturbed, resembling the typical exponential

decay of the electron density. |(-)plp~N]| is significantly smaller than (+)pNp =V
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Figure 3.20. (a) NCI isosurface of CHeesHC interaction, with the blue line showing the A»
eigenvector from BCP(C11,C12) through (+)p$ts=*H¢ and (9)pft *H¢ and the red line showing
the interatomic vector for H13 and H20. (b)-(d) The electron density as it changes along the 1,
eigenvector for (b) CHes*HC, (c) CHe**N and (d) N--N interactions. The red line shows the end of
the region of depletion, the blue line the end of the region of concentration and the dashed green
line shows where the interatomic vectors crosses the A, eigenvector.

We propose a new indicator, the ratio of |(5)pf5| / (+)pje and called henceforth the
privileged exchange index (PEI), which is a degree of the significance of the exchange
stabilization of an intramolecular interaction. When PEI > 1, an AIL will be present, the
interaction will be privileged, and the quantum mechanical component of the interaction
will be significant with regards to the interacting atoms and the local chemical
environment. When PEI < 1, no AIL will be present, the interaction will not be privileged
and the exchange stabilization of the interaction will be comparable to the exchange

between neighbouring (non-bonding) interactions.

The PEI is able to differentiate the three intramolecular interactions more completely.
Table 3.6 shows the PEI for the three intramolecular interactions in BPy. As expected, the
PEI is larger than 1 for the CHessHC interaction when ®(1) < 20° - when an AIL is
present. In this region, electrons in H13 are more likely to delocalize in H20 and C3 than
in other atoms of the ring and the exchange energy of the interaction is significant for the

involved atoms. For both CHe*sN and N--N interactions, the PEI approaches but never
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reaches 1. Electrons in N1, for instance, will prefer to delocalize among other atoms of the
rings (such as C11 or C10) than N2 or H20 - hence larger density at the pseudo-RCP than
the pseudo-BCP. The CHeesN and N--N interactions are thus truly only electrostatic
(attractive and repulsive, respectively) in nature, with a non-interacting quantum
component (the exchange energy of these interactions are the result of atoms in close
contact as opposed to the preferential accumulation of electron density in classical bonds).
On the other hand, the CHe**HC interaction is truly a quantum mechanical interaction - the
concentration of electron density in the inter-nuclear region resulting from exchange
stabilization (spin-pairing) is a significant and effect and a product of a bonding

interaction.

Table 3.6. NCI comparison for intramolecular interactions in BPy

Interaction  &(1) (HpiE  (+)pil,  PEPR
deg au au

CHes*HC 0 -0.01228 0.01120 1.10
10 —-0.01189  0.01114 1.07
20 —0.01089  0.01074 1.01
30 —0.00968  0.00976 0.99
40 —0.00834  0.00854 0.98
50 —-0.00658  0.00714 0.92

N--N 0 —-0.01407  0.01447 0.97
10 —0.01384  0.01425 0.97
20 —-0.01297 0.01340 0.97
30 —-0.01148  0.01217 0.94
40 —0.00990 0.01087 0.91
50 —0.00792  0.00935 0.85

CHee*N 180 -0.01350 0.01360 0.99
170 -0.01326  0.01333 0.99
160 -0.01238 0.01251 0.99
150 -0.01113  0.01137 0.98
140 -0.00962  0.01008 0.95
130 -0.00751  0.00821 0.91

apE| = [Oeicel

iz ! the privileged exchange index. Values larger than 1, and where an AIL is
Icp

present is shown in bold.

This section has added weight to the importance of an AIL or bond path. According to

our interpretation, the quantum mechanical exchange is only significant and indicative of a
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bonding quantum interaction if i) the interaction is privileged - the delocalization for the
primary interaction is greater than the delocalization of secondary competing interactions,
and ii) the accumulation and concentration of density in the inter-nuclear region resulting
from the exchange in the intramolecular interaction is greater than the residual density
resulting from the other atoms of the ring. These criteria can be assumed if an AlL is
present. Note that the inter-atomic electrostatic energy can still change the overall nature
of the interaction, regardless of the presence of an AIL. It is also useful to remember that
all classical bonds - such as covalent, coordination or hydrogen-bonds - are linked by
QTAIM-defined bond paths. Therefore, these bonds are all privileged, and will have a PEI
> 1 as well as f > 1. This observation strengthens our hypothesis that the CHeeeHC
interaction is a bonding interaction, despite the absence of significant electrostatic
attraction.

In addition, this section has also shown the competing Pauli and Orbital-mixing effects
as defined within the ETS framework. The Pauli Exclusion Principle keeps electron
density from concentrating in the inter-nuclear region of the N--N interaction despite
orbital mixing and results in a net depletion in that region. For the CHe**N and CHe*sHC
interactions on the other hand, orbital mixing causes electron density to be concentrated in
the bonding regions of these interactions, despite the withdrawal effect of the Pauli

Exclusion Principle. These results correlate perfectly with NCI findings.

Conclusions

This chapter has investigated 3 different intramolecular interactions in BPy using 4
unique theoretical tools; CHee*HC and N--N (present in the s-cis conformer) and CHee*N
(present in the s-trans conformer) interactions were studied. A comparison of the three

interactions is shown in Table 3.7.

The N--N interaction is an example of a typical repulsive interaction: the IQA-defined
interaction energy is highly repulsive (+255.60 kcal'‘mol™) and increases by +20.59
kcal'mol™ from ®(1) = 90° to s-cis, corroborating with an increase of the atomic net
charges (an outflow of electrons) by 0.0133 e in order to reduce the lone-pair lone-pair
repulsion. Furthermore, the N--N interaction also shows strain in the inter-nuclear region -

density is depleted in the region between N atoms (NCI) and despite the presence of orbital
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mixing deformation densities from ETS-NOCYV, Apnet(N--N) shows a depletion of density
in the inter-nuclear region because of dominant Pauli Exclusion effects. Finally, electron
delocalization across the N--N interaction is marginal and should be seen as non-bonded
exchange as competing secondary exchange channels show similar or greater

delocalization, and the PEI < 1.

We have shown that CHe**N interactions in BPy can indeed be classified as stabilizing
interactions, as was classically suggested: the interaction energy is attractive (—7.42
kcal-mol™ per interaction in s-trans) and dominantly electrostatic. Changes in the net
charges of the atoms reflect this electrostatic nature, withdrawing electron density from the
already positively charged H-atoms and accumulating density within the negatively
charged N-atoms by +0.02236 e and —0.00295 e, respectively, relative to @(1) = 90°. In
addition, neither NCI nor ETS-NOCYV identifies any electronic strain in the bonding region
- both methods show a concentration of electron density between the atoms, despite
density removal due to the Pauli Exclusion Principle. However, like the N--N interaction
the quantum mechanical exchange stabilization for the CHe**N interaction is marginal -
competing exchange channels dominate leading to B < 1 and the PEI < 1. This interaction

is thus an example of a purely electrostatic interaction.

Table 3.7. Comparison of the properties of intramolecular interactions in BPy

N--N CHeeeN CHeesHC
IQA Repulsive Attractive Attractive
Aq(A) Withdrawal of Accumulation on N, Accumulation of
q electrons withdrawal on H electrons
NCI Density depleted Density concentrated Density concentrated
ETS-NOCV Density depleted Density concentrated Density concentrated
PEI 0.97 0.99 1.1
] 1.04 0.9 1.54
AlL No AIL present No AIL present AIlL present

Lastly, we have shown that the supposedly clashing CHee*HC interaction shows none
of the same physical properties as the repulsive N--N interaction: a stabilizing interaction

energy of —3.03 kcal'‘mol™ composed of mainly quantum mechanical terms (with the
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electrostatic interaction energy also attractive but essentially zero). In addition, whereas
electron density was withdrawn from the N-atoms, electron density is accumulated in the
interacting H-atoms - the net charges of the interacting H-atoms decreases by —0.00916 e
per H-atom in s-cis, relative to ®(1) = 90°. Like the CHee*N interaction, no electronic
strain can be seen in the bonding region of CHeesHC - rather, density accumulation
resulting from orbital interactions dominates electron depletion due to the Pauli Exclusion
Effect and leads to a region of NCI-defined electron concentration in the bonding region.
Lastly, unlike the CHe**N and N--N interactions (but like every covalent, coordination or
H-bond), the CHe+*HC interaction is privileged - the PEI > 1 as well as f > 1 indicating
that electrons in the H-atoms will preferentially delocalize across the CHee*HC interaction
than with any other, neighbouring. Consequently, a bridge of maximum density (an AIL)

is formed between the atoms and results in the formation of a zero-flux interaction surface.

In conclusion, no evidence was found to support the hypothesis that CHeeeHC
interactions are steric clashes, as the properties of the CHeeeHC interaction is fully
consistent with stabilizing, bonding interactions. We suggest that the relative increase in
energy of s-cis to s-trans is mostly because of the highly repulsive N--N interaction despite
the attractive CHeesHC interaction in S-cis, and the attractive CHee*N interactions in S-
trans. However, our analysis is neither exhaustive with regards to the rest of the atoms and
bonds, nor exhaustive with regards to the natures of the interactions. The preliminary
results regarding changes in the atomic energies and other properties are collected in
Appendix A.
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Abstract:

Close hydrogens in the 3,3’ position of 2.2'-bipyridyl (BPy) complexes with Zn",
classically labelled as steric clashes, have been found to be locally stabilizing. A rigorous
theoretical analysis employing multiple techniques, including the Quantum Theory of
Atoms in Molecules (QTAIM), the Interacting Quantum Atoms (IQA) energy
decomposition scheme, the Noncovalent Interactions (NCI) method and the Extended
Transition State coupled with Natural Orbitals for Chemical Valence (ETS-NOCV) energy
decomposition scheme, was used to study CHe*HC as well as various other intramolecular
interactions, coordination and covalent bonds in Zn"(BPy)n(OH2)s-2n complexes. It was
found that the CHe+*HC interaction is electrostatically and quantum mechanically locally
stabilizing, with the quantum mechanical contribution in excess. Electron density is
concentrated within the bonding region in a channel-like fashion, resulting in the formation
of a bridge of maximal density. No steric strain is seen for the CHeesHC interaction, nor
for the entire BPy ligand - the only significant steric strain is located in the zZn"
coordination sphere. It is also shown that the physical properties of this interaction
changes in a very similar fashion as the properties of all other intramolecular interactions
and coordination bonds when successive ligands are coordinated. Finally, the results of
the different techniques are shown to correlate near-perfectly, making this work the first of

its kind to unite these four unique theoretical tools.
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Introduction

The ligand 2,2'-bipyridyl (L) is an important representative of a-diimines and it has
excellent ability to form complexes, hence its chemistry with tenths of metal ions has been
investigated experimentally for years resulting in hundreds of formation constants
reported.”!  Knowledge of the conformational structure of o-diimine ligands and
information about the rotational energy barrier are important and useful for a better
understanding of the complex formation process and trends in stability of complexes.
Hence not surprisingly, these ligands have also been extensively studied computationallyt
141 and for over 40 years it is known that the most stable conformer of 2,2'-bipyridyl has
two N-atoms trans to each other (s-trans conformer).[51  Lower stability of the
conformer with nitrogens cis to each other (s-cis conformer) was attributed mainly to the
steric hindrance of the 3,3'-hydrogen atoms and destabilizing nitrogen lone pair-lone pair
interactions!®14l in 2,2"-bipyridyl. To act as a chelate, this ligand must, however, attain the
s-cis conformation resulting in the 3,3'-hydrogen atoms being in the close contact,
CHeeeHC (Figure 4.1).

Figure 4.1. Higher energy conformer of the free ligand 2,2'-bipyridyl, as found in metal
complexes, with N-atoms cis to each other (s-cis conformer) showing steric clash between 3,3'-
hydrogen atoms.

It is a well-known fact that many, if not majority, of metal complexes with this ligand in
crystals show nearly-planar structure of 2,2'-bipyridyl with geometric H-clashes present.
These H-clashes are assumed to be also present in a solution and were often used to
explain trends in experimental formation constants.*>2 For instance, the unusual trend in
the formation constants of Cu'' was attributed to steric repulsion between the 3,3'-
hydrogens already fifty years ago.[*® More recently, the observed difference of about 1.4
log units for a set of metal ions with 1,10-phenanthroline and 2,2'-bipyridyl (the latter

82
© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

ligand forms weaker complexes) was attributed to highly strained ligand in the s-cis
conformer (as it is required for coordination to metal ions) because of the steric hindrance
between the hydrogen atoms.?% In very recent report, where H-clashes in phenanthrene
and 2,2"-bipyridyl were investigated, Hancock and Nikolayenko[?!! concluded that these
contacts should be seen as unfavourable H--H nonbonded interactions of the H atoms, in
principle, in all known cases where they are in a steric clash because “...the concept of
energetically unfavorable nonbonded H--H interactions at short H--H separations has been
very productive in explaining organic stereochemistry, and so the ideal?® that such
interactions are energetically favorable would, if correct, overturn much chemical thinking
built up over many decades”. This statement clearly indicates how important to all
branches of chemistry and how controversial the debate on the physical nature (stabilising
or destabilizing) of the CHe+sHC close contacts is. Clearly, regardless of the final output
of the scientific debate, it is of paramount importance to fully uncover and understand the
nature of this type of interactions and their role in chemistry. For instance, taking into the
account the following two statements, “a traditional way of analysing the role of
nonbonded repulsive forces in molecules has been that of molecular mechanics (MM)”24
and “The MM approach is based on traditional views of nonbonded H--H interactions,
which regard close proximity of nonbonded H atoms as a source of destabilization of
molecules”?*! but assuming that CHe«sHC close contacts were proved to be of a stabilizing
nature, would have a huge implications because the force field parameters used in MM-
based software would most likely have to be re-developed. To further stress the
significance of this kind of interactions, one might also add to this a simple fact that in
case of larger molecules (commonly studied by e.g. pharmaceutical companies or
biochemists, medicinal chemists, etc.) MM is commonly used; hence changing force field
parameters in MM-based packages would or might have quite an implication on the

development of, e.g. new pharmaceutical drugs.

Close contacts between H-atoms are present in many molecules, e.g. in a natural
estrogen, Estrone (3-hydroxy-1,3,5-(10)-estratrien-17-one)l?! and became, as already
pointed out above, a subject of controversy. This is because many examples of intra- and
intermolecular CH<++HC close contacts were interpreted as the H-H bonding interactions,
either from the calculated-33 or experimentall?:3+-381 electron density distributions, using
the quantum theory of atoms in molecules (QTAIM)[?! of Bader. The formation of H-H

bonds in some molecules was challenged in the literature®% and rebutted.[*4
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Criticism of the QTAIM-based interpretation of bonding interactions between clashing
hydrogen atoms is based mainly on the “Pauli or exchange repulsions” (the destabilizing
energy contribution acting on the clashing atoms) obtained from the energy decomposition
analysis, such as the Extended Transition State (ETS) method*3 used in the study of

ortho-hydrogens in planar biphenyl.E7]

Recently, members of our group have reported®>-331 the QT AIM-based study of Ni" and
Zn" complexes with NTPA (nitrilotri-3-propanoic acid) and NTA (nitrilotriacetic acid)
which form three 6-membered and 5-membered coordination rings, respectively. Our
analysis revealed that (i) the CHsesHC contacts in the Ni" and Zn'' complexes with NTPA
cannot be used to explain the experimental trend in the formation constants in aqueous
medium (NTPA complexes are significantly weaker when compared with NTA) and (ii)
there are bonding interactions between H-atoms involved in the CHe+HC contacts. The
ETS-NOCV charge and energy decomposition method*°! (ETS combined with the
Natural Orbitals for Chemical Valence (NOCV) theory) as well as QTAIM were used
recently“®l to study H-clashes in the ZnNTPA complex. This first implementation of
QTAIM and ETS-NOCV in the study of non-bonding interactions in metal complexes has
conclusively demonstrated“®! that the CHesHC contacts are characterized by (i) the
electron flow channel between the H-atoms involved as discovered by the ETS-NOCV
analysis (on average, AEqm = —1.35 kcal mol™t) and (ii) QTAIM defined a bond path which
indicates the presence of a preferred quantum-mechanical exchange channel;?°! hence the
presence of bonding interactions between the H-atoms of the CHeesHC contacts was

confirmed by these two very different methods (theories).

The CHeesHC close contacts are ubiquitous?’! and, since our special interest is in
understanding factors controlling metal complex stability and ligands’ selectivity, we
investigate here the CHeesHC close contacts made by the 3,3’-hydrogen atoms of the
ligand 2,2'-bipyridyl (L) in metal complexes. To address in this work the main and
fundamental question “Does the classical interpretation of the H--H close contacts holds as
a nonbonded and molecular destabilization interaction resulting in highly strained ligand?”’
we decided to investigate specific physical components of this intramolecular interaction
(between the 3,3'-hydrogen atoms) with hope to answer the following: (i) is the
interatomic region strained?; (ii) what is the nature of the electrostatic interaction between
these H-atoms, is it repulsive (Eeist > 0) or attractive?; (iii) is there any evidence of spin-

pairing? (this is indicative of stabilizing contribution to this interaction); (iv) what is the
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overall interaction energy between the 3,3’-hydrogen atoms, is it locally stabilizing (Eint <
0) or destabilizing?; and (v) are the CHeesHC, CHe¢O or CHee*N intramolecular
interactions in ZnL, complexes fundamentally different, or is their underlying physical

nature the same?

We must make it absolutely clear here that our aim is to investigate physical properties
of intramolecular interactions and the different energy contributions of these interactions in
order to establish whether they are locally of stabilizing or destabilizing nature (as we will
discuss later, it is rather difficult, if not impossible, to rigorously quantify the effect of any
intramolecular interaction on the final gain or loss of a molecular energy). To achieve our
goals and to aid understanding of the nature of the H--H close contacts we (i) employed a
number of very different energy partitioning methods, some of them developed very
recently and (ii) decided to perform a comparative study which involves not only
intramolecular interactions (such as CHessHC, CHe¢**O or CHe+*N) but also coordination
and covalent bonds in the [ZnL(H20)4]?*, [ZnL2(H20)2]?* and [ZnLs]** complexes where
all these interactions are present simultaneously (for simplicity, these complexes will be

shown throughout the text as ZnL, ZnL, and ZnL3).
Computational details

Suitable for energy optimization crystal structures for all forms of octahedral
Zn"L(1)nL(2)m complexes (L(1) = 2,2"-bipyridyl, L(2) = H20 (shown further as ZnLn, 1 <
n < 3) were obtained from the Cambridge Crystal Structure Database.*”] These structures
were optimized using DFT in Amsterdam Density Functional (ADF) 2010 software, #8501
with X3LYP as the exchange-correlation functional and an augmented triple-C basis set
with valence-shell polarization; the COSMO model was used to approximate an agueous
environment implicitly. ETS-NOCV analysis was computed within ADF on the energy-
optimized structures (no imaginary frequencies were present). Wavefunctions for use in
QTAIM, IQA and NCI analyses were generated from single point calculations using
Gaussian 09, Revision B with the X3LYP functional and 6-311++G(d,p) basis set. For
the Gaussian calculations, PCM/UFF was used to model the solvent. Topological analysis,
including molecular graph generation and calculation of interaction energies within the
IQA approach, was carried out using AIMAII software.®?l NCI analysis was carried out
using NCIPlot 2.0% and visualization of the resulting densities was done using VMD
1.9.1.54
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To perform an IQA analysis, which needs a well-defined second-order density matrix
(therefore ruling out DFT-densities), we re-optimized our structures at HF/6-311++G(d,p)
with the PCM/UFF solvation model, using Gaussian09c. IQA analysis was performed for
selected atoms and interactions on the resulting wavefunctions using AIMAII. All atomic
integrations were of accurate integration - the atomic Lagrangian, L(Q), deviated from zero

only on the fifth decimal place for each atom.

Fragmentation Schemes. Several fragmentation schemes (for the purposes of ETS-
NOCYV analyses), needed to extract different types of the interatomic interactions (Zn-0,
Zn—N, C-C, CHe**N, CHe*+O and CHe+sHC), have been considered and some of them

(used for the general ML case) are shown in Figure 4.2.

Figure 4.2. Fragmentation schemes used for ETS-NOCV analysis. (a) (7)-pyr, (b) (2)-BPy, and
() (2)-OH.

The first scheme is labelled (7)-pyr and it refers to the use of seven different fragments
which include radical pyridine promolecules. The seven-fragment scheme results in (i)

four different H,O molecules, a free Zn?* cation and two pyridine radicals when
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Zn(BPy)(H20)4** is analysed, (ii) two H>O molecules, four pyridine radicals and a free
Zn?* cation in case of ML analysis, and (iii) six pyridine radicals and a free Zn?* cation in
case of MLs. We found that such partitioning was most suitable (i.e. it provided the most
localized NOCVs) for description of the intramolecular C—C and CHe<*HC interactions.
Most informative NOCVs describing the Zn—N and Zn—O coordination bonds and CHe+O
intramolecular interactions were generated from two-fragment schemes, (2)-BPy and (2)-
OH», where a single BPy ligand or water molecule was separated from a complex,
respectively, as shown in Figures 2(b-c) for ML>. It should finally be added that all of our
results are qualitatively reproducible across different fragmentation schemes — for
example, the interactions seen in (2)-BPy (or even alternative schemes not included in this

work) are seen in (7)-pyr as well. Similar is true for the remaining interactions.

Results and Discussion

Molecular geometries. We studied the successive coordination of BPy ligands to a
Zn'" metal ion in aqueous solution and selected structural data obtained for the equilibrium
structures of ZnL, complexes are included in Table 1; Cartesian coordinates are given in
Tables S1-S3 of the Supplementary Information (SI). Ball and stick representations,

which also show numbering of atoms in complexes, are shown in Figure 4.3A.

Certain trends are observed for the change in geometry with successive ligand
coordination. The average Zn-N bond length (BL) increases by a significant distance of
~0.1 A, from 2.107 A in ZnL to 2.218 A in ZnL;s and is coupled to a decrease in the N—
Zn—N bite angle, from 79.13° in ZnL to on average 74.77° in ZnLs. Opposite to the trend
observed for BL(Zn—N), the distances between atoms involved in the intramolecular
interactions become shorter when going from ZnL to ZnLs; (i) d(CHee*HC) decreases
from 2.048 A in ZnL to an average of 2.034 and 2.010 A in ZnL, and ZnLs, respectively,
d(CHe++0) decreases from an average of 2.544 A in ZnL to an average of 2.453 A in ZnL.
and (iii) d(CHe+N) also decreases from an average of 2.815 A in ZnL, to an average of
2.678 A in ZnLs. It is important to stress that the bipyridyl ligand molecules remain
virtually planar in all equilibrium geometries of the ZnL, complexes; as an example, the
absolute maximum and minimum values of N1-C2-C»-Ni- dihedral angle of 1.89 and 0.31°,

respectively, were found in ZnLo.
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Table 4.1. Selected structural data for equilibrium geometries of the ZnL, complexes

Bond length Bite angle Torsion Close contacts
Complex
(A) (deg) (deg) A
Zn-01  2.162 N5-Zn-N6 79.13 N5-C15-C16-N6 -1.44  CH14+--H18C 2.048
Zn-02 2194 H14-C13-C15-C16 0.05 CHS8e*+Ol 2.544
Zn-03  2.162 H18-C17-C16-C15 0.05 CH24e++03 2.544
Zn-04 2194
ZnL average: 2.178
std dev: 0.018
Zn-N5  2.107
Zn-N6  2.107
Zn-N1  2.153 N1-Zn-N2 77.40 N1-C13-C14-N2 0.31 CH16°+-H18C 2.031
Zn-N2  2.143 N3-Zn-N4 77.48 H16-C15-C13-C14 -0.45 CH32++sH36C 2.036
Zn-N3  2.149 H18-C17-C14-C13 0.52 CH24+++06 2.451
Zn-N4 2143 N3-C33-C34-N4 1.89 CH42¢+05 2.455
ZnLz average: 2.147 H32-C31-C33-C34 0.18 CH26e+*N2 2.810
std dev: 0.005 H36-C35-C34-C33 0.79 CHS8e++*N4 2.819
Zn-05  2.273
Zn-06  2.276
Zn-N55 2.217 N55-Zn-N56 74.76 N55-C9-C10-N56  0.76 CHB8eesH12C 2.013
Zn-N56 2.216 N57-Zn-N58 74.77 H8-C7-C9-C10 0.07 CH26e+sH30C 2.007
Zn-N57 2.215 N59-Zn-N60 74.78 H12-C11-C10-C9 -0.35 CHA44.+-H48C 2.011
Zn-N58 2.220 N57-C27-C28-N58 0.38 CH20e¢**N55 2.668
ZnlLs Zn-N59 2.218 H26-C25-C27-C28 0.10 CHS54++N56 2.671
Zn-N60 2.217 H30-C29-C28-C27 0.00 CH38es*N57 2.684
average: 2.217 N59-C45-C46-N60  1.61 CHI18eeeN58 2.685
std dev: 0.002 H44-C43-C45-C46  0.15 CH2e*N59 2.685
H48-C47-C46-C45 -0.34 CH36¢+*N60 2.672

QTAIM-based interpretation of the electron density topology. Figure 4.3B shows the
molecular graphs of the ZnL, complexes. Since AIL represents a ‘bridge of density’ or just a line
of maximum density that links two atoms (a topological property of electron density which can be
defined, in the form of operator, as a Dirac observable, making the AIL the measurable expectation
value of a quantum mechanical operator(?®) it is undistinguishable for a single or triple bond,
classical covalent or coordination bond, or closed-shell intra- or intermolecular interaction on a
molecular graph. As one would expect, AlLs exist between atoms involved in all ‘classical’ bonds,

such as Zn—-N and Zn—O coordination bonds as well as C—C covalent bonds; hence these AILS
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(showed as solid lines in Figure 4.3B) one can safely call bond paths. This means that these
molecular graphs not only reproduced molecular structures of bonded atoms in the ZnL, complexes
fully (as any chemist would build them using a ball-and-stick representation, such as seen in Figure
4.3A) but, in addition, revealed the formation of intra-molecular interactions shown as dashed lines
in Figure 4.3B. In ML and ML,, dashed AILs point at the presence of CHe++O interactions
whereas the CHeesN interactions are indicated only in ML, and MLs. Finally, in all ZnL,

complexes, AlLs are always seen for the CHe+sHC interactions between the 3,3'-H atoms.

