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Abstract

o-hole interactions are a class of noncovalent interactions involving p-block elements. Comparable in strength and direc-
tionality to hydrogen bonds, o-hole interactions present a useful tool for a wide range of applications.

The o-hole arises when a polarisable p-block element is covalently bonded to an electron withdrawing group (EWG). The
o-bond to the EWG creates a charge anisotropy, resulting in a depletion of electron density along the extension of the
o-bond, the electropositive o-hole.

Detailed searches of the CSD were constructed to investigate the geometric characteristics of o-hole interactions to various
nitrogen and oxygen lone-pair-possessing Lewis bases. Trends in the identity of the o-hole donor atom and EWG were
explored. The o-hole acceptors also play a key role in the interactions and so were investigated on a functional group
basis. Nitrogen Lewis bases are generally better o-hole acceptors than oxygen Lewis bases, but oxygen Lewis bases show
greater variety.

To predict the interaction energies for o-hole interactions, the o-Hole Approximation Tool (¢HAT) was constructed.
Based on a XGBoost regression machine learning model, and trained on geometric measurements and adapted molecular
fingerprints of o-hole complexes from a data set of high accuracy calculated o-hole interactions. This model performs
comparably to density functional theory (DFT) on the test set, with an RMSD of 1.03 kcal/mol, which is very close to
the 1 kcal/mol "chemical accuracy" threshold.

This model was validated using cutouts derived from crystal structures in the CSD, which possess halogen bonds (a subset
of o-hole interactions). DFT calculated interaction energies for these cutouts were used to compare against the cHAT
predicted interaction energies. The performance on this validation set showed an RMSD of 2.02 kcal/mol, but differed

depending on the halogen bond donor atom, suggesting different character of the interactions.
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Chapter 1

Introduction

1.1 Overview

Non-covalent interactions can be intra- or intermolecular and, although generally weaker than covalent bonds that dominate
much of chemistry, they play a crucial role in supramolecular assembly and in molecular conformations. Non-covalent
interactions have been shown to play key roles in protein-drug interactions, catalyst-substrate interactions, nanomaterial
self assembly, crystal engineering, and a range of different chemical reactions™>.

This thesis focuses on a family of non-covalent interactions known as o-hole interactions. These o-holes, as first coined by
Clark, are regions of positive electrostatic potential on an atom’s surface, opposite to and along the extension of a covalent
bond®. This positive potential is results from the anisotropic charge distribution around an atom caused by a o-bond to an
electron-withdrawing substituent. An example of a o-hole is shown in Figure 1.1 on the molecular electrostatic potential
of FCI, where the covalent bond to fluorine creates a o-hole on the chlorine. The o-hole phenomenon has recently been
imaged at subatomic resolution via Kelvin probe force microscopy, a form of non-contact atomic force microscopy. This
demonstrates what had only been previously determined indirectly via diffraction or theoretical means”.

These electropositive g-holes can form attractive interactions with Lewis bases, for example; anions, lone-pair-containing
groups, and 7-systems®. The groups of elements that can form these o-holes are groups 13-18 of the Periodic Table, and
the subfamilies of this class of interaction are known as triel bonding (group 13), tetrel bonding (group 14), pnictogen
bonding (group 15), chalcogen bonding (group 16), halogen bonding (group 17), and aerogen bonding (group 18). o-hole
interactions are analogous to hydrogen bonding, both arising from charge anisotropy and forming in a linear manner, with

comparable interaction strength®.



Figure 1.1: Molecular electrostatic surface potential showing the o-hole of FCI. Red denotes negative electrostatic potential,
and blue denotes positive electrostatic potential. Calculated at B3-LYP/6-31G level of theory on a 0.001 a.u. electron
density isosurface.

Non-covalent interactions involving these groups have been known about for some time, especially in the case of halogen
bonds, but their nature and similarity were not well understood. In recent years, the wide-reaching significance of these
interactions has been a major area of study in many disciplines of chemistry due to the abundance of the involved elements
in chemical and biological systems. The quantitative measurement of the strength of noncovalent interactions have proven
to cause some difficulty experimentally, with it being hard to resolve the effects of multiple competing influences and
solvent effects that may dictate the experimental outcome!®. This means that theoretical methods must be employed to
realise the characteristics of these interactions and identify their importance in experimental systems.