Coordination bonds. Topological properties at BCPs for all coordination bonds (Zn—N
and Zn—-OHy) in ZnL, are collected in Table 4.2. It is seen that pscp is small (0.0405 a.u. <
p(r) <0.0705 a.u.) and VZpsce is positive (0.1519 a.u. < V2p(r) < 0.2522 a.u.) indicating a
“closed shell” character of the coordination bonds.®® In addition, the sign and magnitude
of the total energy density at the BCPs, H(r) = G(r) + V(r), can also been used to
characterize the nature of the bonding.¢->"1 For a covalent interaction, the local electron
potential energy density V(r) dominates, hence H(r) < 0, whereas for a predominantly ionic
interaction, the local electron kinetic energy density G(r) dominates resulting in H(r) >
0.58-611 |t is seen in Table 4.2 that the local electron potential energy density V(r)
dominates in these two coordination bonds and results in the overall negative (although
small) value of H(r). This strongly points out at a significant covalent contribution, hence
also recovers a ‘classical’ notion of a coordination bond where a donor atom (here N and
O) shares a pair of electrons with the central metal ion. Besides the values of potential and
Kinetic energies at BCPs, one can also use their ratio, |V(r)[/G(r), as another useful
description;®%621 |V(r)|/G(r) < 1 is characteristic of a typical ionic interaction and
[V(r)|/G(r) > 2 is diagnostic of a ‘classical’ covalent interaction; hence an intermediate

values, 1 < |V(r)|/G(r) < 2, indicate an interactions of an intermediate character.
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(A) (B)

Figure 4.3. Ball and stick representations (A) and QTAIM molecular graphs (B) of ZnL, complexes.
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Table 4.2. Topological data at the BCP for all coordination bonds in Zn'" complexes with 2,2"-bipyridyl (L) optimized at X3LYP&

Complex Atoms p(r) V2p(r) V(r) G(r) H(r) [V(N|/G(r)

Zn—N5 0.07049 0.25214 -0.09374 0.07839 -0.01535 1.19583

Zn-N6 0.07050 0.25216 -0.09374 0.07839 -0.01535 1.19583

Average 0.07049 0.25215 -0.09374 0.07839 -0.01535 1.19583

7nL Zn-01 0.05179 0.21854 -0.06855 0.06159 -0.00696 1.11298
Zn-02 0.04798 0.19761 -0.06256 0.05598 -0.00658 1.11750

Zn-03 0.05179 0.21860 -0.06857 0.06161 -0.00696 1.11295

Zn-04 0.04799 0.19768 -0.06258 0.05600 -0.00658 1.11747

Average 0.04989 0.20811 -0.06556 0.05880 -0.00677 1.11523

Zn-N1 0.06353 0.21913 -0.08205 0.06841 -0.01363 1.19928

Zn-N2 0.06512 0.22452 -0.08426 0.07019 -0.01406 1.20036

Zn-N3 0.06408 0.22207 -0.08303 0.06928 -0.01376 1.19860

7nL, Zn-N4 0.06513 0.22464 -0.08430 0.07023 -0.01407 1.20032
Average 0.06446 0.22259 -0.08341 0.06953 -0.01388 1.19964

Zn-05 0.04081 0.15334 -0.05033 0.04433 -0.00600 1.13533

Zn-06 0.04048 0.15193 -0.04985 0.04392 -0.00593 1.13508

Average 0.04065 0.15264 -0.05009 0.04412 -0.00597 1.13520

Zn—N55 0.05560 0.18015 -0.06872 0.05688 -0.01184 1.20819

Zn—N56 0.05568 0.18055 -0.06885 0.05699 -0.01186 1.20802

ZnLs Zn—N57 0.05586 0.18139 -0.06914 0.05724 -0.01190 1.20783
Zn—-N58 0.05521 0.17832 -0.06807 0.05633 -0.01175 1.20855

Zn—N59 0.05542 0.17931 -0.06841 0.05662 -0.01179 1.20828

Zn—-N60 0.05558 0.18008 -0.06869 0.05685 -0.01183 1.20816

Average 0.05556 0.17996 -0.06865 0.05682 -0.01183 1.20817

[a] o(r), V2p(r), V(r), G(r), and H(r) - all in atomic units.

91

© University of Pretoria



<
>
=
=
=
°

Taking all these criteria into consideration, the QTAIM-defined topological properties at
BCPs indicate a mixed (largely ionic with significant covalent component) character of these

coordination bonds also because H(r) is near zero and 1< |V(r)|/G(r) < 1.1.

To facilitate our comparative studies and aid interpretation of changes observed in the
ZnL, complexes when the atomic crowding increases significantly from ZnL to ZnLs, we
have decided to investigate variation in a number of topological properties at BCPs with a
change in the interatomic distances, d(A-B), for selected bonds and all intra-molecular
interactions. Data obtained for the Zn—N coordination bonds are shown in Figure 4.4, where

good linear relationships
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Figure 4.4. Relationships between bond lengths and topological properties at the BCP for Zn-N
bonds.

between d(Zn—N) and (i) the electron density, pece, (ii) the Laplacian of the electron density,
V2pece, and (iii) the potential energy density, Vece, are observed. Relevant plots for the

Lagrangian kinetic energy density, Gacp, the total energy density, Hscp, and the ratio of the
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potential energy density and the kinetic energy density, |Vece|/Gscp, are shown in Figure C1 of
Appendix C. We have also analysed relevant relationships for the coordination bonds
involving water molecules, Zn—0, and they are shown in Figure C2 of Appendix C. All these
plots show that pece and V2psce increases while Vscp becomes more negative when d(Zn-L)
decreases. This strongly indicates that an increase in crowding in the coordination sphere of
the central metal ion results in significant weakening of all coordination bonds; strongest
coordination bonds are formed in least crowded ZnL. Also, the admixture of these bonds
changes and an increase in covalent character is observed when going from shorter towards

longer bonds in ZnLs.

Intramolecular interactions.  Selected topological properties for all intramolecular
interactions, as identified by the QTAIM-defined AlLs in the ZnL, complexes, are included in
Table 4.3. Since CHe++O interactions exist only in ML and ML and CHe<*N interactions only
in ML> and MLz3, no quantitative relationships can be constructed for them (they would
essentially be two-point relationships). However, for both, the CHeesO and CHe<*N,
interactions; an increase is seen for psce, V2psce and |Vecp| as the interatomic distance
shortens. Also, the properties at BCPs strongly support predominant ionic (closed-shell)
character of these intra-molecular hydrogen bonding interactions; Ggce, dominates and the

ratio |Vecp|/Gecp < 1.

Our theoretical analysis is in full agreement with the topological analysis at BCP obtained
from experimental data which was performed by (i) Flaig at al.[l (this involved weak and
strong inter- and intramolecular H-bonds in aminoacids) and (ii) Espinosa at al.% (they
investigated the X—He++O interactions in over 83 structures). This clearly indicates that the
QTAIM-defined fundamental properties at BCPs exhibit the same universal relationship with
d(A-B), regardless if theoretical (here coordination Zn—L and Zn—O as well as intramolecular

CHe++O and CHe++N hydrogen bonds) or experimental data are used.
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Table 4.3. Topological data at the BCP for all intramolecular interactions in Zn" complexes with 2,2”-bipyridyl (L) optimized at X3LYPF

Complex Atoms o(r) V2p(r) V(r) G(r) H(r) [V(N}/G(r)
CH8-01 0.00862 0.03082 -0.00546 0.00658 0.00112 0.82974
71l CH24-03 0.00862 0.03082 -0.00546 0.00658 0.00112 0.82973
Average 0.00862 0.03082 -0.00546 0.00658 0.00112 0.82973
CH14-H18C 0.01142 0.04390 -0.00652 0.00875 0.00222 0.745684
CH42-05 0.00981 0.03577 -0.00630 0.00762 0.00132 0.82630
CH24-06 0.00993 0.03606 -0.00636 0.00769 0.00133 0.82744
Average 0.00987 0.03592 -0.00633 0.00765 0.00133 0.82687
CH26-N2 0.00599 0.02016 -0.00341 0.00422 0.00081 0.80718
ZnlL, CH8-N4 0.00590 0.01986 -0.00336 0.00416 0.00080 0.80669
Average 0.00595 0.02001 -0.00338 0.00419 0.00081 0.80693
CH16-H18C 0.01180 0.04517 -0.00674 0.00902 0.00227 0.74776
CH36-H32C 0.01170 0.04483 -0.00668 0.00895 0.00226 0.74727
Average 0.01175 0.04500 -0.00671 0.00898 0.00227 0.74751
CH20-N55 0.00775 0.02510 -0.00429 0.00528 0.00100 0.81156
CH54-N56 0.00770 0.02498 -0.00425 0.00525 0.00100 0.80950
CH38-N57 0.00753 0.02444 -0.00417 0.00514 0.00097 0.81123
CH18-N58 0.00750 0.02433 -0.00414 0.00511 0.00097 0.81048
7nLs CH2-N59 0.00752 0.02436 -0.00415 0.00512 0.00097 0.81048
CH36-N60 0.00773 0.02505 -0.00426 0.00526 0.00100 0.81000
Average 0.00763 0.02471 -0.00421 0.00519 0.00099 0.81024
CH12-H8C 0.01222 0.04661 -0.00699 0.00932 0.00233 0.75014
CH30-H26C 0.01234 0.04704 -0.00707 0.00941 0.00235 0.75064
CH48-H44C 0.01230 0.04688 -0.00704 0.00938 0.00234 0.75049
Average 0.01230 0.04688 -0.00704 0.00938 0.00234 0.75049

[a] p(r), V2p(r), V(r), G(r), and H(r) - all in atomic units.
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When atoms A and B are closer, (i) larger electron densities are accumulated within the
interatomic bonding region, (ii) V?psce and Gecp increase, while (iii) Vece decreases
(becomes more negative). It is very important to stress that, besides the same trends in these
topological properties, the positive value of VZpscp is observed for all of these interactions.
QTAIM interpretation of the positive value of VZpgscp (typical for a closed-shell interaction)
means that the electron density at the BCP is concentrated to the respective atomic basins
rather than being contracted towards and along the interatomic surface. An example of the

latter case, where VZpgcp < 0, is the covalent bond of the Co—C» junction.

We now focus on the topological description of the CHe+<HC interactions - see Table 4.3

and Figure 4.5. The following trends as a function of interatomic distances are observed,
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Figure 4.5. Relationships between indicated topological properties at the BCP and d(CHes*HC) in
ZnlLn.
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from ML to MLs: (i) an increase in pscp, (ii) an increase in V2pscp and (iii) Vece becomes
more negative. These are the same trends that are observed for the CHeeeO and CHee*N
intramolecular interactions as well as the Zn—N and Zn-O coordination bonds. In addition,
V2 pacp is positive at the BCPs, hence the CHs++HC interaction can also be termed as a closed-

shell interaction.

We conclude this section by stating that the electron density distribution along the AIL of
the CHeeHC interaction, as well as the change in the energy densities at BCPs upon
additional ligand coordination, is qualitatively identical to those observed for all other,
recognized closed-shell bonding interactions. Moreover, as opposed to the coordination
bonds, the largest psce for all intramolecular interactions (CHee*O, CHe¢*N, CHe**HC) is

observed in MLz which suggests that they are strongest in the most crowded complex.

IQA Energy Decomposition Analysis. One must realise that the use of the atomic virial
theorem in QTAIM somewhat restricts the analysis of molecules in that (i) strictly speaking,
only equilibrium structures can be analysed (otherwise 2T + V = 0 does not hold) and (ii)
although QTAIM can be seen as energy decomposition technique, it is restricted to the one-
body (atomic) partition of the total energy of a molecule, where atoms have a transferrable
kinetic energy Ta which fulfils an atomic virial theorem. Our QTAIM analysis shows trends
in the electron distribution between atoms connected by an AIL, a QTAIM-defined bond path
indicating the presence of a privileged quantum-mechanical exchange channel®®! which are
always of a stabilizing nature. However, a ‘classical’ interpretation of chemical interaction is
concerned with several different energy contributions to the overall interatomic interaction;
the analysis of these energy contributions is often used to interpret the physical nature of the
interatomic interactions and its local contribution (either stabilising or not) to the overall
energy of a molecule. Even though trends of the same nature are observed for all atoms
regarded as bonded as well as for CH«+sHC interactions (they certainly show the interatomic
electron density distributed in a stabilizing manner) the net interaction energy between these

H-atoms can still be overall repulsive when different energy decomposition analysis are
Uti | ised [41-42,44-45,65-66]

One might, in principle, look for a suitable reference molecule(s) to study physical

properties (such as net charges, energies, or delocalisation index, etc.) of ‘the same’ atoms
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either involved or not involved in an interaction of interest (such as CHessHC).
Unfortunately, such a procedure is necessarily arbitrary, often ambiguous and hence prone to
misinterpretation because of the difficulty (if not impossibility) in finding a chemically
‘identical’ reference atom, as is the case here. Therefore, we decided to use the
computationally expensive but highly useful 1QA approach to determine the interaction
energies between atoms as well as understand the origin of each interaction. One might recall
that IQA defines the interaction between two atoms as a competing contribution made by

classical components (interaction energies between electrons and nuclei as well as Coulombic

interaction between electrons of atom A and B) conveniently combined as V.*®, and quantum-

cl
mechanical contribution, as Vg . Since the IQA scheme is not suitable for DFT

wavefunctions, 2567 we re-optimized our molecules at the HF level. As a result, (i) reported

bond lengths in Table 4.4 are slightly different when compared with the DFT values shown in

Table 4.1, and (ii) the quantum-mechanical energy term V> computed at the HF level does

not have the correlation term, hence it is reported as V,°. We must stress here that our

interest is primarily in the general nature and physical properties of the interatomic
interactions (are they stabilizing and which energy terms dominate?) and they are

appropriately qualitatively described at the HF level, even with modest basis sets.[2%6567]

We will analyse primarily the IQA results for ML., since all intramolecular interactions,
CHee¢O, CHe+*N and CHe<+HC, are present only in this complex. The interaction energy,

EA° =V % +V2®, for (i) all relevant intramolecular interactions, (ii) coordination Zn-N and

int
Zn—0 bonds, (iii) the covalent C—C bond, and (iv) the intramolecularly nonbonded N-atoms of

the ligand (the latter one was done for comparison with other interactions of interest in this

AB
int

work; recall that E.\”° can be calculated for any two atoms in a molecule) are shown in Table

4.4 (a full set of data for all ZnL, complexes is provided in Table C4 of Appendix C).

AB
int

When the relative values of E’.” are considered, we found that the coordination bonds are

AB
int

characterised by the largest (by far) |E;”| values. For the Zn—N and Zn—O coordination

bonds, E-Pis about —390 and —300 kcal mol™, respectively, followed by C—C interaction

int

which is about 100 kcal mol™ smaller when compared with Zn—O. This is somewhat an
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unexpected result and it fully justifies further studies (involving more metal complexes) to
explore and understand that better — one must remember, however, that the 1QA-defined
interaction energy must not be confused with the bond-dissociation energy. The energies of
all intramolecular interactions are negative, clearly indicating their local energy stabilizing
contribution with the following trend |ES™*™®| > |[ES™™N| >> |ES™™HC| which appears to
corroborate with a general notion when CHeeeO and CHe<<*N are concerned (due to the
difference in electronegativity, the latter interaction is expected to be weaker). Importantly,
the 1QA analysis does predict the interaction between CHe++HC to be of stabilizing nature as a
value of —2.74 kcal-mol™! for a weak interaction is not trivial. For comparison, the interaction
energy between N--N of the bipyridyl ligand found from IQA is +285.1 kcal-mol™ and thus

recovers our classical notion that these atoms are strongly repulsive within this molecule.

To understand the nature of the interactions of interest better, we look next at the energy
partitioning terms within 1QA for each relevant interaction in ML,. Our focus is on two

interaction energy components (see Eq 8) which describe the physical nature of an interaction,
namely whether they might be seen as predominantly of electrostatic, |V ®| > |V,28|, or

guantum mechanical exchange origin; the latter case can be seen as a process of delocalization
of electrons between atoms involved (classically could be interpreted as a covalent component
of a bonding interaction®®). It is seen in Table 4.4 that all non-covalent bonds and

intramolecular interactions which show AILs can be characterised as of a strong ionic nature

except CHe+sHC. For instance, in case of Zn-OHy, the V™ term makes over 12 times larger

stabilizing contribution than V.7 this is closely followed by Zn—-N where the ratio of the
classical and electron exchange terms approaches 10 with the latter being quite significant,
V2" about —40 kcal-mol™. The CHee«O and CHe++N interactions show a chemical nature

similar to the Zn—N and Zn—O bonds
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Table 4.4. Decomposition of two-bodied interaction energies within the IQA framework for all relevant interactions in ZnL, complexes
with 2,2"-bipyridyl (L).

aoms  dAB) VAR VR VR VR VR VR Ve ViEER
A au au au au kcal'‘mol®  kcal‘mol®  kcal-mol™

CH--HC 2.05 -0.2488 -0.2488 0.2581 0.239 -0.23 -2.51 -2.74 0.916
CH---O 2.502 -1.7656 -1.7656 1.6917 1.8195 -12.47 -3.26 -15.73 0.207
CH-N 2.879 -1.3988 -1.3988 1.2866 1.4953 -9.91 -1.64 -11.56 0.142
Cc-C 1.497 -11.4030 -11.4030 12.7264 10.233 96.27 -193.41 -97.15 1.991
Zn-N1 2.183 -55.1408 -55.1408 50.9086 58.8099 -353.41 -36.73 -390.14 0.094
Zn-N2 2.182 -55.1524  -55.1524 50.9243 58.8145 -355.12 -36.76 -391.88 0.094
Zn-06 2.236 -59.7008 -59.7008 56.7947 62.1597 -280.51 -22.97 -303.48 0.076
N1-N2 2.676 -11.8153  -11.8153 9.6902 14.4061 292.25 -7.15 285.1 -0.025

[l Note that only exchange energy is used to calculate full VfCB term because of the Hartree-Fock approximation.
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in that the main stabilizing contribution to E/° comes mainly from V*® with the V %/

V28 ratio approaching 6 and 4 for CHessN and CHe++O, respectively. We note with

interest that theV """ term is very small and negative (the overall IQA-defined
electrostatic CHes«HC interaction is not repulsive!) and, most surprisingly, it becomes
more negative with an increase in crowding around the central metal ion; it varies from
negligible —0.02 to significant —0.52 kcal mol~ in ZnL and ZnLs, respectively. It means
that both terms, V® and V,»° , locally contribute in stabilizing fashion towards the overall
molecular energy of these complexes contradicting the classical notion of highly strained
H-clashes. In case of CHessHC, the ratio V/®/V® of ~0.1 is very different when
compared with other intramolecular interactions. Clearly, the chemical nature of these
close contacts cannot be seen as of ionic nature as it is almost entirely dominated by the

exchange term, V,{™***"¢ = _2 51 kcal-mol™ as compared with electrostatic contribution,

v HeeHC = 0,23 keal-mol* (both values for MLy).

For comparison, let us now analyse the IQA data generated for a typical covalent bond
between C-atoms forming a bridge between pyridyl rings and an interaction between non-
bonded N-atoms of the ligand 2,2’-bipyridyl. As one would anticipated, the interaction
energy between 2,2'-carbon atoms contains a large repulsive electrostatic term (96.27

kcal-molt) which is compensated by much large stabilization due to ‘sharing’ of electrons,

V8 = -193.41 kcal-mol™. On the other hand, the N--N interaction is characterised
almost entirely by extremely large electrostatic repulsion, V"™ =292.25 kcal-mol* (only

—7.15 kcal-mol™ comes from V'™ due to an overall charge delocalization throughout the

interaction) and this correlates very well with the QTAIM analysis where the bond path

between these N-atoms is not observed.

Briefly summarizing this section, we note that for the expected closed-shell bonded

interactions, Zn-N, Zn—O, CHe++O and CH++*N, E~® is composed mostly of electrostatic

int
stabilization due to intra-molecular polarization and significant ionic charge-transfer, with
a considerably smaller exchange part. QA thus recovers our classical notions of
coordination and hydrogen bonds. The IQA results for the C—C bond, which we know to
be entirely covalent, recovers the classical view as well in that a strong electrostatic

repulsion is compensated for by an even greater stabilization due to spin-pairing. From
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these results, it is plausible to say that the nature of the CHeeeHC interaction is more
similar to the C-C bond than the other intramolecular hydrogen bonds present in the
molecule, because the interaction energy is dominated by the quantum mechanical
exchange energy rather than electrostatic attraction.

Let us consider now the last column in Table 4.4, were we placed the Vo /EAP

ratio, called further the exchange-interaction ratio, EIR. One must recall that V@ is

always negative and if the overall interaction energy term is also of stabilizing nature, EA°

int

< 0, then the V 4>/ EA® ratio is positive. From that it would follow that the sign of that

int
ratio can be used to identify an interatomic interaction as overall either (i) locally
stabilising, for which EIR > 0 (e.g. positive values of EIR is observed here for all
intramolecular CHe++O, CHe<*N and CHe+HC interactions), or (ii) locally destabilising,
hence non-bonding interatomic interaction for which EIR is negative (as we observe here
for the N--N interaction). Incidentally, QTAIM-defined bond paths are only observed for
interactions where EIR > 0. It would be of great interest and importance to investigate a
large set of different intra- and inter-molecular interactions to find out whether the
proposed criterion to distinguish bonding from non-bonding two-body interactions (either
interatomic or inter-molecular) exactly follows the presence or absence of a bond path.

The analysis of data seen in Table 4.4, in combination with EIR, leads us to another
observation. It appears that the variation in the EIR values (only when EIR > 0) might

correlate with a classical notion of a strong covalent, or ionic, or intermediate bonding
interaction. Our focus now is on the electrostatic term, V®, which can be either repulsive
or attractive. It is clear that there are two possible general cases for which EIR remains

positive, namely when (i) V;® <0, or (ii) for V*® >0 when |V2®| > V;®. For 0 < EIR

cl cl

<< 1 (when V4o >> EAP or V48| << |EAP|) a bonding interaction is dominated by
electrostatic terms (the smaller EIR the larger degree of ionic character is observed)
whereas a value well above 1 (when |V4>| >> |E/A®|) points at a predominantly or fully

classical covalent bond. For instance, in the case of the Zn—O and Zn—N bonds as well as

CHeesN and CHe++O interactions, where we observe a predominant ionic character (V'®

significantly dominates the quantum term, V°) the EIR << 1. On the other hand, EIR is

almost 2 for the C—C bond, recovering its classical covalent character fully.
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Finally, considering the 1QA data shown in Table 4.4 (and Table C4 of Appendix C),

the CHe+HC interaction can be interpreted as of bonding nature because (i) classical

AB «
int

electrostatic contribution is attractive (by definition, V/° is always stabilizing), (ii) E

0, and (iii) EIR > 0 in all the ZnL, complexes. Regarding the chemical nature of the
bonding CHeesHC interactions we note that EIR is close to (but larger than) one.

AB/ EAB

Therefore, we conclude that, using the V.. /E,;” as an approximate indicator, CHeesHC

shows predominantly covalent character in these complexes and hence should not be
placed under the umbrella of a ‘classical’ intramolecular hydrogen bonding interaction,
such as CHe++O. This is important observation as this clearly suggests that the QTAIM-
based criteria derived by Popelier®! for hydrogen bonds might not be applicable to the
CHe<«HC interactions.

NCI Analysis. While QTAIM describes interatomic interactions in terms of well-
defined and highly localized interatomic lines and points (bond paths and bond critical
points), NCI discovers and quantifies non-covalent interactions from the analysis of o(r)
distribution in large interatomic volumes. One must stress here that there is an excellent
correlation between QTAIM-defined BCP and appearance of a NCI-defined trough. This
is because (i) there is no density gradient at the BCP, hence s(p)sce = 0, but (ii) in the 3-D
space surrounding the BCP the change in Vp dominates (s(p) approaches zero) and (iii) as
a result a steep trough is observed on the NCI-plot at p values as found at the QTAIM-
defined critical point. Importantly, not only is NCI able to recover the features of QTAIM
in real space, but NCI is able to describe interatomic interactions also in the absence of

density critical points, such as BCP or RCP.

Figure 4.6 shows 3-D isosurfaces for all of the non-covalent interactions in ZnLo,
as identified by troughs in the reduced density gradient within the NCI formulation; a full
set of isosurfaces of individual interactions in ZnL> is shown in Figure C3 of Appendix C,
whereas full sets of isosurfaces in ZnL and ZnLs are shown in Figure C4. The colour of
isosurfaces in Figure 4.6 depends on the sign of the 4> eigenvalue, giving an indication of
the nature of the interaction (the colour scheme used, from blue, through green to red,
reflects the following range —0.07 au < sign(12) x p < 0.03 au and it is implemented
consistently throughout). For regions where 1> > 0 (isosurfaces are shown in red) a local

depletion of the electron density can be linked with repulsive forces or steric strain regions,
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whereas for 12 < 0 (blue colour is used), locally increased electron density exists and this

translates to attractive interatomic interaction.[>37072

0.03
0.01
t -0.01
t -0.03

-0.05
-0.07

Figure 4.6. NCI isosurfaces of ZnL,. The surfaces describe the reduced density gradient at an
isovalue of 0.5 au. The surfaces are coloured on a blue-green-red scale according to values of
sign(42) o, ranging from —0.07 to 0.03 au.

Many and very different non-covalent interactions were found by NCI in ZnL,, some of
them not present on the molecular graph (Figure 4.3B). Let us briefly discuss each NCI-
defined interaction in more details (purely covalent bonds are above the chosen density
cut-off and thus they do not appear in Figure 4.6). The interactions within the coordination
Zn-N and Zn-0O bonds are shown as large, round discs, surrounded by a ring of depletion.
We interpret this as a strong bonding interaction located between the two atoms; the
placement of the blue discs follows the QTAIM-defined BCP on a bond path on a
molecular graph. However, the large diameter of the blue discs clearly indicates that these
bonding interactions do occupy a large space between the central metal ion and an
electron-donor atom, either N or O. This, possibly, is nothing more than what one would
expect (just a 3-D representation of coordination bonds, quite different when compared
with AIL), but the appearance of the red ring surrounding the blue disc must carry

additional and possibly significant information.

Similar phenomenon has been recently noted during the study of intermolecular H-
bonds formed between two water molecules. This red ring, surrounding the space
occupied by the classical hydrogen bond between two water molecules, was significant

103

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

only at inter-molecular distances, d(HO-He++OH>), shorter than that of the minimum
energy on the potential-energy surface.l”®! Formation of the red ring has been interpreted
as steric repulsion caused by steric crowding which becomes more pronounced with
shortening intermolecular distances and eventually resulting in an overall positive
interaction potential energy despite the central blue disc still being present. Regarding our
coordination bonds, a similar scenario applies and it clearly indicates that the coordination
sphere around the central metal ion is strained but with attractive (stabilising) interactions
still dominating (otherwise this complex would not form).

All the intra-molecular interactions, CHeeeO, CHeesN and CHeesHC, show very
characteristic isosurfaces composed of two adjacent, blue and red, 3-D regions. The
attractive region (blue) is always located exactly between two interacting atoms, whereas
the repulsive (red) region is always located well inside the ring of atoms (this ring is the
result of a polyatomic interaction). To understand significance of this NCI-defined
interaction better, one might use the IRCI" path for electrocyclization of butadiene with
ELF/NCI snapshots of reactants, transition state, and products described elsewhere.l’® A
single stabilizing interaction was initially present when two terminal carbon atoms started
to come close to each other (no steric strain or repulsive force was identified between these
two C-atoms). When a transitional stage was reached, the NCI analysis showed the two-
colour isosurface (similar to what we observe for our intramolecular interactions) at the
centre of the ring-to-be. This blue-red isosurface bifurcated along the reaction coordinate
into the C—C bond interaction (blue) and the red isosurface (called a ring tension’™) was

placed in the centre of the ring, where a ring critical point must be present.

One should stress that the presence of a ring critical point as well as classical steric
repulsions will result in red isosurfaces in the NCI analysis because in both cases a local
depletion of electron density takes place. Looking at the intramolecular interaction
isosurfaces in Figure 4.6, it is obvious that the centres of the blue and red colours coincide
with the BCP and RCP on the molecular graph. One can interpret the presence of a single
and two-colour isosurface as a result of these two density critical points (BCP and RCP)

being close to each other.

The NCI analysis not only recovered non-covalent interactions found from QTAIM, but
also revealed the presence of O--O and O--N interactions as well as an interaction between
the close N-atoms of the ligand - no AlLs are present in any of these interactions. The O--
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N and N--N interactions are clearly repulsive, with a single red disc in the interatomic
region of each interaction. However, the O--O interaction is presented similarly to
CHeesHC, CHe**O and CHe**N interactions (interactions which do contain AILS) - an
attractive region directly between the atoms, and a repulsive region localized (in this case)

towards the metal centre.

A set of selected NClI-plots (RDG against sign(42)p) for ZnL is shown in Figure 4.7
(relevant plots for all interactions of all forms of ZnL, are shown in Figures C5-C7). It is
clearly seen that each kind of diatomic interaction (coordination bond or a classical
stabilising intramolecular interaction) as well as polyatomic interaction (such as regions
around ring critical points) has a specific NCI signature. The NCI plots of e.g. (i) the Zn—
N and Zn—O bonds show a single, large and well-developed trough for which RDG — 0
and sign(A2) < 0; (ii) the intramolecular H-bond (e.g.CHe¢**O) has two, narrow and well-
developed troughs placed almost symmetrically around the zero value of the electron
density, and (iii) RCP of pyridine has only one characteristic trough in the positive range
of sign(42)p. The values of p where each trough approaches zero of the RDG scale (s(p)
— 0) are known as NCI Interaction Critical Points (ICPs).[’” One can see that not only the
shapes of troughs, but also the absolute values of p at each ICP vary significantly among
those interactions and the largest are observed here for the coordination bonds. Moreover,
unlike in QTAIM, critical points exist for all significant intramolecular interactions,

regardless of the presence or absence of a BCP or AIL. The values of sign(/2)p at each

ICP, prs, for selected non-covalent interactions in ZnLz are shown in Table 4.5 (NCI data

for ZnL, ZnL, and ZnLsz are shown in Table C5). The ICPs associated with the
AB AB

concentrating, attractive regions are labelled (-) pis, and (+) piep indicate the ICPs

associated with the depletive regions.

Focusing on (=) pie » Zn—N shows a greater concentration of electron density than
Zn-O bonds, with (-) pix™ more negative by 0.02387 au than (-) pir? ; this strongly
supports the QTAIM and IQA findings (from analysis of either pscp or Eint) that the Zn—N

bond is much stronger. The NCI data also shows that (i) all the intramolecular interactions

are much weaker when compared with coordination bonds when the relevant values of (-)

pies are compared and (ii) the trend |(-)pe™™"| > |(-) o™

> ‘(_) p%;'"N‘ which
reproduced the one observed in the pscp values from the QTAIM analysis. However, the
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NCI plots clearly show for, e.g. the CHe*+O or CHe**N interactions, two almost identical
troughs (which are characterised by close in absolute values of p) of opposite sign. So
what is the overall physical nature of this kind of interactions when NCI analysis is

concerned? Clearly, interpretation of physical meaning of troughs might not be that

obvious.
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Figure 4.7. NCl-plots for indicated intramolecular interactions in ZnL..

Table 4.5. NCI data for all ZnL> coordination bonds and intramolecular interactions.

Interaction

) p ég [a]

(+) pres

Zn-N —0.06449

Zn-0 ~0.04062
CHe+-HC 0.01155 0.01104
CHe++O -0.01007 0.00768
CHe+sN ~0.00596 0.00580
N--N 0.02082
0--0 0.01267 0.01298
O--N 0.00959
Péﬁf@'};‘e 0.02398

e |n au.
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It is interesting and important to note that the trend in values of density representing
troughs in the positive range of sign(A2)p follows that found at ring critical points of rings

formed by these three intramolecular interaction. As a matter of fact, we discovered that

CHeeeHC __

the values of p at ICPs and RCPs are almost identical: pa™*" = 0.01104 and pses =

0.001105; pi**® =0.00768 and pee™°® = 0.00765, and pa™™ =0.00580 and pe" =
0.00581, all in ZnL,. This finding points at previously reported interpretations of RCP

regions as either ring-tension," or destabilizing electron “voids”.["?l Interpreting the RCP
regions as purely destabilizing, however, does not seem to be very convincing because (i)
a study!™! showed a good correlation between densities at BCP and RCP and the stronger
intramolecular hydrogen bond, as measured by pscp, the larger electron density was
observed at the ring critical point of the ring formed by this interaction, (ii) larger values of
prep have been correlated with increased ring aromaticity”®", and (iii) since density at

ICP can be used as a measure of stabilizing and destabilising contributions to the

interaction, then adding e.g. () paMand (+) p@™™ would result in about zero

interaction energy for the CHee*N interactions, but clearly this is not the case. The values
of (+) p,p for the various intramolecular interactions showing an AIL are thus related to

the polyatomic interaction of the entire ring, and cannot be attributed to steric repulsion for

the diatomic intramolecular interactions.

Let us now interpret troughs (placed in the positive range of sign(A2)p) for other
interactions. A much smaller and not that well-developed trough (when compared with the
one representing the stabilising contribution) is observed for the coordination bonds. We
interpret it as revealing strain caused by the steric crowding around the central metal ion
and it corresponds to the red ring around the blue disc on Figure 4.6. A very interesting
NCI plot was obtained for the N--N interaction where two troughs, large repulsive and
small attractive, are observed; a large red isosurface is observed in Figure 4.6. This overall
picture compares surprisingly well with 1QA analysis of this interaction where electrostatic

repulsion is dominating, V'™ >> V'***N: poth analyses consistently showing a

repulsive nature for this interaction. A much smaller red disc is observed for the O--N
interaction and this correlates well with troughs seen on the NCI plot; clearly, even though
much weaker than N--N, the O--N interaction is repulsive. A predominantly repulsive
nature of the O--O interaction, which has two comparable troughs, is well presented,

particularly in Figure C4, where red discs (with small blue areas) are located between
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water molecules coordinated to Zn(Il). A very characteristic, single trough is observed for

the RCP of a pyridine ring; it is placed, as one would expect, in the positive range of

sign(A2)p.

In summary, The NCI analysis (i) does not provide any evidence of steric strain related
to the CHe+*HC interaction, (ii) provides additional evidence that the CHee*O, CHe**N and
CHeesHC intramolecular interactions are of stabilizing nature, (iii) points at the
coordination sphere as a place of significant steric strain, and (iv) does not provide any
evidence to support MM-based claim that the ligand is highly strained due to a steric H-

clash.

ETS-NOCV-based analysis of deformation densities. ETS-NOCV differs
significantly from all three techniques discussed above as it involves molecular and
fragment orbitals rather than real space density distributions. A particularly attractive
feature of this method is in the visualization of molecular regions from which electrons
were removed and regions which gained electrons when fragments were allowed to
reproduce the energy minimized final structure of a molecule, in comparison to an
“interaction-free” excited state. The examples of dominant NOCVs for Zn—N and Zn-O
coordination bonds in ML are shown in Figure 4.8, part a and b, respectively (see also
Figure C8 in the SI where a full set of relevant NOCVs for coordination bonds in ZnL, and
ZnL3s complexes is shown). Blue and red colours indicate an increase (accumulation) and
decrease (donation to a blue region), respectively, of the electron density. It is clearly seen
that the electron density is accumulated in the coordination sphere of the central metal ion
(within the atomic basin of Zn) while density is depleted mainly from the donor’s atomic
basin, N5 and N6 of the BPy ligand and O1 of water molecule in case of the Zn—N and
Zn-0 coordination bonds, respectively. All these NOCVs, for ML in Figure 4.8 as well as
for ML> and MLs in Figure C8, are of the same general shape and can be seen as textbook

examples
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(2)-Bpy (%)-pr

Apq; AE -, (1)=-37.69 kcal mol-! Apy; AE ., (2) = -14.31 kecal mol?

(2)-OH,

Ap,; AE ., (2) = -11.78 keal mol-?

Figure 4.8. Representative NOCVs for (a) Zn-N and (b) Zn—O coordination bonds in ZnL.

of the classical interpretation of coordination bonds, where ligands donate free pair of

electrons (electron density) to available d?sp3-hybrid orbitals on the central metal ion.

We focus our attention now on the C—C bond forming a junction between the two
pyridyl rings; relevant NOCVs in ML are shown in Figure 4.9 (NOCVs for ML, and ML3
are presented in Figure C9 of Appendix C). Two characteristic NOCVs are observed in
Figure 4.9 — one NOCV can be ascribed to the traditional o-orbital (part a) and another

NOCYV can be seen as representing the z-orbital (part b).
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(7)-pyr, a+p (7)-pyr, o+

Apy; AE (1) = -239.547 kcal molt Apy; AEgyy(2) = -23.98 keal mol

Figure 4.9. Characteristic NOCVs obtained for the C—C,: bridge in ZnL.

These NOCVs demonstrate that electron density is accumulated within the region
between the bonded atoms (the bonding interatomic region) and is depleted either in the
regions outside the bond (the non-bonding region of the interaction) or in other atoms of
the molecule. A predominantly single covalent bond between the two carbon atoms can be
deduced from a AEqm(1) value of Ap1, —239.5 kcal mol (a o-orbital, Figure 4.9a) which is
about ten times larger (in absolute value) when compared with Ap, representing a z-
orbital, Figure 4.9b.

Three very different NOCVs describing intramolecular CHe+O interactions in ML are
presented in Figure 4.10 where two characteristic charge density accumulations are clearly
observed. The first and dominant NOCV (AEom(12) = —1.82 kcal mol, part a in Fig 10) is
related to a polarized electrostatic interaction or complementary intra-atomic-basin type,
whereby density is (i) accumulated in the bonding region of the basin of the oxygen atom

and (ii) depleted from the hydrogen’s atom bonding region.

This type of interaction is consistent with Popelier’s QTAIM-based criterial® defining
a classical H-bond. However, there are also additional NOCVs (with smaller values of
AEon = —0.77 and —0.38 kcal mol™?) describing the CHe+«O interaction where density
accumulates in a channel-like fashion between the bonded atoms. In this case, density is
withdrawn from the non-bonding regions of either the O-atom (Figure 4.10b) or the H-
atom (Figure 4.10c). We will refer to this type of NOCV as an inter-atomic-basin type
because it is localised between two atoms in the bonding region of two atomic basins.
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(2)-Bpy (2)-Bpy

Apqy; AE 4, (12) = -1.82 keal mol-? Ap14; AE,p(14) = -0.77 keal molt

(2)-Bpy

Apqg; AE,,(16) = -0.38 kcal molt

Figure 4.10. NOCV deformation densities for the CHe*+O interactions in ZnL. a) Complementary
intra-atomic-basin type, b-c) inter-atomic-basin type.

Moreover, it corresponds well with the topological representation of a bonding interaction
— the channel-like NOCVs seen in Figures 10b-10c can be compared to the AIL between H
and O atoms (a bridge of maximum electron density) and it also corresponds to V. ® of

IQA analysis. Clearly, the overall picture generated by NOCVs predicts a predominant
ionic character of the CHe++O interaction and this correlates well with the IQA analysis

very well.

Finally, Figure 4.11 shows most interesting and informative two kinds of NOCVs
describing the CHee+HC interaction in ML (full set of intramolecular NOCVs for all ZnL,
complexes is shown in Figure C10 of Appendix C). The first NOCV, Ap23 with AEq(23)
= —1.8 kcal mol in Figure 4.11a, not only shows accumulation of electron density in the

bonding region between H-atoms, but also clearly points out at the origin where this
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charge comes from - the nonbonding region of atomic basins of the same H-atoms. This
can be interpreted as a bonding-type interaction (otherwise an opposite charge deformation
would be observed with a depletion between the atoms and accumulation in the non-
bonding region of the same H-atoms’ atomic basins) and this charge deformation
resembles the NOCVs obtained for the CHe+*O interaction shown in Figure 4.10 b-c. The
second and unique type of NOCV, Apz1 With AEqm(21) = —2.45 kcal mol in Figure 4.11b,
illustrates multi-atomic-basin density accumulation and involves all atoms in the 6-
membered ring. Interestingly, the main depletion of the charge appears to be again the
non-bonding region of atomic basins of the H-atoms involved in this interaction. These
two NOCVs, Ap2s and Apz1, can be compared with the topology of the electron density in
the form of AIL in the case of Ap23, while Ap21 compares well with the increased density
and gradient p paths associated with the formation of a ring critical point on the molecular
graph. Moreover, the observed NOCVs strongly indicate a predominant spin-pairing (or
covalent) character of the CH<+eHC interactions (no evidence is present of any significant
electrostatic interaction, such as seen for CHe++O) and this correlates well with the IQA

description.

It is clear from the above discussion that NOCVs (i) are always observed between the
same atoms for which AlLs are generated from the QTAIM analysis, including NOCVs
corresponding to the controversial AIL between H-atoms involved in a steric clash and (ii)
are distinguishably different providing a very important insight on the nature of the
interaction in the ZnLn complexes. Just focusing on intramolecular CHee*HC and CHe+O
interactions, it is obvious that they are significantly different. Although both CHeeeHC and
CHe++O interactions show channel-like interatomic-basin charge accumulations (main
contribution found for CHe**HC) the majority of the orbital interaction energy in case of
the CHe++O interaction comes from a complementary (or electrostatic) intra-atomic-basin

charge rearrangement.
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(7)-pyr, o+p (7)-pyr, o+p

Apys; AE -, (23) =-1.81 kcal mol Ap,q; AE ., (21) = -2.45 kecal molt

Figure 4.11. NOCV deformation densities for the CHe*eHC interaction in ZnL.

Unfortunately, even though several fragmentation schemes were tested, the deformation
density associated with the CHee*N interactions appeared to be too small to generate
sufficiently localized NOCVs and we concluded that these interactions in the complexes
under investigation are below the resolution of the technique (such an NOCV are shown in
Figure C10(b) of Appendix C).

Analysis of AEorb. Because the combined ETS-NOCV method allows a partitioning of
the total orbital interaction term from ETS, AEon', in a basis set of NOCVs, we decided to
look for trends between the partitioned AEon® and interatomic distances for all
coordination bonds and intramolecular interactions. For the following section the
superscripts ‘T’ will refer to the total molecular AEowm, k> will refer to the energy of a
specific NOCV-pair and ‘I’ will refer to the energy of a combined set of NOCV’s
describing a single, specific kind of interaction. Relevant data for ETS-NOCVs are
collected in Table 4.6 for all coordination bonds and plots of AEqw' as a function of the
coordination bond lengths are shown in Figure 4.12. The protocol implemented to
calculate the average value of AEon* was as follows. When only a single dominant NOCV
was found, as shown in Figure 4.8b for the Zn—O coordination bonds in ZnL, then AEom' =
AEop* for each individual bond. Because there are four Zn—-O bonds in ZnL with
corresponding AEqm* values of —11.78, —10.88, —1178 and —10.88 kcal mol™, the average
AEon value of —11.33 was calculated which represents an energy contribution per a single
Zn-0 coordination bond in ZnL (see Table 4.6). However, for the chelating Zn—N bonds,

two separate and similar in nature NOCVs per coordinated ligand were always identified
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in all ZnL, complexes, as shown in Figure 4.8a i-ii for ZnL. The corresponding AEom*
values (-37.69 and —14.31 kcal mol™? in ZnL) were averaged and gave AEqm' of —26.00
kcal mol for a single Zn—N bond formed by a single coordinated ligand. In the case of
Znl, and ZnLs, two and three AEqm' values, respectively, were obtained and they were
averaged to obtain the energy contribution per a statistical Zn—-N bond in a complex. A
full set of individual NOCVs, their corresponding isovalues and associated AEom values is
displayed in Table C6.

We discovered that, for both coordination bonds, the stabilizing contribution made by
the orbital interaction energy, AEow' decreases (becomes less negative, hence less
stabilising) when going from ML to MLs. For a single Zn—-N bond, AEq' increased by
+7.30 kcal-mol* from —26.00 kcal-mol in ZnL to an average value of —18.70 kcal-mol*
in ZnLs. Significantly weaker Zn—-O coordination bonds follow the same trend where
AEon' increased by +2.76 kcal-mol* from an average value of —11.33 kcal-mol*in ZnL to

an average value of —8.75 kcal-mol ™ in ZnL..

The orbital interaction energy term, AEon from the ETS-NOCV theory, describes the
energy changes associated with inter-fragment occupied and virtual orbital mixing as well
as intra-fragment density rearrangement. Therefore, when combined with the visual
deformation densities shown in Figure 4.8, they can be interpreted as a stabilizing
interaction involving occupied orbitals on the ligands (bipyridyl and H;O) and the
unoccupied virtual orbitals on Zn. As our data shows, this stabilization is inversely
proportional to the length of the coordination bonds and this corresponds well with trends
in the relevant values for psce (from QTAIM), Eint (from IQA) and pice (from NCI).

-16.00 -8.0
(a) . (b)
\n —— -8.5
© -18.00 ZnL [<]
£ E 90
® -20.00 8
B £ 95 4
~ ZnL, =
=- =-10.0
Z 22.00 . 5
c C 105
N-24.00 | znL, N
e T2-11.0
o LuO
{2600 © y = 61.862x - 155.75 q-11.5 y = 28.536x - 73.477
R2=0.9815 R2=1
-28.00 ‘ ‘ : 12.0 ; ; ; ‘
2.100 2.130 2.160 2.190 2.220 2.15 2.18 221 2.24 2.27
d(zn-N) / A d(zn-0)/ A

Figure 4.12. Relationships between bond lengths and NOCV orbital interaction energy, AEor'
for a) Zn—N bonds, and b) Zn—O bonds.
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Table 4.6. Orbital interaction energies for all Zn—L coordination bonds in Zn" complexes with
2,2 -bipyridyl (L)

Complex Atoms Fragmentation Scheme NOCVs Averaged AEqn,' [
ZnL Zn—(N5,N6) (2)-Bpy 1,2 -26.00
Zn-01 (2)-OH: 1 -11.78
Zn-02 (2)-OH: 1 -10.88
Zn-03 (2)-OH; 1 -11.78
Zn-04 (2)-OH: 1 -10.88
Average -11.33
ZnL, Zn—(N1,N2) (2)-Bpy 1,2 -22.42
Zn—(N3,N4) (2)-Bpy 1,2 -22.50
Average -22.46
Zn-05 (2)-OH: 1 -8.62
Zn-06 (2)-OH: 1 -8.53
Average -8.57
ZnlLs; Zn—(N55,N56) (2)-Bpy 1,2 -18.71
Zn—(N57,N58) (2)-Bpy 1,2 -18.71
Zn—(N59,N60) (2)-Bpy 1,2 -18.69
Average -18.70

[a] Describes a single Zn-L bond. In kcal-mol*

Next we analyse AEon' for the CHeseO and CHes+HC intramolecular interactions (the
NOCVs describing CHsesN are too delocalized to measure AEomw' accurately) and
representative set of data obtained for relevant ETS-NOCVs is collected in Table 4.7. It is
important to recall that the CH+++O and CHe<++HC interactions (i) are characterised by a set
of distinctive NOCVs and (ii) not every NOCV shows deformation density changes on
every occurrence of a specific interaction in the molecule. For instance, the NOCV P2
(shown in Figure C10c iii of Appendix C) describes the energy associated with
deformation densities only for two CHeesHC interactions, even though three CHessHC
contacts are present in MLs. Consequently, to generate AEqr' describing the orbital energy
contribution per a single interaction, the AE.?® value was divided by two. The full
procedure used to generate AEom' for CHeseO and CHeseHC interactions is described in
Tables C7 and C8. AEqmw' for CHeesO bonds becomes more negative by 0.2 kcal-mol,
from —1.48 kcal-mol™? in ML to —1.68 kcal-mol™? in ML,, as the d(CHe++O) becomes

shorter. The dominant AEow* for this interaction describes the complementary intra-
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atomic-basin type, as shown in Figure 4.10a, and is equal to —0.91 kcal-mol™ per bond in
ML and —1.11 kcal-mol* in ML,. The rest of the contribution to AEo,' comes from the
channel-like inter-atomic-basin type NOCV shown in Figure 4.8(b-c). Again, following
the definition for AEom, we interpreted AEqm'(CHes+O) as stabilization resulting from (i)
polarizable charge-transfer (from the hydrogen into the oxygen’s atomic basin in addition
to rearrangements within each basin and functional group) which enhances the electrostatic
interaction of an H-bond, and (ii) a covalent-like electron sharing due to the orbital
overlap, where density is donated primarily from non-bonding regions into the bonding
interatomic region. Importantly, trends observed in Eon obtained for intramolecular
interactions (when going from ML to MLz) follow those generated by the QTAIM, 1QA

and NCI analyses when pece, Eint and picp Were used, respectively.

Interestingly, the stabilizing orbital energies obtained per a single CHesHC interaction
are about three times larger when compared with the AEq.w' values obtained per a single
CHe<+O interaction in ML and ML, where these two interactions are present. This
correlates very well with the IQA data showing predominant stabilizing contribution

coming from the V2® term. The AEqw'(CHessHC) values are plotted against the

d(CHe+HC) in Figure 4.13 and as for the coordination bonds shown earlier, a good
relationship was obtained. The overall increase in the stabilizing contribution coming
from AEqm'(CHeesHC) is about 3.1 kcal-mol per interaction, from —4.27 kcal-mol* in ML
to —7.36 kcal-mol* in MLs. This results in very significant total stabilizing contribution
made by AEom of about —22 kcal mol™ due to close contacts between clashing H-atoms in
ZnLs. Unlike CHee+O interactions, the NOCVs describing CHe¢*HC interactions are all of
the inter-atomic-basin type. We interpret AEqm'(CHs++HC) thus as the stabilization due to
density depletion of the orthogonal fragment orbitals in non-bonding regions and density
accumulation of the SCF-minimized molecular orbitals inside the bonding interatomic
region of this interaction.
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Table 4.7. Orbital interaction energies for CHe**O and CHe+*HC intramolecular interactions

in Zn" complexes with 2,2”-bipyridyl (L)

Fragmentation Averaged _—
Complex Atoms Scheme NOCVs AE, . Description
ZnL H8-01, H24-03  (2)-Bpy (N5,N6) 12 -0.91 Intra-atomic
14,16 -0.57 Inter-atomic
Sum -1.48
H14-H18 (7)-pyr 21,23 -4.27 Inter-atomic
ZnL, H42-05 (2)-Bpy (N1,N2) 15 -1.11 Intra-atomic
17,18 -0.57 Inter-atomic
Sum -1.68
H24-06 (2)-Bpy (N3,N4) 15 -1.13 Intra-atomic
17,18 -0.55 Inter-atomic
Sum -1.68
H16-H18, .
H36-H32 (7)-pyr 23,25,26,27 -5.52 Inter-atomic
H8-H12, H26— .
ZnLs H30, H44_H48 (7)-pyr 26,27,28,29,30 -7.36 Inter-atomic
[a] In kcal-mol*
-35
5 -4.0 ZnL
E o451
850
ZnL,
= -5.5 1
o
:!: -6.0 A
$ 65
g'-7.0 1 ZnL,
Lng'7'5 i y =81.664x - 171.54
., R? = 0.9994
.2.005 2.015 2.025 2.035 2.045
d(CHe**HC) / A

Figure 4.13. Relationship between interatomic distance and NOCV orbital interaction energy for
CHee+HC interactions

We conclude, from the analysis of AEqmw', that stabilizing orbital interactions exist for
both coordination bonds as well as the CHesO and CHe<+*HC interactions. Like the
property-distance relationships from our QTAIM analysis, so does AEom' also correspond

with the interaction distance and the orbital stabilization energy in CHee*HC interactions
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follows the same general trends that Zn—N, Zn-O and CHe++O do. In addition, trends

observed in ETS-NOCYV data mimic those obtained from each other method used.
Conclusions

The aim of this work was to investigate the energy components which contribute to the
number of interatomic interactions (involving coordination, covalent and intramolecular
interactions) with our main focus being on understanding the CHe<+HC interactions in the
ZnLn complexes with 2,2'-bipyridyl. To this end we have used four and very different
energy partitioning techniques - three of them are based on real space, or topological,
methods (QTAIM, IQA and NCI) and the forth one involves molecular and fragment
orbitals (ETS-NOCV). Each technique provided us with specific information which, when
combined (i) created a consistent description of these interactions and (ii) provided a

convenient comparative tool.

The NCI method, which is designed specifically to investigate noncovalent interactions
which includes intramolecular steric strain, has not provided any evidence to support the
classical notion that the 3,3'-hydrogen atoms are responsible for a highly strained ligand;
neither the region between these two H-atoms nor the ligand appear to be strained but
instead the NCI plots pointed at the coordination sphere where steric strain was located.
Both coordination bonds as well as CHeesO, CHeesN and CHeesHC interactions were
found to be of a stabilizing nature. Moreover, NCI plots fully recovered the relative
strength of bonding interactions clearly, showing that (i) among coordination bonds, Zn—N
is significantly stronger than Zn—O and (ii) the intramolecular interactions are much

weaker than coordination bonds.

If the 3,3’-hydrogen atoms were involved in a classically interpreted steric clash, then it
should result in significant electrostatic repulsion (a destabilising energy) between these

two atoms. The IQA method is designed to recover and quantify, among other energy

components, electrostatic contribution towards interatomic interactions, ES° = V& +

V. Results obtained from IQA fully recovered our classical notions of the chemical

character of coordination, as well as covalent, bonds in these complexes (showing a
predominantly electrostatic interaction with a measure of electron sharing for the
coordination bonds, and a highly repulsive electrostatic interaction but even greater

quantum exchange interaction for the covalent bonds). Importantly, with regards to the
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main focus of this work, CHe*sHC interactions, we showed that (i) the electrostatic energy
was always of stabilising nature, V®< 0, and (ii) with a decrease in d(CHe*sHC), when
going from ZnL to ZnLsg, its stabilising contribution increased which we see as another
argument opposing the presence of steric repulsion (the same trend in V*® was observed
for CHes+O and CHee*N intramolecular interactions). The main contribution to the IQA-

defined interaction energy was found to be of quantum mechanical nature, V2* >> Vv ;®,

which corresponds to a greater covalent character (the CHee*HC interaction is more similar

to the C—C covalent bond than to the electrostatic CHeeeO and CHe**N interactions and

Zn-N and Zn-O coordination bonds). Since the V" term is always stabilising, the

overall interaction energy, ES ", was always found to be locally stabilising with the

largest contribution made in most crowded ZnLs.

The ETS-NOCYV technique qualitatively confirmed the overall nature of the CHee*HC
interactions because (i) very well developed NOCVs showing an accumulation of electron
density between 3,3’-hydrogen atoms were observed and (ii) NOCVs representing
electrostatic interactions (as discovered for the CHee+O interaction, showing its
predominant ionic nature and corroborating with 1QA analysis) were not present. The
accumulation of density in the bonding region of CHeeeHC is paired with a density
depletion in the non-bonding regions of the interaction in a stabilizing fashion, with
AEom'(CHes*HC) < 0.

Importantly, results obtained from all the techniques employed here were fully
consistent. They all have shown the same trends in the energy components with
interatomic distances and, considering the CHe«*HC interactions as an example, the trends
in pece (from QTAIM), pice (from NCI), V4 and V® (from 1QA) and AEar (from ETS-

NOCV), when going from ZnL to ZnLs, demonstrate an increase in the stabilising nature
of this interaction. In addition, we found significant correspondence among results
obtained from these techniques; as an example, relationships between results obtained
from ETS-NOCV and QTAIM for the CHe++HC interactions are shown in in Figure 4.14.
Combining the results from these four energy partitioning and interatomic interaction
characterising techniques we must conclude that the intramolecular interactions (CHeeHC,
CHee+O or CHe**N) in ZnL, complexes are of locally stabilising nature; all of these

interactions show significant spin-pairing which results in a region of concentrated

119

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

&
¢
<

electron density between the interacting atoms and the formation of a bridge of maximal
density - an AIL. The only fundamental difference between these contacts is the larger
contribution of electrostatic interactions in CHe**O and CHe**N, making these interactions
predominantly of ionic character whereas the CHee*HC interaction can be classified as

more covalent.
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Figure 4.14. Relationship between NOCV orbital interaction energy and topological properties a)
pece, B) VZpecp and ¢) Vacp for CHeesHC interactions

Finally, we would like to clarify the difference between the binding and interaction
energies, the latter one being a subject of this work. Regarding binding energy, it is
defined in IQA as Efj 4 = AES s + AEG,r + Efni, where AEg,; is the change in self-
energy (intra-atomic energy) in relation to a suitable reference frame. In other words, the
interaction energy combined with the changes within an atomic basin gives a quantity
more related to the bond dissociation energy. Calculating AEg,, ¢ is not a problem when

the interaction between two atoms in a diatomic molecule is concerned, because the self-

energy of a single atom in vacuum can be computed. Regarding atoms in polyatomic

molecules, such as the present case, estimation of the change in Eg,, becomes, in
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principle, an impossible task, as an atom which is identical in every physical and chemical
manner but without the presence of the specific inter-atomic interaction needs to be found.
We have established that, upon changing the ligand 2,2’-bipyridyl from the trans to the cis
conformer, practically all atomic energies (either QTAIM-defined kinetic energies or 1QA-
defined Eg,; ) changed significantly. Although we observe some change in Eg,;¢ of 3,3’-H
atoms when going from trans (where they are not involved in the clash) to cis conformers
of 2,2’-bipyridyl, one is unable to rigorously partition AE{. into AEGTH¢ and
AEST(Q‘}”S‘“"C“. On the other hand, the interatomic energy can be computed and, in
combination with other physical components of this interaction (from the combined insight
of multiple techniques), provides an invaluable tool to describe its physical nature. So, if
one assumes that a close contact, such as H--H, indeed results in some energy destabilising
contribution, call it Egest(H--H), then as we have demonstrated in this work (i) it is not the
part of the interaction energy between 3,3’-H atoms and (ii) it does not result in this
interatomic region being energetically strained; hence, Egest(H--H) must be hidden either in

the self-energies of the H-atoms or is distributed throughout a molecule.
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Chapter 5

Bonding Interactions in Ni'' Complexes with 2,2'-
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Abstract

Interatomic interactions in the equilibrium structures of the NiL, complexes (L = 2,2'-
bipyridyl) were investigated at the UX3LYP/6-311++G(d,p) level of theory in solvent
(PCM/UFF). The DFT-computed structures and their topological properties (from QTAIM)
are strongly supported by numerous correlations with experimental formation constants of Ni'
with L. QTAIM-based analysis correctly predicted the character and relative strength of the
Ni—N and Ni—OH: coordination bonds as well as the covalent character of the C—C bonds in
L. For both coordination bonds and all intramolecular interactions (CHessHC, CHe**O and
CHe+*N), the relationships involving topological properties follow the same trends; with a
decrease in the distance between atoms involved (i) psce and Vpsce increases, (ii) the local
potential energy density Vecr becomes more negative, (iii) the local kinetic energy density
Ggcp becomes more positive, and (iv) the ratio |V(r)[/G(r) increases, showing that all these
interactions are predominantly of an ionic character. The covalent C2-C3 bond of 2,2'-

bipyridyl shows the same trends in o(r), V(r) and G(r).
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Introduction

The ligand 2,2'-bipyridyl (L) is an important representative of a-diimines and it has
excellent ability to form complexes, hence its chemistry with tenths of metal ions has been
investigated experimentally for years resulting in hundreds of the formation constants
reported.l! Knowledge of the conformational structure of a-diimine ligands and information
about the rotational energy barrier are important and useful for a better understanding of the
complex formation process and trends in stability of complexes. Hence not surprisingly, these
ligands have also been extensively studied computationally®*4 and for over 40 years it is
known that the most stable conformer of 2,2'-bipyridyl has two N-atoms trans to each other
(s-trans conformer).[5-221 Lower stability of the conformer with nitrogens cis to each other (s-
cis conformer) was attributed mainly to the steric hindrance of the 3,3’-hydrogen atoms and
destabilizing nitrogen lone pair-lone pair interactions®24 in 2.2'-bipyridyl. To act as a
chelate, this ligand must, however, attain the s-cis conformation resulting in the 3,3’-hydrogen
atoms being in the close contact, CH<**HC (Figure 5.1).