The Cambridge Structural Database (CSD) is a widely used database of small-molecule organic and metal-organic crystal
structures, with over one million accurate 3D structures deposited and curated by the Cambridge Crystallographic Data
Centre (CCDC)”. Founded in 1965, it has been a vital tool for research concerning drug discovery, novel materials,
chemical and crystallographic phenomena for decades. Database inquiry tools created by the CCDC have been used to
scour this database and find common trends and relationships within these crystal structures'2!3. This has led to subsets of
the CSD being created such as the CSD MOF collection, which contains over 100,000 metal-organic frameworks (MOFs),
which has led to a greater understanding of the conserved motifs in these structures and serves as a platform for further
research'#. Information obtained from searches of the CSD, such as geometric measurements, and any trends in such data

can be interpreted to gain insight into various chemical properties in the solid state.



1.2 Types of o-hole Interaction

1.2.1 Halogen Bonding

The archetypal example of o-hole interactions is that of halogen bonding. Long before the o-hole model was first posited,
several attractive complexes of dihalogens with Lewis bases were discovered. The first known halogen bonding complexes
were accidentally produced by Colin in 1813, resulting in blue-black coloured product when combining iodine with both

15 The composition of the iodine-ammonia product was not proposed 1863 by Guthrie

amylose and gaseous ammonia
after mixing powdered iodine and aqueous ammonia®®. However, it was not until much later that the true nature of the
interaction was determined, which will be covered below. Bromine and chlorine acting as halogen bond donors was first
observed in the late 19th century as Remsen and Norris each described the formation of 1:1 dimers of Cl, and Br, with
several amines!”. A halogen bonding adduct involving fluorine was not seen until 1979 with Miller & Andrews isolating
the F3~ anion18.

X-ray crystallographic studies on complexes of dihalogens with Lewis bases, such as Hassel's work on Bry- - - O(CH,CH,)O
adducts, helped to realise the configuration of halogen bonds in the solid state!?. Hassel described the complexes as
a chain of "halogen molecule bridges", finding the Br--- O intermolecular distance to be less than the sum of their van
der Waals radii and having a Br—Br---O angle close to 180°. Hassel also published research on crystal structures of
Br,- - - benzene and Cly- - - benzene complexes, demonstrating the ability of 7 systems to act as halogen bond acceptors in
the solid state?®. An interesting set of interactions was found in 1963 by Sakurai et al. of R-X---X-R halogen-halogen
complexes?!. This raised some questions as halogens are generally considered to be negative centres and thus the like-like
interaction should be expected to be repulsive. However, these contacts were found to favour two modes of binding, later
classified by Desiraju and Parthasarathy into type | and type Il contacts, see Figure 1.222. Type | contacts (0; ~ 65)
are consequences of close packing requirements and are not true halogen bonds. However, type Il contacts (6; ~ 180°
and 0, ~ 90°) are true halogen bonds according to the IUPAC (The International Union of Pure and Applied Chemistry)

definition (see below) and are the result of the o-hole of one halogen interacting with the electron-rich equatorial region

of the other halogen.

X e, X--3¢--X
04 AR e2

Figure 1.2: An illustration of Type | halogen --- halogen contacts, where 6; = 05 (left) and Type Il (right) halogen - - -
halogen contacts, where 6 =~ 180deg, 02 ~ 90deg. Recreated from Metrangolo, P. & Resnati, G. (2014). IUCrJ, 1,
5-7.23

The strength of the halogen bond increases with the size of the halogen bond donor - F < Cl < Br < |, see Table 1.1.

This is due to the larger atomic size making it more polarisable, and thus needing a less electron-withdrawing group to



cause the charge anisotropy required to form a o-hole. Fluorine can only be considered a halogen bond donor when it is
covalently bonded to very strongly electron-withdrawing groups, due to its small size and high charge density?*. Astatine,
the largest naturally occurring halogen, is an unstable radioactive element and its most stable isotope only has a half life

of around eight hours, so very little is known about its chemistry. Astatine is calculated to have a higher polarisability than

5

iodine, so theoretically could function as an even stronger halogen bond donor than iodine?®. However, there have been

recent theoretical studies into astatine halogen bonding, which is calculated to be weaker than for iodine due to spin-orbit

coupling effects?627.