Figure 5.1. Higher energy conformer of the free ligand 2,2'-bipyridyl, as found in metal complexes,
with N-atoms cis to each other (s-cis conformer) showing steric clash between 3,3'-hydrogen atoms.

It is well-known fact that many, if not majority, of metal complexes with this ligand in
crystals show nearly-planar structure of 2,2'-bipyridyl with geometric H-clashes present.
These H-clashes are assumed to be also present in a solution and were often used to explain
trends in experimental formation constants.’>%1 For instance, the unusual trend in the
formation constants of Cu'' was attributed to steric repulsion between the 3,3’-hydrogens

already fifty years ago.l*>1 More recently, the observed difference of about 1.4 log units for a

128

© University of Pretoria



set of metal ions with 1,10-phenanthroline and 2,2'-bipyridyl (the latter ligand forms weaker
complexes) was attributed to highly strained ligand in the s-cis conformer (as it is required for

coordination to metal ions) because of the steric hindrance between the hydrogen atoms.2%!

Close contacts between H-atoms are present in many molecules, e.g. in a natural estrogen,
Estrone (3-hydroxy-1,3,5-(10)-estratrien-17-one)?* and became a subject of controversy.
This is because several examples of intra- and intermolecular CHes+sHC close contacts were
interpreted as the H-H bonding interactions, either from the calculated® 3% or
experimental®3+-331 electron density distributions, using the quantum theory of atoms in
molecules (QTAIM)B4 of Bader. The formation of H-H bonds in some molecules was
challenged in the literaturel®>2¢1 and rebutted.-%8  Criticism of the QTAIM-based
interpretation of bonding interactions between clashing hydrogen atoms is based mainly on
the “Pauli or exchange repulsions” (the destabilizing energy contribution acting on the
clashing atoms) obtained from the energy decomposition analysis, such as the Extended
Transition State (ETS) method® I used in the study of ortho-hydrogens in planar
biphenyl.[*]

Recently, we have reported?® 3% the QTAIM-based study of Ni" and Zn" complexes with
NTPA (nitrilotri-3-propanoic acid) and NTA (nitrilotriacetic acid) which form three 6-
membered and 5-membered coordination rings, respectively. Our analysis revealed that (i)
the CHs++HC contacts in the Ni" and Zn" complexes with NTPA cannot be used to explain the
experimental trend in the formation constants in aqueous medium (NTPA complexes are
significantly weaker when compared with NTA) and (ii) there are bonding interactions
between H-atoms involved in the CHessHC contacts. The ETS-NOCV charge and energy
decomposition method™“?#3 (ETS combined with the Natural Orbitals for Chemical Valence
(NOCYV) theory) as well as QTAIM were used recently® to study H-clashes in the ZnNTPA
complex. This first implementation of QTAIM and ETS-NOCYV in the study of non-bonding
interactions in metal complexes has conclusively demonstrated*! that the CHsesHC contacts
are characterized by (i) the electron flow channel between the H-atoms involved as discovered
by the ETS-NOCYV analysis (on average, AEon = —1.35 kcal mol™) and (ii) QTAIM defined a
bond path which indicates the presence of a preferred quantum-mechanical exchange

channel;**! hence the presence of bonding interactions between the H-atoms of the CHessHC
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contacts was confirmed by these two and so different methods (theories). However, it is
reasonable to assume that close intramolecular contacts between the H-atoms in e.g. the
ZnNTPA complex or the 3,3'-hydrogen atoms in metal complexes with 2,2'-bipyridyl might
result in significant destabilizing Pauli contribution to the overall local interaction energy.
Also, in principle, the AEpaui term (accounting for the repulsive Pauli interaction between
occupied orbitals on two fragments in the combined molecule) might be most significant.
Clearly, it would be of great interest and paramount importance to gain further insight on the
nature of not only the CHeesHC contacts but all intramolecular interactions in metal
complexes from ETS-NOCV. Unfortunately, there is not yet implementation of the Pauli
decomposition into NOCV-like-channels required to obtain information on Pauli contribution
and electrostatic term which act solely between the atoms involved in intramolecular close
contacts. In our opinion, however, the presence of a significant destabilizing energy
contribution (if confirmed) does not exclude the presence of a bonding interaction,*¥ the

electron flow channel or a bond path.

In this work we expand our investigations of the CHeeeHC close contacts in metal
complexes and focus on the 3,3’-hydrogen atoms of the ligand 2,2'-bipyridyl (L). The
topological (from QTAIM) and structural properties (from DFT) found for the CHeeeHC
intramolecular close contacts are compared with several interatomic interactions which are
known to be of a bonding nature. We decided to perform a study where the interactions
between 3,3’-hydrogen atoms of L where compared against properties of the Ni—N and Ni—
H>O coordination bonds, CH-N and CH-O intramolecular hydrogen bonds, as well as C-C
covalent bonds of 2,2'-bipyridyl. We are of an opinion that the comparison-based conclusions
(arrived at by analogy) could be considered here as valid because (i) a single topological
analysis of the electron density distribution was performed on the same octahedral complexes,
[NiL(H20)4]%, [NiL2(H20)2]?* and [NiLs]?* in aqueous medium, where all these interactions
are present simultaneously (for simplicity, these complexes will be shown throughout the text
as NiL, NiL2 and NiLs) and (ii) all analyses were performed on the equilibrium structures
where the electron density and 3-D nuclei distributions were such that the Feynman force
acting on the nuclei vanished; there are no net repulsive or attractive forces acting on nuclei in

these structures.
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Some preliminary results from the analysis of atomic energies and atomic net charges,
studied in comparative fashion as L is transformed from s-trans to the forms the ligand takes
as it exists in complexes, are shown in Appendix B. We also explored the changes of atomic
energies and charges when the ligand forms the various complexes with Ni2*. In this approach
we will attempt to localize the strain caused by the preorganization and confirm whether the
destabilization is truly caused by the formation of the CHeesHC interaction, as well as
providing additional insight to the nature of other intramolecular interactions present in
complexes. These results are termed preliminary, as any study involving the virial-based
QTAIM atomic energies is necessarily difficult as the molecular virial ratio needs to be
exactly met, and special considerations needs to be taken for structures not at equilibrium.
Such considerations are not addressed in the current work, and therefore our analysis of
atomic energies is not yet definitive. In the future we also wish to couple QTAIM-atomic
energies with the Interacting Quantum Atoms (IQA) defined atomic energies for consistency.

Regardless, novel insights are presented in this appendix.

Computational Methods

Molecular modelling was performed with the aid of Gaussian 09, revision B.01, software
package.[*l  GaussView5.09b*"1 was utilized for molecular visualization and construction
purposes. Constructed molecules were optimized at the unrestricted X3LYP/6-311++G(d,p)
level of theory. The X3LYP functional is an admixture of an extended three-parameter (X3)
exchange functional® ! coupled with the Lee-Yang-Parr (LYP) electron-correlation
functional.®*  Whilst a correlated functional, such as B3LYP, does not describe weak
interactions very well because of an inadequate description of electron correlation,®>-54
X3LYP does improve the description of softer interactions, such as intramolecular hydrogen
bonds, #8555 whilst describing the structure and electronic properties of molecular
systemst 8575 jn a well-defined manner. Optimization of Ni" complexes was performed
with a triple spin multiplicity as only octahedral complexes were of interest here. The
structural and electronic properties of each complex were investigated in water as a solvent (e

= 78.39) using the polarizable continuum model (PCM) and universal force field (UFF)
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atomic radii (a default solvation model in Gaussian). We performed frequency calculations by
determining analytically the second derivatives of the UX3LYP potential energy surfaces with
respect to the fixed atomic nuclear coordinates to determine whether each of the minimized
structures corresponded to an energy minimum or a saddle point. A tight gradient
convergence criterion with ultrafine integration grid was used in all calculations. All reported
geometries belong to genuine minimum energy conformations (imaginary frequencies are not

present).

The wavefunction files required for the analysis of the topological properties of the electron
charge density using the atoms in molecules framework of Bader!®*! were generated at the
same level of theory (UX3LYP/6-311++G(d,p), PCM/UFF). The topological properties of the
electron density, p(r), its Laplacian, V2o(r), the local potential energy density, V(r), the local
kinetic energy density G(r), and the total energy densities, H(r) were evaluated at all the bond
critical points (BCPs) and ring critical points (RCPs) using the AIMAII®Y program using very
high basin quadrature with the Proaim integration method. We used QTAIM because (i) it is
based on fundamental laws of physics and chemistry (Feynman, Ehrenfest, and virial
theorems of quantum mechanics apply), (ii) no prior assumptions were made in the
development of this theory, (iii) there are numerous examples where, from the properties of
the charge density gradient vector field, the concepts of atoms, bonds, and structures were
always fully reproduced, (iv) o(r) is a fundamental property of atoms and molecules in all
phases, (v) for a single configuration of the nuclei, theoretically calculated p(r) represents the
time-independent distribution of p(r) throughout 3-D space and, importantly, (vi) o(r) can also

be determined experimentally.

Results and Discussions

Structural Properties of the NiLn Complexes. The energy-optimized solvent structures
of the NiL, NiL,, and NiLs complexes of Ni'' with 2,2"-bipyridyl are shown in Figure 5.2
(Cartesian coordinates are provided in Tables E1-E3, Appendix E). Selected structural data
for all the coordination bonds and intramolecular contacts are presented in Table 5.1. A large
increase in the Ni—N bonds lengths, BL(Ni—N), from 2.059 to 2.128 A, and a decrease in the
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N-Ni-N bite angle (BA) from 80 to 77.5° is observed when going from NiL to NiLs. At the
same time, BA and BL(Ni-N) are virtually of the same value within a particular complex, e.g.
BL(Ni-N) in NiL2 and NiLs are 2.091 + 0.002 and 2.128 + 0.001 A, respectively. We found
an excellent linear relationship between these two structural properties, BL(Ni—N) and BA
(Figure E1 of Appendix E) and the observed trend can be attributed to an increase in crowding
of the atoms around the central metal ion. The distance between clashing H-atoms,
d(CHe++HC), decreased significantly from 2.098 A in NiL to 2.064 A in most crowded NiL3
and variation in d(CHee*HC) correlates well with BA and BL(Ni—N) — see Figures E2-E3,
Appendix E. Importantly, a large increase in the atom crowding has not shown a significant
impact on the geometry of the coordinated L molecules and near-planar structures are
observed as measured by the absolute values of the N-C-C-N dihedral angle, DA. For
instance, we found DA(N-C-C-N) of 1.6° and 4.8° in NiL and NiLs, respectively.
Considering H-atoms which form the CHessHC close contacts, DA are always below 1°, e.g.
DA(H50-C49-C44-C35) = 0.51° in NiLa.

There are also other intramolecular close contacts, namely (i) CHe*+O involving H20 and
2,2'-bipyridyl with an average distance davg(CHe**O) = 2.489 and 2.426 A in NiL and NiLy,
respectively, and (ii) CHee*N Dbetween coordinated 2,2'-bipyridyl molecules with
davg(CHe**N) = 2.690(1) and 2.630(3) A in NiL, and NiLs, respectively (Table 5.1). In total,
we found 3, 6 and 9 contacts in the NiL, NiL2 and NiLs complexes, respectively, and when
going from NiL to NiLs, the distances between the atoms involved decreased by about 0.04,
0.06 and 0.06 A for CHessHC, CHe++O and CHe**N, respectively.

Most significant structural changes observed in the ligand molecules, as e.g. 2 =
BA(NiLs) — BA(NiL), are shown in Figure 5.3. Two changes, 61 = 0.069 A due to elongation
of BL(Ni—N) (an increase by ~3.37 %) and 62 = —3.54° due to narrowing of the bite angles (a
decrease by ~4.42 %) brought the geometry around the central metal ion in NiLsz closer to the
minimum strain BL(M-N) of 2.5 A and BA of 69° predicted from MM.?281  This is an
important but unexpected observation as it suggests that least strained L might be in most

crowded NiLs. The covalent bonds of the ligand remained virtually unchanged
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Figure 5.2. (A) — Ball-and-stick representation of the energy-optimized solvent structures of the Ni"
complexes (NiL, NiL; and NiLs, L = 2,2"-bipyridyl) discussed in this work. (B) — Molecular graphs of
these complexes.
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Table 5.1. Selected structural data of the Ni" complexes with 2,2"-bipyridyl (L).B

IVERSITEIT VAN PRETORIA
IVERSITY OF PRETORIA
NIBESITHI YA PRETORIA

Complex Bond length Bite angle Torsion Close contacts
(A) (deg) (deg) A)
Ni-02 2.117 NG6-Ni-N7 80.05 N6-C16-C17-N7 -1.60 CH15e--H19C 2.098
Ni—-O3 2.128 H15-C14-C16-C17 —0.27 CH9ee02 2.489
Ni-04 2.117 H19-C18-C17-C16  —0.27 CH25+04 2.489
NiiL Ni—O5 2.127
average: 2.122
std dev: 0.006
Ni—-N6 2.059
Ni—-N7 2.059
Ni—-N2 2.092 N2-Ni-N3 78.85 N2-C14-C15-N3 —2.22 CH17--sH19C 2.075
Ni—N3 2.090 N4-Ni-N5 78.87 H17-C16-C14-C15 —0.47 CH33eeH37C  2.075
Ni—-N4 2.092 H19-C18-C15-C14 0.24 CH43+06 2.426
. Ni—N5 2.089 N4-C34-C35-N5 —2.21 CH25¢07 2.426
NiL2 average: 2.091 H33-C32-C34-C35  -0.46 CH27++-N3 2.691
std dev: 0.002 H37-C36-C35-C34 0.24 CH9ee*N5 2.689
Ni-06 2.174
Ni-O7 2.174
Ni-N2 2129 N2-Ni-N23 7750 N2-C4-C22-N23 442 CH15-+H27C  2.064
Ni-N23 2.128 N3-Ni-N24 77.53 H6-C5-C4-C22 0.39 CHGesH58C 2.061
Ni—N3 2.128 N34-Ni-N45 77.50 H58-C57-C22-C4 0.41 CH37e*H50C 2.063
Ni-N24 2.128 N3-C13-C25-N24 4.80 CH33eesN2 2.624
NiLs Ni—-N34 2.129 H15-C14-C13-C25 0.49 CH61eesN3 2.632
Ni—N45 2.128 H27-C26-C25-C13 0.50 CH53eeN23 2.632
average: 2.128 N34-C35-C44-N45 476 CH43++*N24 2.629
std dev: 0.001 H37-C36-C35-C44 0.38 CH12+esN34 2.627
H50-C49-C44-C35 0.51 CH21esN45 2.634

[a] H-atoms involved in steric clashes are printed in bold.

(typically, variation in BL(C—C) or BL(C—H) is on the fourth or fifth decimal place) except

BL(C2-C3) which became longer, &5 = 0.0023 A. The distance between two pyridyl rings,

BL(C2-C2’), remained almost unchanged (54 = 0.00087 A) but the separation between the N-

donor atoms increased, 63 = 0.0165 A. Unexpectedly, two distances which are located in the

region of steric hindrance became significantly shorter, namely d(H3+e*H3") and d(C3e+C3’)

for which 67 = -0.036 A and % = —0.0209 A, respectively. It is then puzzling why, since

quite significant structural changes took place in L, the two pyridyl rings have not twisted
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along the C2—C2’' bond to avoid the clash or the separation between pyridyl rings, BL(C2-
C2"), has not increased significantly, e.g. by about 0.01 A, as it was observed between phenyl

fragments in biphenyl?[5]

Figure 5.3. Schematic representation of structural changes observed in the ligand molecule involved
in the complexes with Ni".

QTAIM-based Topological Analysis of the Coordination Bonds. It is generally
accepted that the accumulation of electronic charge between a pair of nuclei is a necessary
condition for atoms to be chemically bonded and from quantum chemistry it follows that this
accumulation of charge is also a sufficient condition at which the forces acting on the nuclei
are balanced when a molecule attains minimum energy equilibrium geometry. The QTAIM
theory demonstrates that the presence of an atomic interaction line (AIL) in such equilibrium
geometry satisfies both the necessary and sufficient conditions for identifying bonding
interactions of any kind.[** The line of maximum charge density linking two nuclei is called a
bond path and the fundamental properties of bonding interactions can be obtained from the
analysis of the topological properties of electron density at a bond critical point; a bond path
and its bond critical point are inseparable in QTAIM when a bonding interaction takes place
between two nuclei. Also, it has been reported that the QTAIM-defined bond path indicates
the presence of a preferred quantum-mechanical exchange channel (a direct electron-exchange
channel between atoms) and the inter-atomic exchange-correlation energy always stabilizes
the local interaction.[** For any assembly of atoms which are known to be a molecule, the
network of bond paths linking pairs of neighbouring nuclei is generated by QTAIM, called a
molecular graph, which isolates the dominating and characteristic for each molecule pairwise

interactions, regardless if a molecule is at the thermodynamic equilibrium or not.34 It is seen

136

© University of Pretoria



in Figure 5.2 that the molecular graphs of the NiL, NiL2, and NiLs reproduced all covalent and

coordination bonds well as displayed by the bond paths with requisite bond critical points.

The nature and strength of bonding interactions between atoms are of central significance
in chemistry hence, not surprising, the topological properties at bond critical points are often
related to classical interpretation of chemical bonds. For a predominantly covalent interaction
p(r) > 0.1 a.u. and V2p(r) < 0 at the BCP.[*2 n the case of a “closed shell” (ionic) interaction
p(r) is usually small (e.g. for a classical H-bond p(r) is ~1072 a.u.!28l) whilst V2p(r) > 0. At the
boundary between the two regions, i.e. at V2p(r) ~ 0, the binding is an admixture of these two
effects. The sign and magnitude of the total energy density at a BCP, H(r) = G(r) + V(r), has
also been used to characterize the nature of the bonding.[354 For a covalent interaction, the
local electron potential energy density V(r) dominates and H(r) < 0, whereas for a
predominantly ionic interaction, the local electron kinetic energy density G(r) dominates and
H(r) > 0.7 Another useful description is the ratio |V(r)[/G(r);l° \V(r)|/G(r) < 1 is
characteristic of an ionic interaction, |V(r)|/G(r) > 2 is diagnostic of a covalent interaction, and
1 < |V(n|/G(r) < 2 is indicative of interactions of intermediate character. It is seen in Table
5.2 that for the metal-ligand coordination bonds (Ni—-N and Ni—-OH>) pecp is small (0.047 a.u.
< p(r) < 0.077 a.u.) and V2pscp > 0 (0.25 a.u. < V2p(r) < 0.35 a.u.) indicating a “closed shell”
character of the coordination bonds. However, since H(r) < 0 and near zero and 1< |V(r)|/G(r)
< 1.1, these coordination bonds can be seen as an admixture of predominantly ionic with some

covalent character.

Ni—-N Coordination Bonds: Relationships between the Ni—N bond length (in the NiL,
NiL2 and NiLs complexes) and topological properties at BCPs are shown in Figure 5.4 and
Figure E4, Appendix E. A decrease in pscp(Ni-N) and V2pece(Ni-N), Figures 5.4(a-b), with
an increase in BL(Ni—N) indicates that the strength of this bond decreases in the order NiL >
NiL> > NiLs.
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Figure 5.4. Relationships between BL(Ni—N) (in the NiL, NiL, and NiL; complexes) and the
indicated topological properties at BCPs.

Also, the covalent component of this coordination bond decreases in the same order when
more ligand molecules are coordinated because (i) Vecp(Ni—N) and Hecp(Ni—N) become less
negative, Figure 5.4(c) and Figure C4(b), respectively, and (ii) the |V(r)[/G(r) ratio decreases
from 1.106 a.u. in NiL to 1.091 a.u. in NiLs, Figure 5.4(d). The decrease in the intermediate
character of the Ni—N coordination bond (it becomes more ionic) can easily be understood
from and correlates very well with a significant increase in this bond length, from 2.059 in
NiL to 2.128 A in NiLs. In general, the topological data at the BCPs of the Ni—N coordination
bonds demonstrate all the characteristic properties and trends of a classical bonding

interaction.

Ni—OH2 Coordination Bonds: Water molecules act as an additional ligand completing the
octahedral structures of the Ni'' complexes. The Ni—-OH; bonds are longer when compared
with BL(Ni-N), on average, by 0.06 and 0.08 A in NiL and NiL,, respectively. Also, a

significant smaller electron density at BCPs is observed (on average, pscp(Ni—OH>) is 0.053
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and 0.047 a.u. whereas pscr(Ni—N) is 0.076 and 0.070 a.u. in NiL and NiLy, respectively).
The topological properties indicate that the Ni—OH. bonds contribute appreciably to the
overall stability of the complexes, but they are weaker than the Ni—N bonds. This explains
well the experimental observation that the ligand 2,2'-bipyridyl easily competes for Ni'' with
water molecules, hence the Ni'' complexes with this ligand are formed spontaneously. Based
on |V(r)|/G(r), the Ni-OH2 bonds show smaller degree of covalency when compared with

stronger Ni—N bonds.

We also explored the topological properties at BCPs associated with the coordinated water
molecules. It is seen in Figures E5(a-d) of Appendix E that the relationships between BL(Ni—
OH2) and pecp(Ni—-OH2), VZpecp(Ni-OH2), Vecp(Ni—-OH2), and Ggcp(Ni-OH2) follow the

same trends as found for the Ni—-N coordination bond.

Validation of Computed Structures and Topological Data: The experimental complex
formation constants carry, although indirectly, all the information about structural and
topological properties of complexes formed in agueous medium. Since the overall complex
formation constants, as log S, are known™ (log g1 = 7.04, log > = 13.86 and log S5 = 20.16)
we decided to examine whether the properties of the DFT-generated NiL, NiL> and NiL3
structures correlate well with available experimental data. Regarding the topological
properties, we found nearly perfect a linear relationship between the log fn and pecr(Ni—N)
values — Figure 5.5(a) — and it can be explained using the computed BL(Ni—N) values. The
Ni—-N bonds in NiL have the largest pscp(Ni—-N) among all Ni—-N bonds in the NiL
complexes. On average, four longer Ni—N bonds in NiL are weaker than two Ni—N bonds in
NiL (oscp(Ni-N)niL > poece(Ni-N)niL,); hence log 2 < 2 x log p1 and, following the same
reasoning, log s < 3 x log p1. Also the relationship between log B and V2pecp(Ni-N), Figure
E6 of Appendix E,) follows the same trend. It was suggested recently[® that a variation in the
electron density at a ring critical point of a structural chelating ring might be linked with
strength of a complex. Indeed, prcp Vs. log fn in Figure 5.5(b) and V2prep vs. log fn in Figure
E6 of Appendix E, confirm this suggestion and, at the same time, support the computed
topological properties; similar trends exist for V(r), G(r) and H(r) at the BCPs of the
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Table 5.2. Topological data for the coordination bonds and chelating rings in the Ni" complexes with 2,2"-bipyridyl (L)

Bond Ring
Complex
atoms p(r) Vp(r) V(r) G(r) H(r) [V(N/G(r) Atoms p(r) V2p(r)
Ni-N6  0.07632 0.34968 -0.10811 0.09777 -0.01035 1.10584 Ni-N6-C16-C17-N7 0.02335 0.13704
Ni-N7  0.07629 0.34953 -0.10806 0.09772 -0.01034 1.10581
average: 0.07631 0.3496 -0.10809 0.09774 -0.01034 1.10582
NiL Ni—OZ 0.05337 0.30595 -0.07614 0.07631 0.00017  0.99772
Ni-O3 0.0518 0.29397 -0.07276 0.07313 0.00036  0.99502
Ni-O4  0.05337 0.30593 -0.07614 0.07631 0.00017  0.99774
Ni-O5  0.05182 0.29411 -0.07280 0.07316 0.00037 0.995
average: 0.05259 0.29999 -0.07446 0.07473 0.00027  0.99637
Ni-N2  0.07014 0.31913 -0.09668 0.08823 -0.00845 1.09574 Ni-N2-C14-C15-N3 0.02267 0.13069
Ni-N3  0.07078 0.32327 -0.09866 0.08974 -0.00892 1.09941 Ni-N4-C34-C35-N5 0.02267 0.13072
Ni-N4  0.07025 0.31975 -0.09689 0.08841 -0.00847 1.09585 average: 0.02267 0.1307
NiL Ni-N5  0.07079 0.32337 -0.09868 0.08976 -0.00892 1.09937
- average: 0.07049 0.32138 -0.09773 0.08904 -0.00869 1.09759
Ni-O6  0.04662 0.25216 -0.06381 0.06343 -0.00039 1.00609
Ni-O7  0.04667 0.2525 -0.06389 0.06351 -0.00038 1.006
average: 0.04664 0.25233 -0.06385 0.06347 -0.00038 1.00605
Ni—N2 0.0644 0.29008 -0.08707 0.0798 -0.00728 1.0912  Ni-N2-C4-C22-N23 0.02191 0.12382
Ni-N23  0.06455 0.29084 -0.08733 0.08002 -0.00731 1.09137 Ni-N3-C13-C25-N24  0.0219 0.12372
i Ni—N3 0.0645 0.29059 -0.08725 0.07995 -0.00730 1.09132 Ni-N34-C35-C44-N45 0.0219 0.12375
NiLs Ni-N24  0.06446 0.29048 -0.08720 0.07991 -0.00729  1.0912 average: 0.0219 0.12376
Ni-N34  0.06436 0.28983 -0.08699 0.07972 -0.00727 1.09116
Ni-N45 0.06452 0.29072 -0.08729 0.07998 -0.00730 1.09133
average: 0.06446 0.29042 -0.08719 0.0799 -0.00729 1.09126
[a] o(r), V2p(r), V(r), G(r), and H(r) - all in atomic units.
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Ni—-N bonds. Also structural properties, such as distances between clashing H-atoms,
d(CHe+sHC), or N-atoms of the pyridyl rings, d(N<<*N), as well as the lengths of the covalent
C2-C3 and C2-C2’ bonds in 2,2'-bipyridyl correlate with log g values well — Figures 5.5(c-d).

We are of an opinion that all these relationships together with the trends found for the
coordination Ni-N (Figures 5.4(a-d)) and Ni—OH> (Figures E4(a-d), Appendix E) bonds
support the energy-optimized solvent structures of the NiL, NiL> and NiLs complexes and
their topological data.
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Figure 5.5. Strong correlations between experimental overall formation constants, as log g, of the
NiL, NiL; and NiLs complexes (L = 2,2'-bipyridyl) and (a) - the electron density at the BCPs of the
Ni—N coordination bonds, (b) - the electron density at the RCP of the structural chelating rings, (c) -
distances between clashing H-atoms, d(CHessHC), and N-atoms of 2,2'-bipyridyl, d(Nes*N), (d) -
BL(C2-C3) as well as BL(C2-C2’) of 2,2"-bipyridyl.

QTAIM-based Topological Analysis of Intramolecular Close Contacts. There are
several intramolecular close contacts of different kind present in the Ni(Il) complexes and to
facilitate the discussion that follows we introduced the following terms: (i) structural bonds

and structural chelating rings (we refer to those seen in the ball-and-stick representation of the
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complexes in Figure 5.2) and (ii) non-structural bonds and non-structural either chelating or
non-chelating rings which resulted from the intramolecular interactions characterized by the

bond path with requisite BCP (they are seen on molecular graphs in Figure 5.2).

CHee*N Intramolecular Contacts: There are two CHee*N contacts in NiL, (CH27+¢*N3
and CHO9++*N5) and six in NilLz (CH33eeN2, CH61¢**N3, CHS53¢*N23, CH43¢*N24,
CH12e++N34, and CH21---N45). Since all these contacts have a bond path (Figure 5.2) we
were able to analyse the trends in the topological properties at the BCPs by following the
same approach as implemented for the Ni—-N and Ni—OH> coordination bonds. Even though
the values of psce, VZpBCP, Vgep, and Ggep of the CHee*N interactions are about an order of
magnitude smaller when compared with those found for the coordination bonds (Table 5.2),
the trends shown in Figures E7(a-d) of Appendix E are exactly the same as found for the Ni-N
and Ni—OH2 bonds. This is not entirely surprising because there is no controversy when the
character of this kind of interaction, either intra- or intermolecular, is considered;["> 7 they
are classified as a hydrogen bonding interaction, or a CH-N hydrogen bond which adds to the
overall stability of a molecule.

The CH-N bonds appear to be stronger in the most crowded NiLz complex when measured
by the larger electron density at BCPs (0.00745 and 0.00825 a.u. in NiL2 and NiLs,
respectively) and the Laplacian at these BCPs (0.0256 and 0.0279 a.u. in NiL2 and NiLs,
respectively) - Table 5.3. This correlates well with the bond lengths, BL(CH-N)nir, >

BL(CH-N)ni,. The CH-N bonds show predominantly an ionic character: G(r) dominates,

the small and positive value of the total energy density H(r) is observed (0.0010 and 0.0011
a.u. for NiL2 and NiLs, respectively) and |V(r)|/G(r) < 1.

CHe*+0 Intramolecular Contacts: They involve the coordinated water molecules and are
present in NiL and NiL2. We could not fully analyse the trends in the topological properties
of the CHe++O interactions because distances d(CHe+*O), either in NiL or in NiL2, are exactly
the same and this would result in two-point relationships. However, since the trends in the
topological properties appear to be very much the same as found for the both coordination and
intramolecular CH-N hydrogen bonds, then without a doubt, all the above confirms the

bonding nature of this interaction.’>#4 The intramolecular CH-O hydrogen bonds show here
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a strong predominance of an ionic character with the ratio |V(r)[/G(r) = 0.835 (well below 1)
and using the reported relationship,? Eswan(CH-0) = %Vgcp(CH-O), we estimated the local
energy stabilizing contributions made in NiL and NiL, as -1.97 and —2.19 kcal mol™,

respectively.

CHe*HC Intramolecular Contacts: It is now well accepted that all the interactions
discussed above, when identified in molecules, are of bonding nature. In other words, they
contribute to the overall decrease of the total electronic energy of a molecule. We would like
to point out that, regardless whether relatively strong coordination bonds (Ni—N and Ni—OH>)
or weak bonding interactions (intramolecular CH-N and CH-O hydrogen bonds) are
considered, (i) they all are characterized by the presence of the QTAIM-defined a bond path
with the requisite BCP and (ii) the trends in the fundamental properties at their BCPs are the

Same.

As one can see in Figure 5.2, there are QTAIM-defined bond paths with the BCPs between
H-atoms involved in the CHessHC contacts. From Figures 5.6(a-d) and Figure E8 it follows
that with a decrease in the distance between the H-atoms involved (i) psce and VZpsce
increase, (ii) Vecpr becomes more negative, (iii) Gecp becomes more positive, and (iv) the ratio
[V(r)|/G(r) increases following the trends found above for all bonding interactions, including
the coordination bonds. Let us consider the following observations: (i) the QTAIM-based
analysis of, e.g. the pecp values, correctly predicted formation of much stronger Ni—N
coordination bonds when compared with the Ni—-OH. coordination bonds (otherwise the Ni'"
complexes with L would not form), (ii) formation of intramolecular CH-O and CH-N
hydrogen bonds was identified and verified, (iii) the H-atoms in the CHeesHC contacts are
linked, as found for all bonding interactions, with a bond path, and (iv) the analysis of data
shown in Table 5.3 shows pecp(CHeesHC) > pBcp(CH-O) >> pcp(CH-N) and
V2pecp(CHe+*HC) > V2 pgcp(CH-0) >> V2 ppcp(CH-N).

So what is the difference between the CHeesHC and all other bonding interactions?
Clearly, when using QTAIM-defined fundamental topological properties, there appears to be
none. This leads us to the conclusion that the CHeeeHC contacts not only should be seen as the

QTAIM-defined H-H bonding interaction but it might be strongest among all intramolecular
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interactions when pece and V2pece are accounted for (i.e., in terms of electron concentration
in the bonding region, which does not necessarily include inter-basin electrostatic effects).
Moreover, its strength, hence also local energy stabilizing contribution to the overall stability
of a complex, might increase when going from least crowded NiL to most crowded NiLs

because pscp(CHe+sHC) in NiLs is largest.

There is another argument one might consider in the support of the above. Formation of a
complex with a polydentate ligand always results in coordination bonds and structural
chelating rings. With an increase in strength of a complex, stronger coordination bonds and
chelating rings are formed as measured by pece and VZpsce as well as prce and VZprcp. From
Table 5.3 it is seen that not only pece and V2pecp of the CHs*sHC contacts are the largest but
also rings formed by these contacts are characterized by the largest electron density among all
non-structural rings, orcp(CHeesHC) >> prcp(CH-0O) > prcp(CH-N) and similar trend is
observed for the Laplacian at the RCPs.
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Figure 5.6. Relationships between d(CHe+*HC) in NiL, and indicated topological properties at BCPs.
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Table 5.3. Topological data for the intramolecular interactions and non-structural rings in the NiL, complexes with 2,2’-bipyridyl (L)

Bond Ring
Complex
Atoms p(r) V2p(r) V(r) G(r) H(r) [V(NI/G(r) Atoms p(r) Vp(r)

CH15-H19C 0.01044 0.04064 —0.00598 0.00807 0.00209 0.74078 C14-H15-H19-C18-C17-C16 0.01014  0.05036

NiL CH9-02 0.00980 0.03506 —0.00627 0.00752 0.00124 0.83445 Ni-O2-H9-C8-N6 0.00820  0.03805
CH25-04 0.00980 0.03505 -0.00627 0.00752 0.00124 0.83442 Ni-O4-H25-C24-N7 0.00820 0.03804
CH17-H19C 0.01090 0.04212 -0.00623 0.00838 0.00215 0.74366 C14-C15-C18-H19-H17-C16 0.01049  0.05284
CH33-H37C 0.01090 0.04212 -0.00623 0.00838 0.00215 0.74367 C32-H33-H37-C36-C35-C34 0.01049  0.05284

NiL, CH43-06 0.01088 0.03897 —0.00698 0.00836 0.00138 0.83467 N?—NS—C42—H43—06 0.00846  0.03949
CH25-07 0.01088 0.03896 —0.00698 0.00836 0.00138 0.83470 Ni-N3-C24-H25-0O7 0.00846  0.03948

CH27-N3 0.00744 0.02556 —0.00439 0.00539 0.00100 0.81438 Ni-N3-H27-C26-N4 0.00726  0.02875

CH9-N5 0.00747 0.02563 —0.00440 0.00540 0.00100 0.81449 Ni-N2-C8-H9-N5 0.00728  0.02885
CH15-H27C 0.01119 0.04314 -0.00641 0.00860 0.00219 0.74537 C13-C14-H15-H27-C26-C25 0.01073  0.05418

CH6-H58C 0.01124 0.04328 -0.00643 0.00863 0.00219 0.74578 C4-C5-H6-H58-C57-C22 0.01076  0.05445
CH37-H50C 0.01120 0.04317 -0.00641 0.00860 0.00219 0.74556 C35-C36-H37-H50-C49-C44 0.01074  0.05423

average: 0.01121 0.04320 -0.00642 0.00861 0.00219 0.74557 average: 0.01074  0.05429

CH33-N2 0.00834 0.02817 -0.00484 0.00594 0.00110 0.81485 Ni-N2-H33-C32-N24 0.00774  0.03176

NiLs CH61-N3 0.00822 0.02780 -0.00477 0.00586 0.00109 0.81440 Ni-N3-H61-C54-N23 0.00767  0.03138
CH53-N23 0.00822 0.02781 -0.00478 0.00586 0.00109 0.81432 Ni-N23-H53-C46-N45 0.00767  0.03140

CH43-N24 0.00827 0.02794 -0.00480 0.00589 0.00109 0.81465 Ni-N24-H43-C42-N34 0.00770  0.03154

CH12-N34 0.00829 0.02803 -0.00482 0.00591 0.00110 0.81474 Ni-N2-C11-H12-N34 0.00771  0.03162

CH21-N45 0.00818 0.02768 -0.00475 0.00584 0.00108 0.81429 Ni-N3-C20-H21-N45 0.00764  0.03126

average: 0.00825 0.02790 -0.00479 0.00588 0.00109 0.81454 average: 0.00769  0.03149

[a] p(r), V2p(r), V(r), G(r), and H(r) - all in atomic units

. Atoms involved in the interactions are printed in bold.
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QTAIM-based Topological Analysis of the C2-C3 bonds. We explored the
topological properties of the coordination and intramolecular bonding interactions above
and it was of importance to compare the trends found with those obtained for typical
covalent bonds in 2,2'-bipyridyl using the same theory and methodology. Our attention is
now on the C2—-C3 bond of the pyridyl rings because its length varied the most. As one
can see in Figures 5.7(a-d) and Figures E9(a-b), all the topological properties clearly
confirm the strong classical covalent character of this bond, because (i) psce >> 0.1 a.u.
(~0.31 a.u.), (i) V?psce << 0 (~ —0.875 a.u.), (iii) the local potential energy density (~ —
0.420 a.u.) dominates the local kinetic energy density significantly (~ 0.101 a.u.), (iv) the
total energy density H(r) << 0 (~ -0.32 a.u.) and (v) [V(N|/G(r) >> 2 (~ 4.163).
Importantly, the trends between BL(C2-C3) and pecp(C2-C3), Vacp(C2-C3) and
Gecp(C2-C3) are again the same as observed for both coordination and all intramolecular
bonding interactions analysed above. Moreover, the opposite trends in VZpsce and
[V(r)//G(r) seen in Figure 5.7 correctly describe the variation in the covalent character

where with a decrease in BL(C2-C3) the Laplacian becomes more negative
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Figure 5.7. Relationships between BL(C2-C3) of 2,2'-bipyridyl in NiL, and the indicated
topological properties at the BCPs of this covalent bond.
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and the |V(r)[/G(r) ratio increases. Clearly, without a single failure, the topological
analysis correctly predicted the presence of all inter-atomic interactions which are known

to be of a bonding nature in these complexes.

It was also gratifying to note that good relationships exist between the log f» values and
the topological properties at the BCPs of the C2—C3 bonds in NiL, — two examples are
shown in Figure 5.8 — and they further support the computed topological properties of the

DFT-generated structures.

-0.418 . 0.1020
@ NiLs NiL ()
>
2 -0.419 1 3 0.1016 -
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d d
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Figure 5.8. Strong correlations between experimental log £, of NiL, (L = 2,2'-bipyridyl) and the
indicated topological properties at the BCPs of the C2—-C3 covalent bond.

Conclusions

An extensive comparative analyses of the topological properties (the electron density
p(r), the Laplacian V2p(r), the local electron potential energy density V(r) and the local
electron kinetic energy density G(r) obtained from QTAIM of Bader) at the BCPs of (i) the
coordination Ni-N and Ni—OH. bonds, (ii) the covalent C2—C3 bond in 2,2'-bipyridyl (L),
and (iii) intramolecular interactions (CHes*N, CHe++O and CHe**HC) were conducted on
the energy-minimized NiL, NiL> and NiLz complexes (at the UX3LYP/6-311++G(d,p)
level of theory in water as a solvent, PCM/UFF) with our main focus being on the 3,3'-

hydrogen atoms of 2,2'-bipyridyl.

To judge credibility of the DFT-generated structures of the NiL, complexes, the
experimental overall complex formation constants, as log S, of NiL, NiL> and NiLz were
used. Numerous relationships between the log S, values and either the topological
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properties or structural data of (i) the coordination and covalent bonds, and (ii) all
intramolecular interaction were analysed. In each case well-defined trends were found and
since the topological data originated from the structures where all these interactions are
present and only well-defined points in space (BCPs and RCPs) of the electron density
distributions in NiL, were selected to generate these trends, we consider the DFT-

computed structures as reliable and representative.

The analysis of structural data revealed that, when going from least crowded NiL to
most crowded NiLs: (i) BL(Ni—N) increases, (ii) the bite angle N-Ni—N decreases, (iii) all
intramolecular contacts become shorter, including CHeesHC, and (iv) the distance
between N-atoms of 2,2’-bipyridyl increases, but surprisingly (v) d(C3eesC3’) of 2,2'-
bipyridyl becomes shorter, (vi) the distance between the pyridyl rings remains virtually
unchanged, (vii) the coordinated 2,2'-bipyridyl molecules stay near-planar with dihedral
angles involving the 3,3’-hydrogen atoms of 2,2'-bipyridyl well below 1°, and (viii) the
pyridyl rings do not twist along the C2—C2' bond of 2,2'-bipyridyl to avoid the steric clash.

Regarding topological properties, whether coordination bonds or intramolecular
interactions were analysed, all examined relationships followed the same trends and on
decrease of the distance between atoms involved (i) psce and V2pecp increases, (ii) the
local potential energy density Vecp becomes more negative, (iii) the local kinetic energy
density Gecp becomes more positive, and (iv) the ratio |V(r)|/G(r) increases, showing that
all these interactions are predominantly of an ionic character, including the coordination
bonds. Also, we have showed that the trends in p(r), V(r) and G(r) of the coordination and
intramolecular bonds follow those found for the covalent C2—-C3 bond of 2,2’-bipyridyl.
Strength of all intramolecular interactions, as measured by p(r), increases according to
pecp(NIL) < peep(NiL2) < pecp(NiLs) whereas opposite trend is observed for the

coordination bonds which are weakest in NiLs.

We have showed that the intramolecular CHe+HC contacts in NiL3 are characterized by
the topological properties which imitate those found in either classical coordination,
covalent or intramolecular hydrogen bonds present in these complexes. From the
comparative analyses of the topological properties we have concluded that the CHessHC
intramolecular interaction must also have a bonding component. We are of the opinion
that the presence of the QTAIM-defined bonding interaction, such as H-H bonding

interaction between H-atoms of the intramolecular CHeeeHC close contact, does not
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exclude a possibility of significant energy destabilizing contributions, such as the AEpauii
term which accounts for the repulsive Pauli interaction between occupied orbitals on two
fragments in the combined molecule. To gain a direct and full insight on the nature of all
intramolecular interactions would require information on Pauli contribution and
electrostatic terms which act solely between the atoms involved in intramolecular close

contacts, but to the best of our knowledge this is not available yet.
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This work has studied theoretically the intramolecular interactions present in 2,2'-
Bipyridine (BPy) and agueous complexes of BPy with Zn'" and Ni"', with specific focus on
the nature of the interaction between supposedly clashing hydrogen atoms in the 3,3'-
positions of BPy. The study was conducted using four different theoretical tools and
methods - the Quantum Theory of Atoms in Molecules (QTAIM), the Interacting Quantum
Atoms (IQA) energy decomposition scheme, the Non-Covalent Interactions (NCI) method
and the Extended Transition State coupled with Natural Orbitals for Chemical Valence

(ETS-NOCV) energy decomposition scheme.

It was found that the CHeeeHC interaction in BPy can be labelled as a bonding
interaction as opposed to a steric clash, based on the following conclusions: i) an atomic
interaction line - a bridge of maximal density and density concentration - is present in all
classical bonds as well as the CHessHC interaction, ii) charge density is accumulated
within the H-atoms as the CHe**HC interaction forms, iii) the IQA-defined interaction
energy between 3,3'-H-atoms is always attractive, iv) NCI shows a region of density
concentration in the bonding region of these atoms, v) ETS-NOCYV revealed accumulation
of density in the bonding region of the CH++HC interaction in a stabilizing fashion, vi) the
net Pauli-NOCV deformation density revealed that orbital mixing accumulates more
density in the bonding region than enforcing the Pauli Exclusion Principle removes, vii)
the CHe+sHC interaction shows the exact same geometrical and topological trends as a
function of the interaction distance as all other classical (known) bonds, including M—-L
coordination bonds, covalent bonds and hydrogen bonds and viii) the CHeesHC interaction
shows no similarities to an accepted and truly repulsive interaction (i.e. the N--N lone-pair-
lone-pair repulsion present in all forms of s-cis BPy). We also made some important
observations regarding the nature and electronic mechanisms of the CHes*HC interaction:
1) the interaction is privileged - electrons in the interacting H atoms will rather delocalize
within the other H atomic basin than among other atoms in the ring, ii) the interaction is
unstrained electrostatically, iii) the interaction is quantum mechanical in origin, iv) the
interaction is a typical closed-shell interaction and shows the same trends as other closed-
shell interactions and v) the nature of the interaction is identical in the free ligand as it is in
complexes. Finally, some observations regarding preliminary results based on atomic
energy analysis (IQA and QTAIM-defined) can be made regarding the local or molecular
stabilization/destabilization incurred by formation of the CHeeHC interaction: i) the

interaction is locally stabilizing, by stabilizing C and H atoms involved and ii) the
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interaction (together with the very repulsive N--N interaction) destabilizes C2-C3 and C2—
C2' bonds in s-cis conformer when it is not involved in a complex. The extent of C-C
destabilization due to CHeesHC is unknown, and it is possible that only the N--N

interaction is responsible for the C—C destabilization.

We also studied other intramolecular interactions - the N--N and CHe<*N interactions in
free BPy, and CH-O and CH-N hydrogen bonds in ZnL, and NiL, complexes with BPy.
It was found that the N--N interaction is highly repulsive, and from preliminary atomic
energy analysis in NiLn, complexes, accounts for all of the strain during the preorganization
of BPy from s-trans to the form necessary for complexation. The nature of the strain in N-
-N is both electrostatic (very large repulsive electrostatic interaction energies were
observed) and electronic (depletion of electron density in the inter-nuclear region was
observed). The CHee*N interaction in the s-trans form of BPy was found to be a truly
electrostatic interaction - although a quantum mechanical component is seen (resulting in
electron concentration in the bonding region), it was concluded that this exchange is
marginal and can be seen as similar to the exchange of non-interacting atoms based on
studies of the exchange of neighbouring and competing interactions, as well as the
concentration and depletion of critical points within the interaction. No atomic interaction
line is seen for the CHee*N interaction, but electrostatic charge deformations (including an
accumulation of electrons on the N atom and a withdrawal of electrons on the H atom, as
well as NOCVs reflecting electrostatic behaviour) were observed. Finally, CH-N and
CH-O bonds in ZnL, and NiL, complexes were shown to be of an ionic nature, as
expected. These bonds show atomic interaction lines as well as very significant electron-
flow channels from ETS-NOCYV analysis. In comparison, no atomic interaction lines are
seen for the CHee*N interactions in free BPy.

Finally, a few novel contributions were made to the field of theoretical chemistry. In
Chapter 3, we introduced for the first time (to our knowledge) the net Pauli-Orbital and
Pauli-NOCV deformation densities, as a qualitative measure of the dominant charge-
transfer effect in the ETS-scheme. Specifically, this method showed that the Pauli
deformation (resulting from enforcing the Pauli Exclusion Principle via orthogonalization
of fragment promolecular orbitals) is dominant in electronically strained interactions, such
as the N--N interaction, but recessive to orbital mixing in bonding interactions such as a
covalent C—C bond or the CHeesHC interaction. We also introduced the Privileged

Exchange Index (PEI) - an NCI-based diagnostic, which predicts the presence of a bond
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path perfectly. Interpretation of the PEI in conjunction with the interpretation of bond
paths as privileged exchange channelsi!! allowed us to improve on the current
interpretation of a bond path, in that we suggest a bond path signal a non-marginal
covalent component of any interaction, independent of the electrostatic or overall
interaction energies. In Chapter 4, we introduced the Energy Interaction Ratio (EIR), a
single number which can classify interactions based on their repulsive/attractive natures as
well as whether the interaction is electrostatic, intermediate or quantum-mechanical in
origin. We also suggest the use of 1D maps of the electron density along a specific vector
intersecting the interaction between atoms. This method, which we implemented new
code for, might prove useful in the understanding of 3D topological properties, the
appearance of atomic interaction lines and NCI-defined regions. Finally, this work
represents the first collaboration of QTIAM, IQA, NCI and ETS-NOCYV, and the coherent

picture that these methods produces are truly remarkable.
Comparison with biphenyl.

The question on the nature of CHes*HC interactions generated a large body of work
throughout the previous decade. Most of the previous studies were focussed on biphenyl
or similar molecules, but the chemical environment of H-atoms in bipyridyl is to some
extent similar to those in biphenyl. Therefore, it is interesting to compare the results
presented in this work with the results of previous studies on biphenyl. Although no direct
comparison of geometrical, atomic or topological property changes is possible, some

qualitative similarities can be observed.

Both biphenyl and bipyridyl exhibit a local maximum in the potential energy surface for
the conformer with a close contact between the H-atoms in the 3,3’ positions, and a local
minimum at &(1) = 46.8° for biphenyl (RHF/6-311++G(d,p)/gas)®! and (1) = 37° for
bipyridyl (RHF/6-311++G(d,p)/PCM-UFF, Section 3.1). An atomic interaction line is
observed for both molecules for ®(1) = 0°. Matta et all® did an atom-by-atom comparison
of QTAIM-defined atomic energies in biphenyl (RHF/6-311++G(d,p)/gas) and showed
that the only two atoms which are significantly destabilized (by +22 kcal mol™ each) in
®(1) = 0° compared to (1) = 46.8° are the junction carbons forming the C-C bond
between the two phenyl rings. The atoms which are significantly stabilized (by —8.2 kcal
mol each) in biphenyl are the H-atoms involved in the CHeesHC interaction. We
observed similar destabilizations (+15.01 kcal mol each) for the C11 and C12 atoms and
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stabilizations (-5.16 kcal mol each) for H13 and H20 in bipyridyl (Figures A3 and Al,
Appendix A). Interestingly, we also observed stabilizations for C3 and C10 - the carbon
atoms involved in the CHes*HC interaction - of —1.19 kcal mol! each, in comparison with
a destabilization of +0.5 kcal mol for similar atoms in biphenyl. However, we also
reported a stabilization of N-atoms in s-cis, showing the importance of other effects (such

as conjugation, solvent, and intramolecular interactions) affecting the system.

Matta et all® also showed the stabilizing effects of the formation of a zero-flux surface,
and calculated the contribution to the CHeesHC to be Vs(HJH) = —20.6 kcal mol™,
compared to Vs(H|H) = —22.76 kcal mol™? in bipyridyl (Figure A4, Appendix A; values
converted from au to kcal mol™). Interestingly, Matta et al reported a destabilization of
the interatomic surface for the C—H bond of about Vs(C|H) = +1.25 kcal mol* per C-H
bond, compared to a stabilization seen for BPy, Vs(C|H) = —6.72 kcal mol.

Finally, the topological properties for the CHe**HC interaction (measured at the BCP of
the AIL) are very similar for both systems. pecp(CHee*HC) = 0.0103 au in biphenyl and
0.0123 au in BPy; V2pgcp(CHes+sHC) = 0.056 au in biphenyl and 0.050 au in BPy;
Vecp(CHe+*HC) =—0.009 au in biphenyl and —0.008 au in BPy.

Therefore, qualitatively and from a QTAIM viewpoint, the CHeeeHC in BPy is very
similar to the CHe**HC in biphenyl. However, the primary arguments of Matta et al are
based on the atomic stabilization in terms of QTAIM-defined atomic energies, and the
existence (as well as interpretation and meaning) of an atomic interaction line. The
inconsistencies between QTAIM- and IQA-defined atomic energies are very apparent from
the results in Appendix A, and the interpretation and physical meaning of an atomic
interaction line is far from clear. However, the results from this work have shed some
additional light on the CHeeHC interaction in BPy, which is possibly applicable to the
interactions in biphenyl as well.

Future Studies.

Whilst this study investigated the properties and charge distributions of the interactions
between atoms, the effect of these interactions on the atoms themselves might be
profoundly different in nature. Specifically, the formation of an attractive interaction
usually results in a destabilization of the internal energy of the atoms involved as the atoms

will experience increased pressure - as a result of the decrease of atomic volume that
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interacting atoms must undergo, and as a result of increased electronic delocalization
(which leads to increased density in each atom). However, it has never been shown
(according to our knowledge) whether the presence of an attractive interaction can lead to

an even greater atomic destabilization.

The remaining term of the IQA decomposition scheme, Eg%;, can be used to study the

changes in the internal energy of atoms. To discover the change in E;S{;‘c related to the

formation of an intramolecular interaction is a non-trivial task, as a suitable and chemically

identical reference state or atom is needed. The formation of an interatomic interaction is

then stabilizing the atoms or fragments involved if the change in E;Sf} is smaller than the
absolute interaction energy. Changes in Eéf{} have also been linked to the Pauli repulsion

term in EDA-based schemes, AE,,,,;;- Our results, based on the net deformation density
(Chapter 3), suggest that only the N--N interaction in BPy is possibly locally destabilizing,
whereas the CHe**HC and CHe**N interactions are locally stabilizing. However, further

investigation is needed to relate the net deformation densities to binding energies.

If an interaction is locally stabilizing to the atoms and fragments involved, it is still
possible that the interaction is the cause of a molecular destabilization. In other words, the
strain caused by the interaction is localized elsewhere in the molecule - either because of
geometric strain or electron transfer related to the formation of the interaction. Applying
the techniques used in this paper we can study the changes in other interactions - such as
the C2—-C2’ junction bond in BPy - and evaluate the possibility of non-localized strain as a
result of the formation of intramolecular interactions. While such studies will not change
the nature of the interactions of interest, it will help to understand the potential energy
surface and various geometric observations described in Chapter 3.

Our conclusions also naturally predict the possibility of a repulsive interaction that
show no electronic strain - just as the CHee*N interaction in free BPy is attractive because
of electrostatics but essentially non-bonding quantum mechanically, so is there the
possibility of a privileged but repulsive interaction. We have recently discovered such
interactions in the protonated forms of BPy - CH--*HN and NH*--"HN interactions which
show repulsive interaction energies but in the presence of AlLs. These interactions will
contribute to the classification of the CHe+*HC interaction as a bonding interaction as well

as show the full spectrum and interpretation of an AlL.
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Our calculations neglected electron correlation completely (HF calculations, including
all 1QA calculations) and otherwise treated electron correlation only approximately (all
DFT calculations). While it has been shown beforel!! that all of the methods used give
reasonable results at lower (HF and DFT) levels, and the qualitative results will not change
significantly, it might still be informative to study the effects of correlation on the
interactions in BPy. In addition, Van der Waal forces (specifically dispersive effects) have
usually been used to explain weak bonding observed for homopolar interactions. While
very recent studies!?! seem to suggest that CHs+HC interactions in most alkane dimers are
in fact not driven by dispersion, it is still necessary to consider whether the CHeeeHC,
CHee*N, CH-O and CH-N interactions will change significantly if dispersion effects are
added.

In terms of developments in the field of theoretical chemistry, this study identifies a few
areas of future research. Firstly, the ETS-NOCV method is not well defined for molecules
with fragments with unpaired electrons, such as the Ni(BPy) system. Studying and
developing appropriate protocol for applying ETS-NOCV on such systems will expand the
method’s usefulness. In addition, the NOCV method for partitioning AEon has greatly
extended the ETS scheme. However, the same has not yet been developed for partitioning
the other terms of ETS - AEpaui and AEgiswe. Paritioning of AEpaui Will be very useful in
particular, as it can greatly aid interpretation of all the interactions. The indicators
suggested in this work - PEI and EIR - should be tested on many more interactions and
systems to prove their validity and possible applications. Lastly, Appendix A suggested a
great discrepancy in QTAIM-defined and 1QA-defined atomic energies. Further research
in this field is critically needed, as atomic energy analysis can provide a lot of insight into

any chemical problem.