Table 1.1: Table of static scalar dipole polarisabilities(atomic units) for neutral halogens recreated from Molecular Physics,
117(9-12), 1200-1225%8. These static scalar dipole polarisabilities are a measure of how easily the electron cloud of the
neutral atom can be distorted by a static external electric field, resulting in a dipole.

Atom  Dipole Polarisability

F 3.7
Cl 14.6
Br 21.0
I 329

Halogen bonding can be of comparable strength to hydrogen bonding, sometimes even exceeding it, although the two
non-covalent interactions are not fully alike32?3%. Halogen atoms are considerably larger than hydrogen, with the van der
Waals radii of F, Cl, Br, | being 1.47, 1.75, 1.85, and 1.98 A respectively (compared to 1.2 A of hydrogen)16. Due to their
larger size, this makes halogens more susceptible to steric hindrance of their noncovalent interactions than hydrogens, thus
their ability to form halogen bonds is more likely to be impeded by the steric bulk of the acceptor, which can be seen in
some examples where halogen bonds with bromine as the donor are stronger than with iodine as the donor, even though
iodine is more polarisable3!.

The exact point when the term halogen bond was coined is not clear, however it became commonly used after a review
by Legon in 199932, The term has now been accepted and defined by IUPAC which recommended the definition of the

halogen bond from 201333:

"A halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic region
associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the same molecular
entity. A typical halogen bond is denoted by the three dots in R-X---Y. R-X is the halogen bond donor, X
is any halogen atom with an electrophilic region, and R is a group covalently bound to X. In some causes, X
may be be covalently bound to more than one group. It may also form more than one halogen bond. Y is the

halogen bond acceptor and is typically a molecular entity possessing at least one nucleophilic region."

In this IUPAC recommendation further characteristics are defined for a typical halogen bond, namely the R-X --- Y angle
tending to be close to 180° and the X --- Y contact distance being shorter than the sum of their van der Waals radii. The
halogen bond strength increases with the electron-withdrawing ability of R, and decreases with increasing electronegativity

of X. The nature of the acceptor Y also plays a key role in halogen bond strength, with a stronger Lewis base producing



a stronger interaction with the halogen bond donor.

Although most typically halogen bonding involves monovalent halogen species, hypervalent halogen structures have also
been reported as halogen bond donors. Hypervalent iodine(lll) salts have been determined to be biaxial halogen bond
donors, having two electrophilic regions compared to the one in iodine(l) complexes®*. Halonium salts containing iodine
and bromine have also been shown to be halogen bond donors in X-ray crystallographic and theoretical studies®. Scheiner
et al. have made theoretical investigations into pentavalent halogen species of halopentafluorides, which shows that greater
valency of the halogen bond donor increases the sensitivity to steric effects of the surroundings®.

The sensitivity of halogen bonding to both the size of halogen atom and the electron-withdrawing ability of its covalently
bonded substituents brings about the desirable property of a tuneable stabilising interaction. This, and the strong direc-
tionality of the bond, meaning that the interaction forms specifically near 180° along the extension of the covalent bond,

make it of great interest for the formation of supramolecular structures, drug development, and many other applications.

1.2.2 Chalcogen Bonding

As the understanding of the characteristics of halogen bonding began to develop, curiosity regarding whether other groups
of elements could partake in a similar type of non-covalent interaction increased. It has been known for a long time that
compounds containing elements in group 16, the chalcogen group, display amphiphilic character caused by anisotropic
charge distributions. As early as the 1930s selenium and tellurium species were found to show what were then known as
secondary bonding interactions with linear contacts to oxygen, which we know understand to be chalcogen bonds36-38
Surveys of the Protein Data Bank (PDB) have revealed the regular occurrence of S --- O interactions that play an
important role in stabilising three-dimensional structure and enabling overall function 3.

The main difference compared to halogen bonding is that chalcogens typically have more than one covalently bonded
substituent, thus have the potential to form more than one o-hole. Chalcogen bonding primarily involves divalent,
neutral chalcogenic species, however higher valency charge-assisted chalcogen bonds have been observed“®. Hypervalent
chalcogen compounds have also been reported to act as chalcogen bond donors, with tetravalent sulfur compounds found
in CSD searches and shown using theoretical methods to possess a o-hole and undergo chalcogen bonding®!. Tetravalent
chalcogens as chalcogen bond donors are also reported in the theoretical studies of Scheiner and co-workers*?.