Finally, the question of the chemical bond and its relation to bonding interactions and
its definition in terms of intramolecular bonding should be addressed. The concept of a
chemical bond is philosophical in nature, and it is the field of conceptual and fundamental
chemistry that this question should be asked. However, every theorem, interpretation and
experimental observation leads to increased understanding of the chemical bond, and it is
therefore of critical importance that we keep applying the scientific method to the question
of chemical bonding. This statement is made with regards to the central theme of this

study - the CHe+*HC interaction - as the debate surrounding the controversial nature of this
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interaction seems to be inciting increasingly unscientific and subjective comments from
some of the correspondents involved, including appeals to tradition and appeals to
utility®®, bad physics and bad grammar!®®l. Rather, the debate regarding the CHessHC
interaction - regardless of the eventual conclusion - should serve as a scientific focal point

for the most important question in the study of chemistry - “What is the chemical bond?”.
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The results and discussions of Chapter 3 are mainly focussed on the static interaction
between two atoms. However, the induced effects resulting from the formation of the
interaction on the atoms and fragments involved, as well as the molecule as a whole, are
still unexplored. Studies of this kind usually need a perfect reference frame - one which is
identical to the molecule of interest but without the presence of the intramolecular bond
being studied. Such a state is usually not available, and therefore interpretation carries a
necessary degree of ambiguity. Nevertheless, in this appendix we will briefly present
preliminary studies towards understanding the local (atomic) and global (molecular)

effects caused by the formation of intramolecular interactions in BPy.

First, we will consider a virial-based atomic energy approach from QTAIM; then, we
will consider the atomic energies as defined by IQA, as well as look at the changes in

interaction energies throughout the rest of the molecule.

QTAIM Atomic Energies. Figure Al shows the hydrogen atomic energy changes
relative to the perpendicular conformer (®(1) = 90°). Clearly, H13 (and H20) are the only
hydrogen atoms that changes significantly in energy. We therefore assume that the effects
of conjugation (which partially leads to the rotation barrier at ® = 90°[*3l) plays an
insignificant role in the atomic energies of hydrogens, and that the changes in E(H13) is
the result of the formation of the CHe¢*N and CHe+sHC interactions. E(H13) increases
+3.24 kcal'‘mol™ from ®(1) = 90° to s-trans, when it is involved in the CHs**N interaction.
This observation is in line with the observations regarding the atomic net charge (H13
loses electrons when it is involved in the CHee*N interaction, Chapter 3) as well as
Popelier and Koch’s criteria for hydrogen bonding!*! - the hydrogen atom is destabilized.
When H13 is involved in the CHeesHC interaction, however, E(H13) becomes more
negative by a very significant —7.30 kcal'mol™* from ® = 90° to s-cis. In the QTAIM
picture, H13 and H20 are thus destabilized when it is involved in the CHe**N interaction,
but provides a combined local stabilization of —14.60 kcal'mol™ when the CHesHC

interaction is formed.
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Figure Al. QTAIM-defined atomic energies of H-atoms in BPy, relative to ®(1) = 90°. H13 is
the blue line, H14 the green line, H15 the yellow line and H16 the red line.

Next, we consider the atomic energies of N1 and N2, shown in Figure A2. N1 appears
to be quite destabilized in ®(1) = 90°, which unfortunately makes it difficult to gauge the
effect of the formation of intramolecular interactions on N-atoms in s-cis and s-trans. The
destabilization of N1 (and C3 - see below) at ®(1) = 90° is related to conjugative effects -
these atoms, being bonded to the junction carbons, are destabilized the most because of the
loss of conjugation™3l. However, E(N1) in s-cis is +4.55 kcal-mol™* higher in energy than
in s-trans, proof of either the stabilization of N1 in the CHee*N interaction or
destabilization of N1 because of the N--N interaction (since conjugation effect in s-cis and
s-trans must be very similar). The additional QTAIM-defined energy components in
Figure A2 show that the reason for the destabilized N1 in s-cis relative to s-trans is mainly
because of a lesser surface potential energy — the bonds to N1 (C12-N1 and C6-N1) are
weaker in s-cis than they are in s-trans, an effect most likely related to the loss of electrons

in N1 in s-cis.
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Figure A2 - QTAIM-defined nitrogen atomic energies, relative to ®(1) = 90°. The green line
gives the overall atomic energy, the blue line the atomic surface potential energy, the red line the
atomic basin potential energy, and the yellow line the atomic kinetic energy.

Figure A3 shows the atomic energy changes related to the carbon atoms in the
molecule, relative to ®(1) = 90°. C3 and C5, the carbon bonded to H13 and the carbon
meta to C3 and N1, respectively, show a similar pattern to N1 - destabilized in ®(1) = 90°
because of a loss of conjugation. C4, the carbon bonded to C3 and C5, remains relatively
unchanged. C6, the carbon bonded to C5 and N1, is stabilized in ®(1) = 90° - possibly due
to its position next to the destabilized N1 and C5 atoms. Finally, C12 (the junction
carbon) is at its lowest in ®(1) = 90°, and destabilized in both s-cis and s-trans. However,
E(C12) in s-cis is +12.61 kcal-mol? higher than E(C12) in s-trans - an observation which
can only be attributed to the presence of CHeesHC and N--N interactions in s-cis and the
resultant lengthening of the C11-C12 bond.

Table Al shows the QTAIM atomic energies and net charges in s-cis relative to s-trans.
The increased molecular electronic energy of s-cis relative to s-trans is +4.06 kcal-mol?;
the sum of the atomic energy changes +11.48 kcal‘mol?, a difference which can be
attributed to inexact wavefunctions and integration errors. However, it is clear from Table
Al that the largest changes in atomic energies are those seen for the nitrogen atoms, the
junction carbon atoms, and the hydrogen atoms involved in intramolecular interactions.

Specifically, N1, N2, C11 and C12 are the main cause of destabilization in s-cis, whereas
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Figure A3. QTAIM-defined carbon atomic energies relative to ®(1) = 90°. The blue line are for
E(C12), the purple line E(C3), the yellow line E(C4), the green line E(C5) and the red line E(C6).

H13 and H20 is the main cause of stabilization. Inthe QTAIM picture, the presence of N-
-N and (possibly) CHesHC interactions causes destabilizations elsewhere in the molecule,
most notably in the C11 and C12 atoms (unfortunately, it is impossible to calculate the
relative destabilization either N--N or CHessHC causes to the C11-C12 bond). Since the
IQA-defined interaction energy for the N--N interaction is much greater than the
interaction energy for the CHe+<HC interaction (|[EN; ™| > |ESAHC)), it is probable that
the N--N interaction is almost solely responsible for the destabilization in the C11-C12
bond, and importantly, the main reason for the increased energy of s-cis when compared to
s-trans. It is difficult to say what the effect of the CHe**N interaction is on the interacting
atoms, as E(N1) is a problem case due to its severe destabilization in ®(1) = 90°. The
CHe++HC interaction, however, is a locally stabilizing interaction as the involved atoms are

stabilized significantly.

Lastly, it is informative to study the changes in the surface potentials of different
interactions, Vs(AIB), as an indication of the changes in the QTAIM-defined interaction
virials. Figure A4 shows the combined surface virials for the interactions which form the
C12,C3,H13,H20,C10,C11 H-H ring in s-cis, relative to ®(1) = 90°. Remarkably, when
the CHee*HC interaction forms, there is an immediate strengthening of the C3-H13
interactomic surface and a weakening of the C3—-C12 and C12-C11 surfaces. The
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Table A1l. QTAIM atomic energies of s-cis, relative to s-trans

Aq(A) AE(A)
e kcal-mol
N1 0.01627 4,55
Ci12 0.01038 12.61
C3 -0.00768 -1.05
C4 0.00569 0.04
C5 0.00032 -1.81
C6 0.00621 1.50
Sum 0.01492 11.30
H13 -0.03152 -10.53
H14 0.00218 0.50
H15 0.00136 0.39
H16 -0.00130 -0.46
Sum -0.02928 -10.10
Total Atomi
Oéierg;?es ’ 11.48
Molecular
Energy 4.06

destabilization of C12 in s-cis can now be better understood as well - the presence of the
CHeeeHC interaction draws charge from the C12-C11 and C3-C12 bonds (and
consequently, C12 is destabilized), weakening these interactions and strengthening the
C3-H13 bond and H13+++H20 interaction. This observation corroborates with geometrical
observations, discussed in Chapter 3: d(C12-C11) and d(C3-C12) increased in s-Cis
whilst d(C3-H13) and d(H13+++H20) decreased.

IQA Atomic Energies. Figure A5 shows the changes in IQA-defined atomic energy,

decomposed into self- and interaction energies, for H13 relative to ®(1) = 90°. The total

interaction energy of H13 with all other atoms, El%4 (H13), becomes more negative in

Inter
both s-cis and s-trans and reflects the presence of CHeesHC and CHeeeN intramolecular
pleA

imter IN S-Cis is lower than in s-trans by —1.40 kcal'mol™.

interactions, respectively.

Correspondingly, as H13 is involved in intramolecular interactions, the intra-atomic self
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Figure A4 QTAIM-defined changes in the surface virial, Vs(AlB), relative to ®(1) = 90°. The
blue line show the H13,H20 interaction, the red line the C3,H13 bond, the green line the C3,C12
bond and the yellow line the C12,C11 bond.

energy, ESISI/}(HB), increases by almost the same value (+2.33 and +2.81 kcal'‘mol ! in s-

cis and s-trans, respectively, relative to ®(1) = 90°) as a result of the deformation caused

upon interaction. Combining E;%;,(H13) and Eg2/;(H13) gives Eror,,(H13) and we see
that H13 (and H20) is overall destabilized by +2.19 kcal'mol™ in s-trans and +0.30
kcal'‘mol™? in s-cis, relative to ®(1) = 90°. For s-trans, the destabilization is in line with
our QTAIM findings, as well as Koch and Popelier’s criteria for H-bonds!*. However, the
destabilization of H13 in s-cis is directly opposed to QTAIM-defined atomic energies,
which showed that H13 is significantly stabilized in s-cis. That said, the changes in atomic
energies cannot be attributed to only the formation of the CHes+*HC interaction, and it is
possible that changes in other bonds (such as the C3—-H13 bond) as well as conjugation
effects can cause additional deformation (leading to an increased ESIS{} term) in H13. In

addition, IQA atomic energy analysis of H13 reveals that there truly is no steric repulsion
between these atoms - an increase of +0.30 kcal-mol ™ per H-atom is not significant at all
and cannot be used to explain a molecular energy increase of +4.06 kcal'mol™. The

differences between IQA and QTAIM atomic energies will be discussed later.
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Figure A5, IQA decomposed atomic energies of H13, relative to ®(1) = 90°. The blue line gives
the total IQA atomic energy, the green line the total interaction energy of H13 with all other atoms,
and the red line the intra-atomic self energy.

Next we look at the 1QA-defined atomic energies of N1, shown in Figure A®.
E[®4 (N1) increases by +4.47 kcal'mol™? in s-cis (when it is involved in the N--N

interaction) and becomes more negative by —12.00 kcal'mol™ in s-trans (when it is
involved in the CHe++N interaction). Eg%;(N1), on the other hand, shows a slight increase

of +2.58 kcal'mol™ in s-cis and a large increase of +8.21 kcal'-mol™* is s-trans. The total
IQA-defined atomic energy, Ej2e (N1), shows a very intuitive picture where N1 is
destabilized by +7.05 kcal'mol™ in s-cis and is stabilized by —3.79 kcal'‘mol™ in s-trans,
corresponding with the highly repulsive N--N interaction in s-cis and the formation of the
attractive CHee*N interaction in s-trans. However, since all the covalent bonds of each
ring (including those involving N1) will change significantly because of conjugation, the
IQA energy changes given by Figure A6 cannot be attributed solely to the N--N and

CHee*N interactions.
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Figure A6. N1 IQA energy changes, relative to ®(1) = 90°. The blue line gives the total IQA
atomic energy for N1, the green line the total interaction energy of N1 with all other atoms, and the
red line the intra-atomic self-energy.

Finally, Figure A7 shows the total IQA atomic energy changes for C12, C3 and C6 (due
to expensive IQA calculations, C4 and C5 were only calculated for selected conformers;
however, the IQA-defined energies for these atoms changed marginally). The largest
change occurs in C12, but unlike the QTAIM-defined energies, C12 is significantly
destabilized in ®(1) = 90°, and is slightly more stable in s-cis than in s-trans (by —1.27
kcal'‘mol™). Figure A8 shows the IQA decomposition for C12 alone and indicates that

Eg&/+(C12) is the dominant contribution to the changes in IQA-atomic energy, causing a

stabilization of C12 in s-cis and s-trans. Interestingly, E; % (C12) is the highest in s-trans

Inter

(+4.54 kcal-mol ) and second-highest in s-cis (+1.29 kcal-mol ).
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Figure A7. 1QA total atomic energy changes relative to ®(1) = 90°. The blue line show the IQA
energy for C12, the red line C3 and the green line C6.
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Figure A8. Decomposition of the IQA total atomic energy for C12, relative to ®(1) = 90°. The
blue line gives the total IQA atomic energy, the green line show the total interaction energy of C12
with all other atoms, and the red line show the intra-atomic self-energy.

IQA-defined atomic energies of all atoms in s-cis relative to s-trans are given in Table
A2. In the IQA picture, the increased energy of s-cis is because of the increased
interaction energy of N1 (because of the N--N interaction), despite stabilizations in C12,

C6 and H13 (in comparison to the destabilized H13 in s-trans).

Table A2. IQA-defined atomic energies in s-cis, relative to s-trans

AErdta  AEsy  AE
kcal-mol kcal-mol* kcal-mol
N1 10.84 -5.63 16.47
C12 -1.27 1.97 -3.25
C3 -0.51 0.85 -1.36
C4 0.57 0.48 0.09
C5 0.10 0.07 0.03
C6 -2.52 1.09 -3.60
Sum -3.63 4.46 -8.09
H13 -1.89 -0.48 -1.40
H14 0.24 0.06 0.18
H15 0.06 -0.04 0.10
H16 -0.12 0.01 -0.13
Sum -1.70 -0.46 -1.25
Total Atomic Energies 11.01 -3.25 14.26
Molecular Energy 4.06
Al0
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Lastly, Figure A9 shows the changes in the diatomic interaction energy, EfZ, for the
bonds and interactions forming the C12, C3, H13, H20, C10 and C11 ring in s-cis, relative
to ® = 90° (in analogy to Figure A4 showing the QTAIM-defined Vs(AIB)). As the
H13++H20 interaction forms, a slight strengthening of the C3—H13 bond (-0.34 kcal-mol™
1) and a slight weakening of the C3-C12 (+0.11 kcal'mol™®) and C12-C11 (+0.47
kcal-molt) bonds are observed. There is a dramatic strengthening of the C12-C11 bond in
s-trans (—12.27 kcal-mol ™), corroborating with the decrease in d(C12-C11). These results
are qualitatively similar to the interactions described by the QTAIM-defined surface
virials, in that the CHeesHC interaction causes a stabilization of the C3—C12 bond and a
destabilization of the C3-C12 and C12-C11 bonds.

4.00

90°
N
o
o
<
=
-
N
»
>
>

>
>
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Elnt

/ kcal-mol-1
()]
o
o

pCl1c12—s
Int

IQA-defined interaction
energies, relative to ®

0 30 60 90 120 150 180
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Figure A9. IQA interaction energy changes for the atoms forming the intramolecular CHessHC
ring, relative to ®(1) = 90°. The blue line show the interaction energy for the H13eesH20
interaction, the green line for the C3—-H13 bond, the yellow line for the C3—C12 and the red line for
the junction C11-C12 bond.

QTAIM and IQA Comparison. Clearly, the results from QTAIM-defined and 1QA-
defined atomic energy analyses differ significantly: whereas QTAIM suggests that the
origin of the increased energy of s-cis is mainly because of destabilization of the junction
C12 and C11 atoms, IQA suggests that it is because of destabilized N atoms (due to
formation of the N--N repulsion). That said, Figures A4 and A9, related to the potential of
the interatomic surface virials (QTAIM) and the interaction energy (IQA), respectively,
correlate better - the C11-C12 bond is destabilized and the H13++H20 interaction is
stabilized in s-cis relative to s-trans in both theories as well as corroborating with the

geometrical observation of an increase in d(C11-C12) in s-cis.
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To explain the different results from atomic energy analyses, we must first point out the
fundamental difference between the two theories. Whereas IQA calculates the interactions

of each particle (protons and electrons) with each other, QTAIM assumes satisfaction of

V@) _
T(r)

energy alonel®. More importantly, calculations of QTAIM atomic energies assume the

V()|
T(Q)

the virial ratio ( 2) and calculates the atomic energy based on the exact Kinetic

atomic virial ratio ( = 2). Since the atomic virial ratio is usually not met exactly in

most calculated wavefunctions, IQA seems at first to be a more fundamental and exact
approach. However, the atomic virial theorem is a recognized quantum mechanical
observablel®®l and rooted in the physics of an open system - it should be met in a real,
physical system. Therefore, comparing QTAIM and IQA atomic energies and evaluating
the atomic virial ratio and its relative change for each atom can give an indication of where
the wavefunction is describing atoms in an inadequate fashion, similar to the approach
used by Shaik et al in the development of charge-shift bonding mechanics!0121,

The average molecular virial ratio for BPy over the range of 0° < ®(1) < 180° is
2.00034, with a standard deviation of 0.00001, which is of adequate accuracy®. The
average atomic virial ratio, including standard deviations and spreads, for each atom of one
pyridine ring is given in Table A3. In general, the hydrogen and nitrogen atoms show
average atomic virials smaller than 2, whereas the carbon atoms show an average atomic
virial slightly larger than 2. However, only H13 (and H20) show standard deviations on
the third decimal - on average an order of magnitude larger than the standard deviations for
all other atoms. The change in atomic virial ratio for the hydrogen atoms is shown in
Figure A10. Even though H14, H15 and H16 show different average virial ratios, the
changes in the atomic virial ratios of these atoms are similar and significantly small,
meaning that the relative changes in atomic energies are reliable. However, H13 shows a
significant decrease in the atomic virial ratio as the CHe+*HC interaction is formed; from
1.9233 in ®(1) = 90° to 1.9052 in s-cis. A lowered atomic virial ratio indicates that the
absolute value of the atomic potential energy is too small relative to the kinetic energy.
The relative IQA-defined atomic energies for H13 in s-cis in comparison to ®(1) = 90° or
s-trans are thus underestimated, either because of an overestimated kinetic energy or
underestimated potential energy, and in reality would be closer to the QTAIM-defined

atomic energies.

Al2
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Table A3. Atomic Virial ratios

Atom  Average Virial Ratio Standard Deviation Spread

N1 1.9875 0.0001 0.0004
C3 2.0016 0.0001 0.0002
C4 2.0012 0.0000 0.0001
C5 2.0016 0.0001 0.0002
C6 2.0113 0.0001 0.0004
C12 2.0101 0.0004 0.0012
Average 2.0051 0.0001 0.0004
H13 1.9202 0.0063 0.0202
H14 1.9254 0.0009 0.0019
H15 1.9259 0.0003 0.0008
H16 1.9114 0.0009 0.0022
Average 1.9207 0.0021 0.0063
1.930
H15
o 1.925
S1.920 -
s
'S 1.915
Q
£ 1.910
L
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Figure A10. Atomic Virial Ratios from IQA calculations. Blue show the atomic virial ratio for
H13, red for H14, green for H15 and the yellow line for H16.

The reasons, as well as possible solutions for the large deviation in atomic virial ratio as
the CHe+sHC interaction is formed is of critical importance to understanding this type of
interaction and should be studied more extensively in the future. For the scope of this
work, it is enough to say that H13 and H20 will be more stabilized in s-cis than what IQA

atomic energy analysis is suggesting. Since the change in IQA-defined atomic energy for
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H13 is +0.30 kcal'‘mol™ in s-cis relative to ®(1) = 90°, we can safely state that the actual
change in atomic energy of H13 and H20 is somewhere between +0.30 and -7.30
kcal'mol .  The nature of the CHeesHC interaction is therefore very likely locally

stabilizing to the atoms (and possibly fragments) involved.

In summary, correlating QTAIM and IQA energetic results leads to the observation that
the decreased stability of s-cis relative to s-trans is due to destabilizations in the C11-C12
bond as well as the N1 and N2 atoms (because of formation of the N--N interaction). In
addition, the stabilizing influence of the CHee*N interaction in s-trans is lost in s-cis.
However, the CHe+*HC interaction formed by H13 and H20 in s-cis is locally stabilizing,
causing C3, H13, H20 and C10 atoms to be stabilized (as well as the C3—-H13 and C10—
H20 bonds and the H13++<H20 interaction to be strengthened). There is evidence though
that the formation of an interatomic surface between H13 and H20 causes a destabilization
in the atomic surface of C11-C12, contributing to the lengthening of d(C11-C12) in s-cis.

Al4
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Table B1. Cartesian coordinates for 2,2'-Bipyridine with DA(N1,C12,C11,N2) = 0°

(s-Cis)
Standard orientation
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y z
1 7 0 -1.365 -1.182 0.044
2 7 0 1.365 -1.182 -0.044
3 6 0 -1.488 1.206 -0.039
4 6 0 -2.877 1.154 -0.041
5 6 0 -3.506 -0.085 0.004
6 6 0 -2.699 -1.220 0.042
7 6 0 2.699 -1.220 -0.042
8 6 0 3.506 -0.085 -0.004
9 6 0 2.877 1.154 0.041
10 6 0 1.488 1.206 0.039
11 6 0 0.750 0.014 -0.024
12 6 0 -0.750 0.014 0.024
13 1 0 -0.998 2.169 -0.083
14 1 0 -3.456 2.070 -0.082
15 1 0 -4.586 -0.176 0.002
16 1 0 -3.148 -2.209 0.069
17 1 0 3.148 -2.209 -0.069
18 1 0 4.586 -0.176 -0.002
19 1 0 3.456 2.070 0.082
20 1 0 0.998 2.169 0.083
Thermochemical data: (au)
Zero-point correction= 0.167733
Sum of electronic and zero-point Energies= -492.189737
Sum of electronic and thermal Energies= -492.182451
Sum of electronic and thermal Enthalpies= -492.181506
Sum of electronic and thermal Free Energies= -492.221865
B2
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Table B2. Cartesian coordinates for 2,2'-Bipyridine with DA(N1,C12,C11,N2) =

40°
Standard orientation
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y z
1 7 0 -1.400 -1.170 0.280
2 7 0 1.400 -1.170 -0.280
3 6 0 -1.462 1.146 -0.294
4 6 0 -2.852 1.136 -0.269
5 6 0 -3.514 -0.052 0.023
6 6 0 -2.735 -1.172 0.300
7 6 0 2.735 -1.172 -0.300
8 6 0 3.514 -0.052 -0.023
9 6 0 2.852 1.136 0.269
10 6 0 1.462 1.146 0.294
11 6 0 0.748 -0.044 0.070
12 6 0 -0.748 -0.044 -0.070
13 1 0 -0.950 2.077 -0.494
14 1 0 -3.406 2.047 -0.464
15 1 0 -4.595 -0.109 0.060
16 1 0 -3.207 -2.118 0.559
17 1 0 3.207 -2.118 -0.559
18 1 0 4.595 -0.109 -0.060
19 1 0 3.406 2.047 0.464
20 1 0 0.950 2.077 0.494
Thermochemical data: (au)
Zero-point correction= 0.167879
Sum of electronic and zero-point Energies= -492.192106
Sum of electronic and thermal Energies= -492.183996
Sum of electronic and thermal Enthalpies= -492.183051
Sum of electronic and thermal Free Energies= -492.225654
B3
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Table B3. Cartesian coordinates for 2,2'-Bipyridine with DA(N1,C12,C11,N2) =

90°
Standard orientation
Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y 4
1 7 0 -0.512 1.541 -1.120
2 7 0 0.512 -1.541 -1.120
3 6 0 0.569 1.357 0.947
4 6 0 0.541 2.740 1.113
5 6 0 -0.001 3.531 0.113
6 6 0 -0.541 2.866 -0.976
7 6 0 0.541 -2.866 -0.976
8 6 0 0.001 -3.531 0.113
9 6 0 -0.541 -2.740 1.113
10 6 0 -0.569 -1.357 0.947
11 6 0 -0.175 -0.731 -0.263
12 6 0 0.175 0.731 -0.263
13 1 0 0.928 0.757 1.775
14 1 0 0.910 3.182 2.034
15 1 0 -0.062 4.610 0.196
16 1 0 -1.048 3.424 -1.767
17 1 0 1.048 -3.424 -1.767
18 1 0 0.062 -4.610 0.196
19 1 0 -0.910 -3.182 2.034
20 1 0 -0.928 -0.757 1.775
Thermochemical data: (au)
Zero-point correction= 0.167583
Sum of electronic and zero-point Energies= -492.190186
Sum of electronic and thermal Energies= -492.182815
Sum of electronic and thermal Enthalpies= -492.181871
Sum of electronic and thermal Free Energies= -492.222611
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Table B4. Cartesian coordinates for 2,2'-Bipyridine with DA(N1,C12,C11,N2) =
180° (s-trans)

Standard orientation

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 7 0 -1.690 -1.073 0.800
2 7 0 1.690 -1.073 -0.800
3 6 0 -1.099 0.230 -0.756
4 6 0 -2.320 0.922 -0.715
5 6 0 -3.312 0.501 0.113
6 6 0 -2.890 -0.499 0.917
7 6 0 2.890 -0.499 -0.917
8 6 0 3.312 0.501 -0.113
9 6 0 2.320 0.922 0.715
10 6 0 1.099 0.230 0.756
11 6 0 0.717 -1.073 0.226
12 6 0 -0.717 -1.073 -0.226
13 1 0 -0.328 0.745 -1.324
14 1 0 -2.441 1.838 -1.294
15 1 0 -4.276 0.993 0.231
16 1 0 -3.518 -0.841 1.755
17 1 0 3.518 -0.841 -1.755
18 1 0 4.276 0.993 -0.231
19 1 0 2.441 1.838 1.294
20 1 0 0.328 0.745 1.324

Thermochemical data: (au)

Zero-point correction= 0.167918

Sum of electronic and zero-point Energies= -492.196025

Sum of electronic and thermal Energies= -492.187886

Sum of electronic and thermal Enthalpies= -492.186942

Sum of electronic and thermal Free Energies= -492.230357
B5
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Table B5. QTAIM-defined atomic volumes (at 0.0004 au

relative to DA(N1,C12,C11,N2) = 90°.
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isodensity surface),

@(1) N1 C3 C4 C5 C6 C12 H13 H14 H15 H16
0 -8.49 -1.24 -0.07 0.47 -0.32 7.75 -7.01 -0.08 -0.03 0.25
10 -8.05 -1.49 0.06 0.43 -0.41 7.44 -6.79 -0.09 0.00 0.33
20 -71.17 -1.95 0.05 0.33 -0.33 6.71 -5.90 0.03 -0.05 0.34
30 -6.17 -1.95 0.14 0.25 -0.34 5.68 -4.81 0.01 0.02 0.21
40 -4.96 -2.14 0.05 0.36 -0.36 4.78 -3.54 -0.10 0.05 0.28
50 -3.69 -2.06 0.19 0.38 -0.07 3.52 -2.22 0.01 -0.01 0.15
60 -2.36 -1.55 0.17 0.30 -0.22 2.32 -1.26 -0.17 -0.07 0.18
70 -1.15 -0.78 0.04 0.12 -0.18 1.15 -0.41 -0.13 0.03 0.10
80 -0.22 -0.10 0.05 0.13 -0.08 0.26 -0.03 -0.04 0.05 0.23
90 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
100 -0.42 -0.28 0.12 -0.08 0.10 0.33 -0.07 0.03 -0.02 0.10
110 -1.39 -0.90 0.11 -0.01 0.12 1.23 -0.63 -0.14 -0.09 0.02
120 -2.81 -1.32 0.28 0.08 0.18 2.25 -1.40 -0.07 -0.05 0.11
130 -4.49 -1.57 0.28 0.27 0.25 3.34 -2.44 0.17 -0.05 0.24
140 -6.17 -1.71 0.33 0.35 0.12 4.49 -3.72 0.13 0.13 0.12
150 -71.67 -1.67 0.32 0.57 -0.01 5.52 -5.02 0.16 0.06 0.18
160 -8.89 -1.30 0.60 0.36 0.03 6.49 -6.06 0.20 0.01 0.23
170 -9.66 -1.23 0.44 0.37 -0.07 7.02 -6.86 0.25 0.12 0.30
180 -9.95 -1.13 0.59 0.32 -0.22 7.53 -7.10 0.14 0.18 0.42
All volumes in au.
B6
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Figure B1. QTAIM-defined atomic volumes of a) hydrogen atoms, b) nitrogen atom, and c)
carbon atoms.
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Table C1. Cartesian coordinates for the [ZnL(H20)4]?* complex (L = 2,2'-bipyridyl)

Standard orientation

Center Atomic  Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 8 0 -2.7284 -1.5638 0.0093
2 8 0 -1.6885 -0.0051 2.1465
3 8 0 -2.7285 1.5636 -0.0093
4 8 0 -1.6885 0.0049 -2.1464
5 7 0 0.3884 -1.3413 0.039
6 7 0 0.3883 1.3414 -0.039
7 6 0 0.3029 -2.6759 0.0598
8 1 0 -0.6945 -3.0912 0.0732
9 6 0 1.4249 -3.4886 0.06
10 1 0 1.3138 -4.5629 0.0785
11 6 0 2.6754 -2.8858 0.0345
12 1 0 3.5753 -3.485 0.0317
13 6 0 2.7642 -1.5004 0.0089
14 1 0 3.7317 -1.0238 -0.0136
15 6 0 1.5961 -0.7435 0.0132
16 6 0 1.596 0.7436 -0.0133
17 6 0 2.7641 1.5005 -0.009
18 1 0 3.7316 1.0241 0.0135
19 6 0 2.6752 2.886 -0.0345
20 1 0 3.5751 3.4852 -0.0318
21 6 0 1.4247 3.4887 -0.0601
22 1 0 1.3135 4563 -0.0785
23 6 0 0.3027 2.6759 -0.0598
24 1 0 -0.6947 3.0912 -0.0732
25 1 0 -3.417 -1.5173 -0.6684
26 1 0 -3.2011 -1.6273 0.8513
27 1 0 -1.1748 -0.6202 2.6883
28 1 0 -1.6211 0.8442 2.6055
29 1 0 -3.2013 1.627 -0.8512
30 1 0 -3.4171 1.5171 0.6685
31 1 0 -1.6211 -0.8443 -2.6055
32 1 0 -1.1749 0.6201 -2.6883
33 30 0 -1.2358 0 0

Molecular Electronic Energy: -2580.08621989 au

C2

© University of Pretoria



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(o<

Table C2. Cartesian Coordinates for the [ZnL2(H20)2]** Complex (L = 2,2'-Bipyridyl)
Standard orientation

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 7 0 -0.9093 -1.4706 0.5552
2 7 0 -2.0434 0.6451 -0.6517
3 7 0 0.9088 1.4651 0.5628
4 7 0 2.0436 -0.6407 -0.6593
5 8 0 -0.3424 -1.3276 -2.5354
6 8 0 0.3439 1.355 -2.5237
7 6 0 -0.285 -2.5157 1.1073
8 1 0 0.7599 -2.6377 0.8613
9 6 0 -0.9261 -3.4072 1.9527
10 1 0 -0.3817 -4.2396 2.3744
11 6 0 -2.269 -3.1959 2.2345
12 1 0 -2.8072 -3.8671 2.8893
13 6 0 -2.2143 -1.2608 0.8155
14 6 0 -2.8409 -0.0877 0.1502
15 6 0 -2.9211 -2.1132 1.6604
16 1 0 -3.9654 -1.9433 1.8701
17 6 0 -4.1818 0.2486 0.3246
18 1 0 -4.8198 -0.3378 0.9669
19 6 0 -4.6986 1.3527 -0.3379
20 1 0 -5.7369 1.6247 -0.2088
21 6 0 -3.8693 2.0965 -1.167
22 1 0 -4.2312 2.961 -1.7042
23 6 0 -2.5465 1.7041 -1.2967
24 1 0 -1.864 2.2428 -1.9378
25 6 0 0.2839 2.5082 1.1173
26 1 0 -0.7651 2.6212 0.8841
27 6 0 0.9272 3.4059 1.9545
28 1 0 0.3802 4.233 2.3832
29 6 0 2.276 3.2081 2.2169
30 1 0 2.8168 3.8855 2.8631
31 6 0 2.9293 2.1277 1.6393
32 1 0 3.9786 1.9701 1.833

33 6 0 2.2175 1.2633 0.8103
34 6 0 2.8401 0.0847 0.1507
35 6 0 4.175 -0.2659 0.3413
36 1 0 4.8095 0.3105 0.9961
37 6 0 4.6891 -1.3722 -0.3205
38 1 0 5.723 -1.6552 -0.1798
39 6 0 3.8625 -2.1046 -1.1623
40 1 0 4.2226 -2.9693 -1.7002
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Standard orientation

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y z
41 6 0 2.5438 -1.702 -1.3025
42 1 0 1.8624 -2.2349 -1.9494
43 1 0 0.8967 0.9448 -3.2033
44 1 0 0.7707 2.2023 -2.3389
45 1 0 -0.9049 -0.9088 -3.2012
46 1 0 -0.7694 -2.1755 -2.3531
47 30 0 0.0004 0.0032 -0.7246

Molecular Electronic Energy: -2922.51597175 au
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Table C3. Cartesian Coordinates for the [ZnLz]>* Complex (L = 2,2'-Bipyridyl)

Standard orientation

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z

1 6 0 -1.40207 -1.64497 -2.33947
2 1 0 -0.39724 -1.62114 -2.73541
3 6 0 -2.42222 -2.27121 -3.03819
4 1 0 -2.21734 -2.73989 -3.99007
5 6 0 -3.69338 -2.27697 -2.48014
6 1 0 -4.51849 -2.75479 -2.98993
7 6 0 -3.89454 -1.66278 -1.25246
8 1 0 -4.87781 -1.66428 -0.80905
9 6 0 -2.81906 -1.05154 -0.60734
10 6 0 -2.95952 -0.37681 0.710249
11 6 0 -4.17183 -0.32453 1.39812

12 1 0 -5.06176 -0.77453 0.986819
13 6 0 -4.23066 0.31464 2.627853
14 1 0 -5.16431 0.360527 3.171296
15 6 0 -3.07963 0.894651 3.144157
16 1 0 -3.07781 1.404577 4.096791
17 6 0 -1.91225 0.807 2.402173
18 1 0 -0.99498 1.248219 2.763739
19 6 0 -0.86565 2.030244 -2.28001
20 1 0 -1.36787 1.149496 -2.6528

21 6 0 -0.93963 3.231065 -2.96817
22 1 0 -1.5017 3.293103 -3.88887
23 6 0 -0.2784 4.331741 -2.44055
24 1 0 -0.31036 5.288729 -2.94304
25 6 0 0.430065 4.190194 -1.25656
26 1 0 0.946718 5.039648 -0.8381

27 6 0 0.460971 2.949593 -0.62021
28 6 0 1.194113 2.727119 0.653853
29 6 0 1.891358 3.746505 1.301616
30 1 0 1.920885 4.743891 0.89178

31 6 0 2.551241 3.472203 2.490483
32 1 0 3.092982 4.25468 3.003863
33 6 0 2.501186 2.185478 3.009732
34 1 0 2.993657 1.926745 3.936106
35 6 0 1.787485 1.22439 2.311351
36 1 0 1.72113 0.21159 2.680461
37 6 0 2.05581 -0.28349 -2.40092
38 1 0 1.51013 0.578379 -2.75671
39 6 0 3.102706 -0.81283 -3.13952
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Standard orientation

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y z
40 1 0 3.380656 -0.36527 -4.08315
41 6 0 3.771961 -1.9179 -2.63137
42 1 0 4.59577 -2.36187 -3.17296
43 6 0 3.370347 -2.45041 -1.41509
44 1 0 3.883763 -3.30914 -1.01212
45 6 0 2.306459 -1.86518 -0.72861
46 6 0 1.825637 -2.37935 0.581266
47 6 0 2.42708 -3.46 1.226953
48 1 0 3.270635 -3.96839 0.786649
49 6 0 1.932769 -3.88466 2.451444
50 1 0 2.394144 -4.7179 2.963319
51 6 0 0.843748 -3.226 3.005812
52 1 0 0.422911 -3.52346 3.955391
53 6 0 0.295274 -2.16298 2.305248
54 1 0 -0.55345 -1.62316 2.698674
55 7 0 -1.59023 -1.04891 -1.15745
56 7 0 -1.84802 0.186083 1.219808
57 7 0 -0.18437 1.887761 -1.13838
58 7 0 1.149949 1.482749 1.165096
59 7 0 1.664059 -0.79285 -1.22817
60 7 0 0.771816 -1.74474 1.127776
61 30 0 -0.0103 -0.00619 -0.00379
Molecular Electronic Energy: -3264.94124288
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Zn—N bonds.
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Table C4. Decomposition of two-bodied interaction energies within the IQA framework for all relevant bonds in Zn'' complexes with 2,2"-
bipyridyl

Complex  Atoms  d(A-B) Vi VAR VA8 v ES° Ere EAP ErCIER®
A au au au au kcal'-mol?  kcal'mol®  kcal-mol* kcal-mol™

ZnL CH---HC 2.06 -0.2472 -0.2472 0.2569 0.2375 -0.02 -2.48 -2.5 0.993
CH---O 2.6 -1.7008 -1.7008 1.6285 1.7542 -11.86 -2.64 -14.5 0.182

C-C 1.497 -11.4042  -11.4042 12.7218 10.2391 95.69 -193.43 -97.74 1.979

Zn-N5 2.145 -56.0668 -56.0668 51.8045 59.7401 -369.65 -40.14 -409.79 0.098

Zn-N6 2.145 -56.0670 -56.0670 51.8046 59.7402 -369.65 -40.14 -409.79 0.098

Zn-01 2.157 -61.8194 -61.8194 58.8847 64.2786 -298.43 -28.04 -326.47 0.086

N5-N6 2.673 -11.8316  -11.8316 9.7005 14.4307 293.69 -7.03 286.67 -0.025

ZnlL; CH---HC 2.05 -0.2488 -0.2488 0.2581 0.239 -0.23 -2.51 -2.74 0.916
CH--O 2.502 -1.7656 -1.7656 1.6917 1.8195 -12.47 -3.26 -15.73 0.207

CH-N 2.879 -1.3988 -1.3988 1.2866 1.4953 -9.91 -1.64 -11.56 0.142

Cc-C 1.497 -11.4030 -11.4030 12.7264 10.233 96.27 -193.41 -97.15 1.991

Zn-N1 2.183 -55.1408  -55.1408 50.9086 58.8099 -353.41 -36.73 -390.14 0.094

Zn-N2 2.182 -55.1524  -55.1524 50.9243 58.8145 -355.12 -36.76 -391.88 0.094

Zn-06 2.236 -59.7008 -59.7008 56.7947 62.1597 -280.51 -22.97 -303.48 0.076

N1-N2 2.676 -11.8153  -11.8153 9.6902 14.4061 292.25 -7.15 285.1 -0.025

ZnLs CH--HC 2.073 -0.2463 -0.2463 0.2553 0.2364 -0.52 -2.36 -2.88 0.821
CH--N 2.746 -1.4669 -1.4669 0.2553 0.2364 -11.71 -2.26 -13.97 0.162

C-C 1.496 -11.4046  -11.4046 0.5106 0.4729 96.79 -193.41 -96.62 2.002

Zn-N2 2.229 -54.0400 -54.0400 49.8607 57.6798 -338.51 -32.93 -371.44 0.089

Zn-N23 2.228 -54.0550 -54.0550 49.8744 57.6956 -338.79 -32.89 -371.68 0.088

N2-N23 2.690 -11.7953  -11.7953 9.6755 14.3793 291.34 -7.24 284.11 -0.025
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Figure C3. NCI isosurfaces for all the interactions in ZnL,. (a) All interactions. (b) Zn-N. (c) Zn-O.
(d) CHeesHC. (e) CHe*+O. (f) CHeesN. (g) N--N. (h) O--O. (i) O--N. (j) Pyridine Ring. The
surfaces indicate the reduced density gradient at an isovalue of 0.5 au. The colour scheme used, from
blue, through green to red, reflects the following range —0.07 au < sign(42) x p < 0.03 au.
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Figure C4. NCI isosurfaces for (a) ZnL and (b) ZnLs. The surfaces indicate the reduced density
gradient at an isovalue of 0.5 au. The colour scheme used, from blue, through green to red, reflects the
following range —0.07 au < sign(42) x p< 0.03 au.
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Figure C5. NCI-Plots for interactions in ZnL.
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Figure C7. NCI-Plots for interactions in ZnLa.
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Table C5. NClI-plot data for ZnL, ZnL, and ZnL3

Complex Interaction  (-)-picr(A,B) (+)-picr(A,B)

ZnL Zn—N -0.07030
Zn-01 -0.05162
Zn-04 -0.04786
CHee*HC -0.01126 0.01084
CHe++O -0.00869 0.00736
N--N 0.02152
03--04 -0.01231 0.01271
01--03 0.01047
Pyridine Rings 0.02395
Znl, Zn—N -0.06449
Zn-0O -0.04062
CHeeHC -0.01155 0.01104
CHe++O -0.01007 0.00768
CHee*N -0.00596 0.00580
N--N 0.02082
0O--0 -0.01267 0.01298
O--N 0.00959
Pyridine Rings 0.02398
Znl; Zn—N -0.05520
CHeeHC -0.01199 0.01134
CHee*N -0.00763 0.00663
N--N 0.01983
Pyridine Rings 0.02406
CHee*N Rings 0.00154
C18

© University of Pretoria



(@)
0]
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(2)-Bpy (2)-Bpy
Apy; AE 0, (1) = -28.62 keal molt Apy; AE,, (2) = -8.80 kcal mol-t

(2)-OH, (2)-OH,

Apy; AE ., (2) = -11.78 keal molt Apq; AE (1) = -8.62 kcal molt

Figure C8. NOCVs for (a) Zn—N bonds in (i) ZnL; and (ii) ZnLs, and (b) Zn—O bonds in (i) ZnL and
(if) ZnLo.
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(7)-pyr, a+p (7)-pyr, o+

Apy; AE (1) = -239.547 kcal molt Ap2; DE gy (2) = -23.98 keal molt

(7)-pyr, a+p (7)-pyr, a+B

Apq; AE -, (1) = -241.14 kcal mol-? Apy; AE . (2) = -231.46 kecal molt

(7)-pyr, a+p (7)-pyr, a+f
Aps; AE,5(3) = -27.22 keal mol? Apy; AE,,, (4) =-23.24 keal mol
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(iii)

N56 NS5

(7)-pyr, a+p (7)-pyr, a+p

Apy; AE (1) = -241.54 keal mol?t Ap,; AE,,, (2) = -228.60 kcal mol-!

p
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C/ C
(7)-pyr, a+p (7)-pyr, o+
Aps; AE,, (5) = -22.79 kcal mol-! Ape; AE - (6) = -21.19 kcal mol-!

Figure C9. NOCV deformation densities for C—C bonds in (i) ZnL, (ii) ZnL, and (iii) ZnLs
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(2)-Bpy (2)-Bpy
Ap1y; AE -, (12) = -1.82 keal molt Apy4; AE ., (14) = -0.77 kecal mol?

(ii)

(2)-Bpy (2)-Bpy

Apyg; AE,, (16) = -0.38 keal mol Apys; AE,,(15) = -1.11 keal mol?

(2)-Bpy

Apqg; AE,,,(18) =-0.28 kcal mol?t
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(2)-Bpy

Apy7; AE,,5(17) = -0.58 kcal mol

(7)-pyr, a+p

Apys; AE 1 (23) = -1.81 keal mol?t

(7)-pyr, o+p

Ap,s; AE,,,(25) = -1.43 kcal molt

3
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(7)-pyr, o+p

Apyq; AE,p(21) = -2.45 keal molt

(ii)

(7)-pyr, a+p

Apys; AE 1, (23) = -2.42 keal molt

(7)-pyr, a+f

Apyg; AE,r,(26) = -1.71 kcal molt
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(iii)

(7)-pyr, a+p (7)-pyr, o+p

Apy7; AE ., (27) = -2.74 kecal mol? Apye; AE,p(26) = -2.04 kcal mol?

(7)-pyr, o+p (7)-pyr, o+p

Apy7; AE,,(27) = -2.04 kcal mol? Ap,g; AE,,,(28) = -1.31 kcal mol

/
C

(7)-pyr, o+p (7)-pyr, o+p

Apyg; AE - (29) = -2.42 kcal mol?t Apso; AE,-5(30) = -2.60 kcal mol?

Figure C10. NOCYV deformation densities for (a) CHe++O interactions in (i) ZnL and (ii) ZnL,, (b)
CHee«N interactions for ZnL,, and (c) CHe=sHC interactions for (i) ZnL, (ii) ZnL, and (iii) ZnL3
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Table C6. NOCVs describing all interactions in all ZnBPy complexes

Complex Structural Bonds Intramolecular interactions
Bond Scheme k |Eigenvalue| AEorp* Interaction Scheme k |Eigenvalug| AEorp*
(au) (kcal-mol™) (au) (kcal-mol™)
ZnL Zn-N (2-Bpy 1 0.43715 -37.69 CHee*HC (7)-Pyr 21 0.06034 -2.45
2 0.23906 -14.31 23 0.05304 -1.81
Zn-01 (2-OH, 1 0.26448 -11.78 CHe+O (2)-BPy 12 0.06581 -1.82
Zn-02 (2-OH, 1 0.26261 -10.88 14 0.04664 -0.77
Zn-03 (2-OH, 1 0.26408 -11.78 16 0.04114 -0.38
Zn-04 (2-OH, 1 0.26296 -10.88
c-C (7N)-Pyr 1 1.10324 -239.55
2 0.38952 -23.98
ZnL; Zn—-N1/N2 (2-BPy 1 0.44706 -33.23 CHee*HC (7)-Pyr 23 0.05881 -2.42
2 0.23805 -11.61 25 0.05533 -1.43
Zn-N3/N4 (2-BPy 1 0.44758 -33.37 26 0.05307 -1.71
2 0.23803 -11.64 27 0.05101 -2.74
Zn-05 (2-OH, 1 0.23801 -8.62 CHe++O (N1/N2) (2)-BPy 15 0.05571 -1.11
Zn-06 (2-OH, 1 0.237 -8.53 18 0.0419 -0.28
c-C (7N)-Pyr 1 1.10164 -241.14 CHe+*O (N3/N4) (2)-BPy 15 0.05595 -1.13
2 1.0962 -231.46 18 0.04209 -0.26
3 0.38961 -27.22
4 0.38654 -23.24 CHe+*N (N1/N2) (2)-BPy 17 0.04667 -0.58
CHe*N (N3/N4) (2)-BPy 17 0.04664 -0.58
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Complex Structural Bonds Intramolecular interactions
Bond Scheme k |Eigenvalue| AEq* Interaction Scheme k  |Eigenvalue| AEorp®
(au) (kcal-mol™) (au) (kcal-mol™)
ZnL; Zn—-N55/N56 (2-BPy 1 0.42853 -28.62 CHe++HC (7)-Pyr 26 0.05804 -2.04
2 0.21834 -8.80 27 0.05793 -2.04
Zn-N57/N58 (2-BPy 1 -0.42898 -28.64 28 0.05604 -1.31
2 -0.21828 -8.77 29 0.05427 -2.42
Zn-N59/N60 (2-BPy 1 0.42872 -28.62 30 0.05397 -2.60
2 0.21819 -8.76
c-C (7N)-Pyr 1 1.10 -241.54
2 1.09 -228.60
3 1.09 -228.57
4 0.38 -28.75
5 0.38 -22.79
6 0.38 -21.19
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Table C7. Calculating AEqm' for CHeesHC interactions

NOCV Pair  AEonX  # Bonds Averaged

(kcal mol™) (AEoro"/#Bonds)

ZnL 21 -2.45 1 -2.45
23 -1.81 1 -1.81

sum -4.27 -4.27

Znl; 23 -2.42 2 -1.21
25 -1.43 2 -0.72

26 -1.71 2 -0.86

27 -2.74 1 -2.74

sum -8.30 -5.52

Znls 26A -1.02 2 -0.51
27A -1.02 2 -0.51

28A -0.65 3 -0.22

290A -1.22 1 -1.22

30A -1.29 2 -0.65

26B -1.02 1 -1.02

27B -1.02 2 -0.51

28B -0.65 3 -0.22

29B -1.20 1 -1.20

30B -1.30 1 -1.30

sum -10.41 -7.36
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Table C8. Calculating AEqw' for CHe*+O interactions

NOCYV Pair AEqp®  #Bonds Averaged

(kcal mol™) (AEqrp"/#Bonds)
ZnL 12 -1.82 2 -0.91
14 -0.77 2 -0.38
16 -0.38 2 -0.19
sum -2.96 -1.48
Znl; 15 -1.11 1 -1.11
N1-N2 17 -0.58 2 -0.29
18 -0.28 1 -0.28
sum -1.97 -1.68
Znl, 15 -1.13 1 -1.13
N3-N4 17 -0.58 2 -0.29
18 -0.26 1 -0.26
sum -1.97 -1.68
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Preorganization of 2,2'-Bipyridine for complex-

formation with Ni".
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In order to coordinate to a metal in a bidentate fashion, L must twist around the junction
C2-C2' bond from the lowest energy s-trans to a higher energy conformer with 1,1’ nitrogens
cis towards each other. As was mentioned already, the N--N and CHeesHC interactions
formed in this way were used to explain trends in formation constants as it was believed that
these interactions are destabilizing™®l. In this section we will compare the ligand as it exists
in Ni-complexes with the lowest energy s-trans conformer, in order to elucidate whether the N-
-N or CHe+HC interactions are responsible for the destabilization due to preorganization. In
addition, the changes in atomic properties when going from the preorganized L(as in complex)
to ML, will be studied to further elucidate the changes the ligand must undergo (including

formation of CHes*O and CHe**N interactions) when forming complexes with Ni'.

In this section, QTAIM-defined atomic energies and charges will be used in a comparative
basis. The atomic energies, as defined by the virial theorem for a subsystem bounded by zero-
flux surfaces in the electron density, can be used to estimate the relative stabilization or
destabilization of a bound atom in comparison to a free atom. For an atom involved in an
intramolecular or intermolecular bond, it is possible to estimate the atomic stabilization due to
formation of the bond by comparing the atomic energies of an atom involved in the bond with
a non-bonded reference atom, identical or similar to the bonded atom. In order to correctly
and accurately estimate the atomic stabilization or destabilization it is a necessary and critical
condition that the reference atom is in a very similar chemical environment as the bonded
atom. This condition unfortunately is not always easily met and the task of finding a suitable
reference atom becomes a formidable one. For instance, different hydrogens on each ring of
the s-trans conformer of L have considerably different atomic energies and cannot be used as
reference atoms to each other unless very careful considerations are taken. Therefore, we will
restrict our analysis to comparing atoms in the same position on L with each other, i.e.
comparing H4 (as indicated in Figure 5.3). in s-trans with H4 in L(As in Complex, NiL) with
H13 or H21 in NiL (as indicated in Figure 5.2).

L(As in Complex) Atomic Properties. The strain energy of the ligand, calculated as the
difference between a single point calculation of each form of L(as in complex) and the
molecular energy of the lowest energy conformer of L, s-trans, is shown in Table D1. The
ligand is the most strained in NiL with a strain energy of +5.51 kcal-mol™* higher than the free
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energy of s-trans. The strain energy is 0.44 kcal'mol™ lower in NiLs with a free energy
difference of 5.07 kcal-mol 2.

Table D1. Strain energies of L, as it exists in aqueous complexes with Ni".

Average Strain Energy

E(ZPVE) G(aq)

kcal-mol ™ kcal-mol ™
NiL 4.87 551
NiL> 461 5.26
NiLs 4.40 5.07

The change in atomic energies of L(as in complex) relative to equivalent atoms in the s-
trans conformer of L is given in Table D2. The only atoms significantly destabilized when
L(trans) rearranges to L(as in complex) are the nitrogen atoms, by +20.99 kcal'‘mol*in L(in
NiL) and +21.81 kcal'‘mol™® in L(in NiL3). All other atoms are stabilized or do not change
significantly. This result is expected when it is realized that the nitrogen atoms are necessarily
close to each other in order to bind in a bidentate fashion to Ni. All other atoms follow the
same general trend as that seen L(cis) relative to L(trans), with the exception of C2, the
carbon atom involved in the bridging C—C bond between pyridyl rings. In L(cis), the C-C
bond lengthens from its equilibrium value of 1.492 A in L(trans) to 1.500 A. However, in
Ni(BPy)?* complexes the C-C bond length remains relatively constant at 1.484 A and
consequently C2 is stabilized relative to C2 in L(trans). In addition, H3 and H3' are
stabilized by an average of —8 kcal-mol each, which is comparable with H3 in L(cis). This
observation is discussed later in this Appendix. Lastly, it must be pointed out that all other

changes in the atomic energies of hydrogens are within the range of —1 kcal-mol ™.

The change in atomic charges, q(Q2), of L(As in complex) relative to L(trans) is shown in
Table D3. The largest changes in q(Q2) are again seen for N and H3 atoms. The net charge of
N atoms increases significantly from those in L(trans), becoming increasingly positive and
thus losing electrons. q(Q) decreases significantly in C2 in the pre-organized ligands, as well
as in H3, showing that these atoms have an increased electron population relative to L(trans).