The naming of these non-covalent interactions as chalcogen bonds was first posited by Minyaev and Minkin in 1998, but

the name has now become widely used in the literature*®. In 2019 IUPAC published in their recommendations a definition

for the chalcogen bond**:

"a net attractive interaction between an electrophilic region associated with a chalcogen atom in a molecular

entity and a nucleophilic region in another, or the same, molecular entity."

IUPAC goes on to define a list of features of a typical chalcogen bond, including the interatomic distance between donor
and acceptor being less than the sum of their van der Waals radii. However chalcogen bonds often form with some deviation

from linearity with respect to the extension of the covalently bonded electron-withdrawing group, this is likely due to the



presence of other substituents covalently bonded to the chalcogen, and/or the presence of a lone-pair on the chalcogen.
Similar trends apply to chalcogen bonding as to halogen bonding, with the strength of the interaction increasing with the
polarisability of the atom: O < S < Se < Te, see Table 1.2. Much like the ability of fluorine to partake in halogen bonding,
oxygen requires strongly electron-withdrawing groups covalently bonded to it in order to bring about significant charge
anisotropy due to oxygen's small size and charge density. Although polonium has a much greater stability than astatine
and is more polarisable than tellurium, no research has been done concerning its ability to form a o-hole or chalcogen

bond.

Table 1.2: Table of static scalar dipole polarisabilities in atomic units for chalcogens recreated from Molecular Physics,
117(9-12), 1200-122528. These static scalar dipole polarisabilities are a measure of how easily the electron cloud of the
neutral atom can be distorted by a static external electric field, resulting in a dipole.

Atom Dipole Polarisability

0] 53
S 19.4
Se 28.9
Te 38.0

Due to the typical chalcogen bond donor having two covalently bonded constituents, of the form RyCh, where Ch =S, Se,
Te, this offers a greater ability to tune the character of its o-hole bonding behaviour. However, this additional coordination
to the Lewis acidic atom means that chalcogen bonding is more significantly affected by steric crowding of the interacting
pair's moieties. The fact that chalcogens can have more than one o-hole opens up more options for stabilising interactions
and the prevalence of sulfur in many disciplines of chemistry, especially in biological systems, makes chalcogen bonding

and the nature of its bonding of significant interest*5=8.

1.2.3 Pnictogen Bonding

Analogous to the above behaviour of chalcogens and halogens, group 15 the pnictogen group also shows the amphiphilic
character indicative of anisotropic charge distribution. Despite this, compared to halogen and chalcogen bonding, research
into pnictogen bonding is far less extensive to date. Theoretical modelling of the pnictogen bond and the effects of
substituents have been investigated but far greater focus is given to o-hole and m-hole interactions of groups 14, 16 and
17, along with hydrogen bonding®°.

A study from 1995 by Matile and co-workers show intramolecular P --- N contacts in hypervalent phosphorous?. Further
phoshorous donor - -- acceptor interactions have also been observed in NMR and X-ray crystallographic structural analy-
sis®0. Arsenic has been found to form pnictogen --- 7 interactions from searches of the CSD combined with NMR and
X-ray crystallographic study®!. Pnictogen bonds involving antimony have been observed in multiple systems, including
alkoxide cages as investigated by theoretical and X-ray crystallographic means®?. Weak pnictogen bonding has been re-

209 Bi

alised in bismuth structures, with the change in -31P coupling observed in its 3P NMR spectra giving insight into

the specific interaction energy 3.

10



The term pnictogen bond was first employed to describe this type of interaction in publications of the Hey-Hawkins group
in 2011, but now the name has become accepted by the wider scientific community>*. IUPAC is has recently recommended
a definition for pnictogen bonding as part of the same initiative that led to the above definitions for halogen and chalcogen

bonds®®.

"A weak attractive interaction between an electrophilic region on a pnictogen atom in a molecular entity
(wherein the pnictogen is involved in other stronger bonds) and a nucleophilic region in another, or the same,

molecular entity"

Pnictogen bonding follows very similar trends as chalcogen and halogen bonding, with the more polarisable species showing
greater tendency to form these non-covalent interactions, following the trend N < P < As < Sb < Bi, see Table 1.3. Much
like chalcogen bonds, pnictogen bonds form with a slight deviation from linearity with respect to the covalently bonded

electron-withdrawing group, likely due to the presence of other substituents on the pnictogen and its lone-pair.

Table 1.3: Table of static scalar dipole polarisabilities in atomic units for pnictogens recreated from Molecular Physics,
117(9-12), 1200-1225%. These static scalar dipole polarisabilities are a measure of how easily the electron cloud of the
neutral atom can be distorted by a static external electric field, resulting in a dipole.

Atom Dipole Polarisability

N 7.4
P 25.0
As 30.0
Sb 43.0
Bi 48.0

A typical pnictogen bond donor would be trivalent, following the general form R3Pn, where Pn = P, As, Sb, Bi, allowing
the tuning of the interaction by varying the nature of the covalently bonded subtituents R. Hypercoordinated species are
also capable of pnictogen bonding, with valencies up to pentavalent pnictogens being investigated by theoretical studies®®.
Charge-assisted pnictogen bonds have also been observed in phosphonium salts in CSD searches and theoretical calculations
by Gomila and Frontera®”. The tuneability of pnictogen bonding makes the interaction of interest mainly for the control
of molecular self assembly and catalysis, with less interest from a medicinal standpoint, given that pnictogens have a less

abundant role in biological systems.

1.2.4 Tetrel Bonding

Group 14, known as the tetrel (Tt) group, show the same charge anisotropy as described above, allowing them to act as
Lewis acids and potentially as o-hole donors. An early example of tetrel bonding from 1997 by Mitzel et al. shows short
contacts between Si and N atoms in crystal structures of Si(ONMe;,)4%8. Germanium crystal structures have been observed

in CSD studies to act as a tetrel bond donor to Lewis bases, for example chloro-tris((2-methoxymethyl)phenyl)germanium

59

showing Cl-Ge:-- O tetrel bonds to oxygen Tetrel bonding interactions have been observed in tin complexes such

0

as RoSn complexes of salicylaldehyde acyldihydrazone as reported by Baker and co-workers®. Organo-lead compounds
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have been found to display tetrel bonding, such as diphenyl-(2,20-sulfanediyldibenzenethiolato-S,S0)-lead undergoing self

61 Theoretical studies by

assembly to form dimers in the solid state via tetrel bonding between the Pb and S centres
Grabowski indicate tetrel bonding to tetravalent tin and lead centres can cause them to be considered penta- or hexa-
valent when non-covalently bonded to certain acceptors, showing the continuum between non-covalent interaction and
hypervalency 2.

The term tetrel bonding was first coined in a paper by Bauza, Mooibroek, and Frontera in 2013 as a continuation of the

o-hole interaction family%3. Scheiner posits a definition for the tetrel bond as®:

"An attractive interaction in which a tetrel atom serves as electron acceptor in a Lewis acid, to an electron-

donating Lewis base."

Much like the above non-covalent interactions, one might anticipate that the strength of the bond increases with the trend
of the size of the tetrel atom C < Si < Ge < Sn < Pb, which normally relates to the polarisability of the tetrel atom.
However, shown in Table 1.4, the polarisability of lead is notably lower than the polarisability of tin. This is reflected in
the strength of tetrel bonds for tetrel bond donors up to tin, yet the strength of lead tetrel bonding interactions is very
similar to those of tin° %0, Tetrels, as their nomenclature indicates, have a strong preference for tetravalency with the form
R4 Tt, where Tt = Si, Ge, Sn, Pb. This makes the approach of a nucleophile along the extension of one of the covalent
bonds much more susceptible to steric hindrance. These steric effects give an extra characteristic of tetrel bonding in that
the formation of the non-covalent interaction causes a distortion of the bond angles of the covalent bonds away from the
tetrel bond, as shown in Figure 1.3%. Analogous to the rest of the first row of halogens, chalcogens, and pnictogens,
carbon requires very strongly withdrawing electron-withdrawing constituents in order to form a significant electropositive

potential to form a tetrel bond 7.