The net charges of all the other atoms change insignificantly in the 3™ decimal place or
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Table D2 Atomic energies of L(as in complex) relative to L(trans)

Ring 1
(kcal mol™)
N1 C6 C5 C4 C3 C2 H6 H5 H4 H3 Sum
L in NiL: N6 (CH—O) 20.99 -2.35 -3.34 1.94 0.21 -5.07 -0.52 -1.30 -0.03 -7.97 2.57
L in NiL2: N2 (CH—N) 21.88 -2.89 -3.86 1.23 -0.02 -4.47 -0.99 -1.21 0.03 -8.21 1.50
L in NiL2: N4 (CH—N) 21.87 -2.98 -3.90 1.21 -0.06 -4.37 -1.00 -1.19 0.03 -8.22 1.38
L in NiLs: N2 (CH—N) 21.55 -3.34 -3.39 121 0.10 -3.49 -1.25 -1.06 0.13 -8.32 2.14
L in NiLs: N3 (CH—N) 22.11 -3.33 -3.47 0.99 0.00 -3.47 -1.14 -1.02 0.10 -8.29 2.49
L in NiLs: N34 (CH—N) 21.81 -3.33 -3.42 1.08 0.09 -3.45 -1.22 -1.04 0.09 -8.30 2.31
L(cis) 3.92 -0.52 -2.26 -1.32 0.50 10.19 -0.37 0.33 0.39 -8.88 1.98
Ring2
(kcal mol™)
N1’ Co' Cs5' Cc4' Cc3’ Cc2' Ho6’ H5’ H4' H3' Sum
L in NiL: N7 (CH—O0) 20.94 -2.35 -3.31 1.88 0.15 -5.00 -0.52 -1.32 -0.05 -7.99 2.43
L in NiLz: N3 (CH—O) 22.73 -3.16 -3.13 154 -0.02 -4.55 -0.82 -1.18 0.07 -8.23 3.25
L in NiL,: N5 (CH—O) 22.74 -3.19 -3.18 1.55 0.00 -4.42 -0.81 -1.19 0.10 -8.23 3.37
L in NiLs: N23 (CH—N) 22.00 -3.29 -3.43 1.05 0.02 -3.50 -1.17 -1.06 0.08 -8.29 2.40
L in NiLs: N24 (CH—N) 21.92 -3.52 -3.52 1.07 0.03 -3.50 -1.25 -1.02 0.12 -8.29 2.05
L in NiLs: N45 (CH—N) 22.01 -3.43 -3.56 1.03 0.09 -3.47 -1.23 -1.07 0.11 -8.27 2.22
L(cis) 3.92 -0.52 -2.26 -1.32 0.50 10.19 -0.37 0.33 0.39 -8.88 1.98
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Table D3. Atomic net charges, q(A), relative to L(trans)

Ring 1
(au)
N1 C6 C5 C4 C3 Cc2 H6 H5 H4 H3 Sum

L in NiL: N6 (CH—O)  0.03688 | -0.00364 0.00223 0.00403 0.00101 -0.01463 | 0.00178 -0.00303 0.00144 -0.02619 | -0.00011
L in NiL2: N2 (CH—N)  0.03683 | -0.00256 0.00184 0.00389 0.00062 -0.01397 | 0.00043 -0.00271 0.00153 -0.02632 | -0.00042
L in NiL2: N4 (CH—N) 0.03674 | -0.00274 0.00186 0.00391 0.00064 -0.01374 | 0.00045 -0.00273 0.00152 -0.02634 | -0.00042
L in NiLs: N2 (CH—N)  0.03575 | -0.00358 0.00187 0.00388 0.00030 -0.01182 | -0.00008 -0.00231 0.00176 -0.02617 | -0.00041
L in NiLs: N3 (CH—N) 0.03621 | -0.00381 0.00185 0.00389 0.00032 -0.01228 | 0.00009 -0.00231 0.00170 -0.02611 | -0.00044
L in NiLs: N34 (CH—N) 0.03599 | -0.00367 0.00184 0.00390 0.00030 -0.01201 | -0.00001 -0.00231 0.00170 -0.02611 | -0.00038

L(cis) 0.01535 | 0.00378 0.00072 0.00291 -0.00272 0.00357 | -0.00119 0.00113 0.00203 -0.02590 | -0.00032
Ring2
(au)

N1’ Co' Cs’ c4' C3' Cc2 Ho' H5' H4' H3' Sum

L in NiL: N7 (CH—O) 0.03681 | -0.00369 0.00222 0.00408 0.00104 -0.01453 | 0.00177 -0.00304 0.00140 -0.02623 | -0.00016
L in NiL2: N3 (CH—O) 0.03811 | -0.00526 0.00212 0.00416 0.00075 -0.01383 | 0.00119 -0.00270 0.00169 -0.02630 | -0.00007
L in NiL2: N5 (CH—O) 0.03806 | -0.00538 0.00216 0.00412 0.00075 -0.01369 | 0.00122 -0.00273 0.00171 -0.02629 | -0.00006
L in NiLs: N23 (CH—N) 0.03608 | -0.00389 0.00188 0.00390 0.00027 -0.01194 | 0.00006 -0.00235 0.00168 -0.02614 | -0.00046
L in NiLs: N24 (CH—N) 0.03612 | -0.00377 0.00190 0.00389 0.00032 -0.01210 | -0.00005 -0.00229 0.00175 -0.02613 | -0.00038
L in NiLs: N45 (CH—N) 0.03614 | -0.00377 0.00191 0.00388 0.00028 -0.01213 | -0.00001 -0.00236 0.00171 -0.02609 | -0.00044

L(cis) 0.01535 | 0.00379 0.00072 0.00291 -0.00272 0.00357 | -0.00119 0.00113 0.00203 -0.02590 | -0.00032
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lower. Atomic charges therefore follow the atomic energies - where an outflow of electrons is
seen (i.e. for N1), the atom is destabilized, and where an inflow of electrons is seen (i.e. for

C2 or H3) the corresponding atoms are stabilized.

It is thus clear that the strain caused by preorganization of L before complexation is
entirely localized to the N atoms, and can be rationalized by the formation of a repulsive N--N
(lone-pair-lone-pair) interaction - a hypothesis supported by the outflow of atomic electron
density. On the other hand, the supposedly clashing hydrogens, 3,3’-H atoms, are in fact
significantly stabilized when the CHee*HC interaction is formed, accompanied by an inflow of
electron density. Very interesting is the comparison of L(cis) to L(As in Complex). In the
atomic energy analysis of L(cis) relative to L(trans), the strain is mostly localized to the 2,2'-
carbon atoms - an energy difference of +10.92 kcal-mol ! is seen. However, as we have just
shown, these atoms are stabilized in L(As in complex), and the strain is shifted to the N-atoms
- C2 is stabilized by —5.07 kcal-‘mol™* in L(As in NiL) relative to L(trans). The changes in the
atomic energies of 3,3’-hydrogens remain relatively similar - —7.97 kcal'-mol* in L(in ML) and
—8.88 kecal'mol* in L(cis). Clearly, 3,3’-H atoms cannot be used to explain the strain in the

preorganization of L.

Next we investigate the changes in atomic energies and charges when L(As in complex)
coordinates to Ni to form the various NiL, structures Table D4 shows the changes in atomic
energies of ligand atoms in Ni complexes, relative to the same atoms in equivalent L(As in
complex) structures. It is very important to note that every atom increases tremendously in
energy. The carbon atoms of each BPy molecule are destabilized the most, with an average
increase in carbon atomic energy of +56.84 kcal'-mol ™ in NiL, +48.96 kcal-mol ™ in NiL2, and
+42.73 kcal'mol™® in NiLs. The nitrogen atoms show a much smaller change due to the
formation of Ni-N bonds - an average increase of +10.68 kcal-mol * in NiL, +3.37 kcal-mol*
in NiL2 and an average decrease of —1.10 kcal'‘mol™ in NiLs. It is interesting to observe that
the largest destabilizations in N-atoms occur in NiL, where the Ni—N bonds are the strongest,
correlating qualitatively with the partly electrostatic nature of the Ni—N coordination bond. It
also indicates that the ligand is the most strained in NiL. Hydrogen atoms follow the same

general trend, with the largest destabilizations

D6

© University of Pretoria



Table D4. Comparison of AE(A) in complexes relative to L(As in Complex)

Ring 1
(kcal mol™)
N1 C6 C5 C4 C3 Cc2 H6 H5 H4 H3 Sum
ML (CH—O) 10.64 49.90 62.98 54.89 61.92 54.53 13.92 8.46 7.32 8.37 332.94
ML2: N2 (CH—N) 4,76 44.57 54.93 47.21 53.45 47.12 8.96 7.89 6.76 7.73 283.37
ML2: N4 (CH—N) 4.69 44.66 54.98 47.24 53.49 47.03 8.99 7.88 6.76 71.74 283.47
ML3: N2 (CH—N) -1.21 37.71 47.88 40.89 46.43 40.52 8.00 7.16 6.10 6.94 240.42
ML3: N3 (CH—N) -1.03 37.81 47.88 40.97 46.53 40.60 8.06 7.11 6.13 7.00 241.06
ML3: N34 (CH—N) -0.93 37.74 47.86 40.97 46.47 40.45 7.97 7.14 6.16 6.97 240.78
Ring2
(kcal mol™)
N1’ C6' C5' Cc4' C3' Cc2' H6’ H5' H4' H3’ Sum
ML (CH—O) 10.72 49.86 62.92 54.94 61.98 54.49 13.93 8.48 7.35 8.40 333.08

ML2: N3 (CH—O) 2.01 41.40 54.04 46.96 53.31 46.52 12.82 7.66 6.63 7.65 279.00
ML2: N5 (CH—O) 2.01 41.47 54.09 46.95 53.30 46.39 12.81 7.67 6.60 7.66 278.94

ML3: N23 (CH—N) -1.15 37.80 47.92 40.97 46.45 40.48 8.05 7.16 6.16 6.96 240.81
ML3: N24 (CH—N) -1.27 37.86 47.93 40.98 46.52 40.63 7.92 7.11 6.12 6.95 240.74
ML3: N45 (CH—N) -1.03 37.82 47.94 40.96 46.49 40.56 8.06 7.15 6.11 6.94 241.01
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Table D5. Atomic net charges Aq(2) in complexes relative to L(As in Complex)

Ring 1
(au)
N1 C6 C5 C4 C3 C2 H6 H5 H4 H3
ML: N6 (CH—O0) -0.06664 0.00046  0.03349 0.02355 0.03150 0.00745 | 0.05464 0.03052 0.02602 0.02903
ML2: N2 (CH—N) -0.06013 0.00418 0.03293  0.02257 0.02955 0.00689 | 0.03518 0.02861 0.02421  0.02688
ML2: N4 (CH—N) -0.06005 0.00437 0.03292 0.02256 0.02955 0.00666 | 0.03521 0.02864 0.02423 0.02691
ML3: N2 (CH—N) -0.05704 0.00242  0.03002 0.02077 0.02707 0.00499 | 0.03292 0.02621 0.02200 0.02429
ML3: N3 (CH—N) -0.05693 0.00245 0.02999 0.02072 0.02700 0.00539 | 0.03301 0.02616 0.02208 0.02441
ML3: N34 (CH—N) -0.05693 0.00241 0.03003 0.02080 0.02705 0.00475 | 0.03279 0.02622 0.02214 0.02429

Ring2
(au)
N1’ Co’ Cs’ c4’ Cc3’ c2’ H6' H5’ H4' H3'
ML: N7 (CH—0) -0.06660 0.00056 0.03360 0.02357 0.03145 0.00711 | 0.05466 0.03053  0.02605 0.02907

ML2: N3 (CH—O0) -0.06579 -0.00101 0.03081  0.02182  0.02899  0.00577 | 0.05249 0.02788  0.02375 0.02659
ML2: N5 (CH—O) -0.06571 -0.00084 0.03078  0.02187 0.02900 0.00545 | 0.05246 0.02792  0.02374 0.02659

ML3: N23 (CH—N) -0.05693 0.00262 0.02999  0.02081  0.02710 0.00510 | 0.03302 0.02622  0.02213 0.02432
ML3: N24 (CH—N) -0.05716 0.00248 0.02998 0.02077 0.02716  0.00510 | 0.03266  0.02614  0.02208 0.02438
ML3: N45 (CH—N) -0.05687 0.00265 0.02994 0.02073  0.02697  0.00524 | 0.03303 0.02619  0.02204 0.02428
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in NiL (average of +9.53 kcal-mol™), followed by NilL, (average of +8.26 kcal-mol™) and
NiLs (average of +7.06 kcal'mol™). Atomic net charges show an average outflow of
electrons for carbon and hydrogen atoms of all forms of NiL, and an average inflow of

electrons for nitrogen atoms.

Looking at the changes in hydrogen atomic energies and charges, a few interesting
observations can be made: Firstly, the average atomic energies and charges of H3, one of the
hydrogens involved in the CHee*HC interaction, do not show any significant differences
when compared to H4 or H5, the hydrogens not involved in any interactions. This
observation indicates that, qualitatively, the CHeesHC interaction does not change
significantly when L coordinates to Ni?*, and that the only significantly different changes in
these atoms occurs when the CHe**HC interaction is formed - going from L(trans) to L(As in
complex). Secondly, H6 and H6' show significant changes compared to H4 or HS5,
specifically when these atoms are involved in the CHe*+O interaction (NiL and the N3 and
N5 pyridine rings of NiL2). Table D6 compares the atomic energies of these atoms to the
average atomic energies of the remaining H-atoms on each ring (3,3’-H, 4,4-H and 5,5'-H),
and Table D7 compares the atomic net charges. When H6 is involved in the CHe*O
interaction, H6 is destabilized by +13.93 kcal‘mol ™ in NiL (an increase of +5.87 larger than
other H-atoms) and +12.82 kcal'mol™ in N3 and N5 rings of NiL2 (an increase of +5.51
larger than other H-atoms). On the other hand, when H6 is involved in the CHeeN
interaction, H6 is destabilized by +8.98 kcal-mol™tin N2 and N4 rings of NiL (an increase of
+1.52 larger than other H-atoms) and +8.01 kcal'-mol™* in NiLs (an increase of +1.27 larger
than other H-atoms). This observation clearly shows the destabilization due to formation of
the partly electrostatic H-bonds, in line with Koch and Popelier’s criteria for hydrogen
bonding™ and reflects the greater strength of the CHeesO interaction than the CHeesN
interaction. The changes in atomic net charges reflect this observation - on average, H6 when
involved in the CHe++O interaction shows a much greater outflow of electrons than H6 when

involved in the CHee*N interaction.
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Table D6. Comparison of the increase in E(H6) and E(H6') and the average increase of the remaining
E(H)

Ring 1 Ring 2
(kcal mol™) (kcal mol™)
E(H6) Aﬁ\/((i;?)g;e Difference | E(H") AI‘EV(%?%e Difference

ML 13.92 8.05 5.87 13.93 8.08 5.86
ML2: N2-N3 8.96 7.46 1.50 12.82 7.31 5.51
ML2: N4-N5 8.99 7.46 1.53 12.81 7.31 5.50
ML3: N2-N23 8.00 6.73 1.26 8.05 6.76 1.29
ML3: N3-N24 8.06 6.75 1.31 7.92 6.73 1.20
ML3: N34-N45 7.97 6.76 1.22 8.06 6.74 1.32

2E(H) refers to the average of E(H3), E(H4) and E(H5) of each ring.

Table D7. Comparison of the net charge increase q(H6) and q(H6')) and the average increase of the
remaining q(H)

Ring 1 Ring 2
(au) (au)
q(H6) g\(\ﬁ’r;‘ge Difference G(HE’) g\(\ﬁ?’r;ge Difference
ML 0.05464 0.02852 0.02612 | 0.05466 0.02855 0.02611
ML2: N2-N3 0.03518 0.02657 0.00861 | 0.05249 0.02607 0.02641
ML2: N4-N5 0.03521 0.02659 0.00862 | 0.05246 0.02608 0.02637
ML3: N2-N23 0.03292 0.02417 0.00875 | 0.03302 0.02422 0.00880
ML3: N3-N24 0.03301 0.02422 0.00880 | 0.03266 0.02420 0.00846
ML3: N34-N45 0.03279 0.02422 0.00858 | 0.03303 0.02417 0.00886

aq(H’) refers to the average of q(H3), g(H4) and q(H5) of each ring.

In conclusion, the preliminary results of this appendix have shown that preorganization of
L from the lowest energy L(trans) to the ligands as they exist in a complex, L(As in complex),
causes i) significant strain in the N-atoms and repulsive N--N interaction, signified by large
increases in the atomic energies of N-atoms and an outflow of electrons from these atoms and
i1) significant stabilization of the 3,3'-H-atoms when the CHee*HC interaction is formed,
signified by large decreases in the atomic energies of 3,3'-H-atoms and an inflow of electrons
to these atoms. Our results thus confirm the notion that the lone-pair-lone-pair repulsion
between N atoms is a cause of the preorganization strain that L must undergo, but rejects the
classical suggestions that 3,3'-H-atoms are involved in a destabilizing “steric clash”. In
addition, it is clear that L(cis) cannot be used as an analogue to study the preorganization of L
as the junction C2—C2’' bond is destabilized in L(cis) (signified by a lengthening of d(C2-C2")
and consequent destabilization in the atomic energies of these atoms) whereas the same bond

is stabilized in L(As in complex) conformers.
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We have also shown here the nature of the relatively destabilized 6,6’-H-atoms when these
atoms are involved in the CHe++O and CHe**N interactions, in line with the notion that these
interactions are true H-bonds. In the context of these results, it is clear that the nature of the
CHe+*HC interaction does not change when L(As in complex) coordinates to Ni%*.
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Table E1. Cartesian coordinates for the [NiL(H20)4]** complex (L = 2,2"-bipyridyl)

Standard orientation

Centre Atomic  Atomic Coordinates (Angstroms)
number  number  type X Y Z
1 28 0 -0.003314 —1.252948 0.000307
2 8 0 -1.517880 -2.731207  —0.058713
3 8 0 -0.000015 -1.482281  -2.114907
4 8 0 1.503789 —2.738940 0.056994
5 8 0 -0.006821 —1.483489 2.115245
6 7 0 -1.323074 0.326928  -0.012787
7 7 0 1.324714 0.320178 0.013298
8 6 0 -2.657678 0.227958  —0.010665
9 1 0 -3.059188 —0.776982  —0.022206
10 6 0  -3.483011 1.344886 0.005236
11 1 0  -4.557464 1.221891 0.004813
12 6 0 -2.893164 2.603215 0.023748
13 1 0  -3.502351 3.498108 0.039405
14 6 0  -1.506525 2.706649 0.023453
15 1 0 -1.039031 3.680266 0.042281
16 6 0 -0.737791 1.544822 0.002297
17 6 0 0.745628 1541021  -0.002216
18 6 0 1.520260 2.698915  -0.023770
19 1 0 1.057657 3.674877  —0.042992
20 6 0 2.906348 2.588468  —0.023932
21 1 0 3.520093 3.480243  —0.039839
22 6 0 3.489795 1.327168  —0.004948
23 1 0 4.563608 1.198740  -0.004355
24 6 0 2.658811 0.214465 0.011243
25 1 0 3.055230 -0.792501 0.023104
26 1 0 -1.567200 —-3.378760 0.656274
27 1 0 -1.547564 -3.235897  -0.882199
28 1 0 -0.678330 -1.004362  —2.609925
29 1 0 0.826350 -1.336583  —2.593856
30 1 0 1.530987 -3.245034 0.879713
31 1 0 1.548847 -3.385754  -0.658964
32 1 0  -0.832390 -1.335248 2.594763
33 1 0 0.673437 —1.008255 2.610199
Thermochemical data for the [NiL(H20)4]?* complex:
Zero-point correction: 0.261841 a.u.
Sum of electronic and zero-point Energies: —2308.802435 a.u.
Sum of electronic and thermal Energies: —2308.781103 a.u.
Sum of electronic and thermal Enthalpies: —2308.780159 a.u.
Sum of electronic and thermal Free Energies: —2308.852275 a.u.
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Table E2. Cartesian coordinates for the [NiL2(H20)2]** complex (L = 2,2'-bipyridyl)

Standard orientation

Centre Atomic  Atomic Coordinates (Angstroms)
number  number  type X Y Z

1 28 0 0.000204 -0.001231  -0.827426

2 7 0 0.732547 1.357739 0.585123

3 7 0 2.020223 -0.532281  -0.765399

4 7 0 —0.733458 -1.358370 0.585218

5 7 0 -2.019215 0.532014 -0.766891

6 8 0 0.394978 1.410777 —2.432754

7 8 0 —-0.392756 -1.413225  -2.432667

8 6 0 0.007110 2.276246 1.233240

9 1 0 —1.040099 2.338975 0.967845
10 6 0 0.551306 3.115571 2.196419
11 1 0 —0.074289 3.845213 2.692408
12 6 0 1.902147 2.987572 2.496703
13 1 0 2.364970 3.620221 3.243577
14 6 0 2.047274 1.227922 0.867188
15 6 0 2.772214 0.189559 0.093764
16 6 0 2.659013 2.033914 1.826624
17 1 0 3.709372 1.924688 2.053776
18 6 0 4.141429 -0.041929 0.219308
19 1 0 4.741005 0.538567 0.905026
20 6 0 4.737490 -1.030728  -0.554432
21 1 0 5.799819 -1.220741  —0.466729
22 6 0 3.955853 -1.763974  —-1.439220
23 1 0 4.379913 -2.539364 —2.062768
24 6 0 2.598410 -1.479821 -1.514050
25 1 0 1.945179 -2.014298  -2.191037
26 6 0 —0.008933 -2.277061 1.234108
27 1 0 1.038327 —2.340661 0.969134
28 6 0 —0.554159 —3.115435 2.197514
29 1 0 0.070679 —3.845248 2.694204
30 6 0 -1.905050 —2.986296 2.497130
31 1 0 —-2.368650 -3.618222 3.244132
32 6 0 —2.660939 —-2.032440 1.826238
33 1 0 —3.711323 -1.922349 2.052851
34 6 0 —2.048203 —-1.227372 0.866663
35 6 0 —2.772035 —0.188735 0.092523
36 6 0 -4.141034 0.044118 0.217772
37 1 0 -4.741271 -0.535447 0.903701
38 6 0 —4.736049 1.033106  —0.556549
39 1 0 -5.798207 1.224172  —0.469074
40 6 0 —3.953606 1.765140 -1.441614
41 1 0 —4.376838 2.540613 —2.065620
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Standard orientation

Centre Atomic  Atomic Coordinates (Angstroms)
number  number  type X Y Z
42 6 0 -2.596415 1.479658 -1.516131
43 1 0  -1.942645 2.013137  -2.193402
44 1 0 —0.911470 -1.111184  —3.189359
45 1 0  -0.784573 —2.255549  -2.168233
46 1 0 0.916576 1.110049  -3.187978
47 1 0 0.784429 2.253686  -2.166711
41 1 0 -4.376838 2.540613  -2.065620
42 6 0 -2.596415 1.479658 -1.516131
43 1 0  -1.942645 2.013137  -2.193402
Thermochemical data for the [NiL2(H20)2]?* complex:
Zero-point correction: 0.371741 a.u.

Sum of electronic and zero-point Energies:
Sum of electronic and thermal Energies:
Sum of electronic and thermal Enthalpies:

Sum of electronic and thermal Free Energies:

© University of Pretoria
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Table E3. Cartesian coordinates for the [NiLs]?* complex (L = 2,2"-bipyridyl)

Standard orientation

Centre Atomic  Atomic Coordinates (Angstroms)
number  number  type X Y Z

1 28 0 0.001042 0.000887  -0.003744

2 7 0 —0.400680 -1.782703 1.086340

3 7 0 0.074631 1.829887  -1.088786

4 6 0 —-1.394313 -2.550218 0.590538

5 6 0 -1.713541 —3.779298 1.169089

6 1 0 —-2.504283 -4.393306 0.763592

7 6 0 -0.998501 -4.216686 2.277066

8 1 0 -1.235942 -5.168472 2.735451

9 6 0 0.020570 —3.418500 2.782967
10 1 0 0.602792 —-3.717888 3.643998
11 6 0 0.285441 —2.209609 2.152799
12 1 0 1.070329 -1.557199 2.511821
13 6 0 -0.683373 2.828369  -0.587642
14 6 0 —-0.667320 4101860 —1.157974
15 1 0 -1.267715 4900710 -0.747883
16 6 0 0.138186 4.342457  —2.264020
17 1 0 0.159975 5.326183  —2.715914
18 6 0 0.911396 3.307515  -2.776346
19 1 0 1.551967 3.449029 -3.636362
20 6 0 0.849322 2.067690 -2.153733
21 1 0 1.434740 1.233907 -2.518373
22 6 0 —2.106226 -2.003945  —0.591723
23 7 0 -1.618678 -0.848324  —1.090995
24 7 0 -1.343517 1.237417 1.088049
25 6 0 -1.515523 2.480903 0.591402
26 6 0 —2.427949 3.366945 1.165670
27 1 0 —2.569864 4.357170 0.758375
28 6 0 —3.166098 2.963028 2.271183
29 1 0 -3.877732 3.640692 2.725874
30 6 0 -2.979129 1.682833 2.778727
31 1 0 -3.531076 1.325733 3.637669
32 6 0 —-2.058329 0.853399 2.152063
33 1 0 -1.882374 —0.151736 2.511769
34 7 0 1.746353 0.543948 1.087593
35 6 0 2.908038 0.067268 0.591743
36 6 0 4.132380 0.409410 1.167240
37 1 0 5.059882 0.033127 0.761171
38 6 0 4.153756 1.250813 2.272582
39 1 0 5.096993 1.524628 2.728321
40 6 0 2.952971 1.733721 2.778911
41 1 0 2.921752 2.390590 3.637702
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Standard orientation

Centre Atomic  Atomic Coordinates (Angstroms)
number  number  type X Y Z

42 6 0 1.773243 1.354820 2.151717
43 1 0 0.815838 1.708018 2.511235
44 6 0 2.790677 —0.825107  —0.588556
45 7 0 1.546756 -0.977212  -1.090668
46 6 0 1.363544 —-1.764663  —2.156998
47 6 0 2.404303 —-2.440688  —2.780230
48 6 0 3.687411 —2.293589  -2.267056
49 6 0 3.883816 -1.478193  -1.159470
50 1 0 4.875878 -1.361277  -0.748488
51 1 0 4.526886 -2.806484  -2.719396
52 1 0 2.204562 -3.064197  -3.641233
53 1 0 0.348925 -1.851050 -2.522610
54 6 0 -2.208191 -0.296158  -2.157963
55 6 0 -3.310328 -0.862673  —2.784997
56 6 0 -3.820792 -2.050694  -2.275574
57 6 0  —3.213800 -2.627800 -1.167171
58 1 0  —3.605405 —3.548265  —0.759466
59 1 0 -4.681021 —2.524597  -2.731448
60 1 0  -3.750225 -0.378515  -3.646438
61 1 0 1777971 0.628014  -2.520720

Thermochemical data for the [NiL3]?* complex:

Zero-point correction: 0.481768 a.u.

Sum of electronic and zero-point Energies: —2993.447314 a.u.

Sum of electronic and thermal Energies: —2993.417475 a.u.

Sum of electronic and thermal Enthalpies: —2993.416531 a.u.

Sum of electronic and thermal Free Energies: —2993.510266 a.u.
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Figure E10. Relationships between the atomic energy of H-atoms involved in the CH-N bonds in
the Ni'"' complexes with 2,2'~bipyridyl (L) and: (a) — the Laplacian V?pgcp(CH-N), (b) Vacp(CH-
N) (circles) and Ggcp(CH-N) (triangles).
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Table E4. Atomic energies, E(Q2), of H- and N-atoms involved (in bold) and not involved
in the CH-N bonds in the Ni'"' complexes with 2,2-bipyridyl (L).

Complex Atom E(Q) (a.u.) Atom E(Q) (a.u) SEQ)H
H9 -0.5964710 H11 —0.5898039
H27 —0.5964408 H29 —0.5897993 -4.18
average: —0.5964559 average: -0.5898016
H1l —0.5898039
H29 —0.5897993
H13 -0.5907922 387
H31 —0.5907891
average: —0.5902961
std dev: 0.00057
H11l —0.5898039
NiL, H13 —-0.5907922
H21 —0.5909404
H23 —-0.5901210
H29 —0.5897993 379
H31 —-0.5907891
H39 —0.5909368
H41 —0.5901175
average: —-0.5904125
std dev: 0.0005
N3 -55.3278705 N2 —-55.3248230
N5 —55.3278404 N4 —55.3249433 -1.87
average: —55.3278554 average: —55.3248832
H12 -0.5984324 H10 -0.5907232
H61 -0.5982175 H60 —0.5907332
H53 —-0.5983012 H52 -0.5907587
NiLs H43 —0.5984251 HA41 -0.5907291 477
H33 —-0.5985409 H31 -0.5907606
H21 —0.5981602 H19 -0.5907511
average: —0.5983462 average: -0.5907427
std dev: 0.00014 std dev: 0.00002

[a] SE(Q2) = Eav(in-contact) — Eavg(contact-free) in kcal mol=.
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Table E5. Atomic energies, E(H), of H-atoms involved (in bold) and not involved in the
CHes+HC contacts in the Ni" complexes with 2,2'-Bipyridyl (L).

Complex  Atom E(H) (a.u.) Atom E(H) (au) SEH)A

H15 05959819 H13 ~0.5899865
H19 05959718 H21 05899834  -3.76

average:  -0.5959769 average: ~0.5899849
H13 05899865

NiL H11 ~0.5890307
H21 05809834

H23 ~0.5890340

average: ~0.5895086

std dev: 0.00055

H17 05974008 H13 05907922
H19 05975544 H21 05909404  —4.15
average: 05974776 average: -0.5908663

H13 05907922

H21 ~0.5909404
H23 05901210, .

H11 ~0.5898039

average: -0.5904144
NiLs std dev: 0.00054

H33 05973986 H31 05907891
H37 05975514  H39 05909368  —4.15
average: 05974750 average: 05908629

H31 05907891

H39 ~0.5909368
HA41 05001175, .

H29 -0.5897993

average: 05904107

std dev: 0.00054

H15 05986877 H17 05916886
H27 05987764  H29 05016641 —4.43
average:  0.5987320 average: 05916763

H6 05988317 H8 05916961
NiLs H58 -0.5987608_ H59 05016671  —4.46
average:  0.5987963 average: 05916816

H37 05987615 H39 05916692
H50 05987505  H51 05016969  —4.44

average:  0.5987560 average: 05916830

[a] SE(H) = Eavg(in-contact) — Eavg(contact-free) in kcal mol=.
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Figure E11. Relationships between the atomic energy of H-atoms involved in the CHeesHC
contacts in the Ni" complexes with 2,2"-bipyridyl (L) and: (@) - V?pscp(CHesHC), (b) -
Vecp(CHe++HC) (circles) and Ggcp(CHe+*HC) (triangles).
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