Table 1.4: Table of static scalar dipole polarisabilities in atomic units for tetrels recreated from Molecular Physics,
117(9-12), 1200-122528. These static scalar dipole polarisabilities are a measure of how easily the electron cloud of
the neutral atom can be distorted by a static external electric field, resulting in a dipole.

Atom Dipole Polarisability

C 11.3
Si 37.3
Ge 40.0
Sn 53.0
Pb 47.0
| |
R—Tt\f ---A R—/th ---A
,/R ’_:
R R R

Figure 1.3: An illustration the distortion of a tetrel bond donor from a tetrahedral-like geometry to a trigonal-bipyramidal-
like geometry on formation of a tetrel bond with acceptor A.
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1.2.5 Triel & Aerogen Bonding

Group 13, the triel group, participate in non-covalent interactions, but the majority of these interactions, known as triel
bonds, are a type of w-hole interaction. m-hole interactions are similar to o-hole interactions, but the positive region
of electrostatic potential is found perpendicular to the covalent bond rather than along the extension of it%. Scheiner
and co-workers have undertaken two theoretical studies on the triel groups ability to form o-hole interactions in highly
fluorinated species, however even with these highly electron-withdrawing constituents these interactions prove to be very
weak in comparison to the m-hole interactions that triels are known for® 70,

Group 18, the noble gases or aerogen group, although studied extensively in the past, have been found to participate in
o-hole interactions, with Frontera and co-workers publishing theoretical studies of XeO3 and XeFO, that indeed reveal

the presence of a o-hole. This group’s other work on aerogenic species includes theoretical work on the prevalence of the

7-hole interactions which they support with structures found in searches of the CSD 7172,

1.3 The Nature of o-hole Interactions

Before going further, it is important to emphasise that the o-hole is just a model for this class of non-covalent interaction,
and that several other models have been proposed over the years that still have merit. Clark and co-workers proposed
the o-hole model in 2007, which has gone on to become widely accepted by the scientific community, but non-covalent
interactions that fit the same criteria have been noted in literature for decades’3.

Valence Shell Electron Pair Repulsion (VSEPR) theory can be used to evaluate the geometric preferences of these non-

"74  This approach emphasises efficient

covalently bound complexes, which can be considered to be "incipient hypervalency
space filling and the avoidance of lone-pair directions the optimal arrangement of chemical bonds and lone-pairs. As an
example system, take the halogen bonding complex R-1 --- NR'3. If considering the iodine to have become hypervalent
it adopts an octahedral geometric arrangement of electron pairs around the central iodine atom, with R and NR’3 in the
axial positions, and the three lone pairs occupying the equatorial positions. This model predicts the linearity of these
interactions but gives little insight as to the nature of the interaction.

In the past, o-hole interactions were mostly referred to as secondary bonding interactions and were most commonly realised
through a charge-transfer lens. A common approach to these interactions was justified by molecular orbital (MO) theory,
in that the o* orbital, which is located opposite and along the extension of the o-bond, would receive lone pair donation

7> This model can explain the linearity of interaction, with the

from the Lewis base, forming an n — o* interaction
o* orbital lying along the extension of the o-bond, and the lengthening of the o-bond associated with the non-covalent
interaction due to the donation into an antibonding orbital.

Another model for these interactions is that of Mulliken complexes, which gives a discrete difference between a mostly

electrostatic interaction, and a charge-transfer system - being denoted respectively as outer complexes and inner complexes.

Using notation proposed with respect to halogen bonding, outer complexes are weakly bound and have the form B- - - X-A,
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whereas inner complexes are more tightly bound with a defined charge-transfer of the form [R-DT]---[A]. In this example
B represents a Lewis base and XA represents a dihalogen or other halogen bond donor?®. However, this model does not
have clear criteria for differentiating between the two complexes, beyond the emphasis on charge-transfer’”.

When the o-hole model was first posited, the interaction was considered to be purely electrostatic in nature. The main
argument for this is the excellent correlation shown between the strength of the interaction and the magnitude of the
electropositive maxima of the electrostatic surface potential”®. The size and magnitude of the o-hole increases with the
polarisability of the atom, and with the electron-withdrawing ability of the covalently bound substituent. This provides
an explanation for the tunability and directionality of these interactions. This purely electrostatic o-hole model does
not adequately explain the lengthening of the covalent bond that is associated experimentally with these non-covalent
interactions. The o-hole model has since been revisited to emphasise the importance of polarisation in causing the necessary
charge anisotropy, which can also be used to justify this lengthening of the covalent bond ™.

There is a striking amount of similarity between the charge-transfer model and the o-hole model, which is understandable
in that they are both trying to explain the same phenomenon via different semantics. The o* orbital as used in the charge-
transfer model is co-localised with that of the o-hole as the majority of the electron density is localised in the o bond.
Whether there is a distinction between polarisation and charge transfer is a widely argued topic, with some considering
charge-transfer to be merely an extreme form of polarisation®. Although electrostatics do explain a large component of
the interaction energy, it clearly is not the sole component in interactions of these species. There are notable edge cases
that are poorly explained by a o-hole model and more adequately realised by that of charge-transfer, such as the work of
Huber and co-workers demonstrating a family of halogen bonding adducts that follow trends in interaction energy that are
contrary to what is expected from a o-hole model but do follow the trends of charge donation®!. As such, the different
components of these non-covalent interactions must be taken into account to get a full understanding of their nature, and

taking any of these bonding models at face value is an oversimplification.

1.3.1 Composition of the Interaction Energy

The partitioning of interaction energies into discrete components can be viewed as controversial. Taking a physical
observable interaction energy and trying to extract different contributions that have different distance dependencies has no
unique rigorous basis, this has led to multiple different approaches that each have their own strengths and weaknesses®283.
The typical components that make up non-covalent interactions are electrostatics, polarisation (often referred to as
induction), exchange, and dispersion. Charge-transfer is often included as part of the polarisation term in standard
energy decomposition analysis (EDA) schemes and thus quantifying the charge-transfer requires a separate calculation.
Electrostatics refers to the Coulombic interaction between the two unperturbed interacting fragments in their frozen
geometry, and is usually attractive. Polarisation describes the mixing of virtual and occupied orbitals in each fragment and

associated charge rearrangements, which results in a stabilising effect. Exchange refers to that of Pauli exchange, which

is a repulsive component caused by indistinguishable electrons being subject to exchange symmetry and the repulsion is
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due to the Pauli exclusion principle. Dispersion is a weak attractive force associated with induced dipole-induced dipole
interactions that can stabilise and fine tune these sorts of non-covalent interactions.

Although electrostatics are usually the primary component in these non-covalent interactions; dispersion, polarisation,
exchange, and charge-transfer play important roles in certain cases, and it is important to treat these components with
their due consideration, along with other factors to realise energies that are true to their nature. For example certain
EDA schemes, such as Natural Bond Orbital (NBO) analysis are known to largely overestimate charge-transfer in its
calculation, which can lead to false conclusions®*. Likewise the often used Mgller-Plesset Perturbation Theory (MP2) ab
initio method, when applied to non-covalently interacting systems, can considerably overestimate the dispersion, which
can lead to overestimation of noncovalent interaction energies®®.

Hence, it is important to stress that there is ambiguity in energy decomposition and there is no "correct" way of separating

these components of the interaction, and that much like familiar concepts such as orbitals, hybridisation, and resonance;

these are just useful models to help rationalise what is observed.

1.3.2 Nature of the Acceptor

o-hole interactions involve both a o-hole donor and an acceptor, with the nature of these dictating the character of the
interaction. The three families of acceptors are n lone-pair-possessing atoms, 7 systems, and anions.

Lone pair based acceptors of o-hole interactions have the ability to interact with as many o-holes as the acceptor has
available lone pairs. The geometric preference of these interactions generally aligns with the location of the lone pair,
which changes based on the hybridisation of the atom. For example, sp-hybridised nitrogen has a lone pair located along
the extension of its triple bond, whereas carbonyl oxygens have two lone pairs each at 120° to carbonyl bond.

For m-systems as acceptors the o-hole generally approaches perpendicularly to the bonds of the m-system, but the preferred
interaction site depends on the size and structure of the m-system. For aromatic systems such as benzene, the o-hole
adduct forms an arrangement where the donor approaches perpendicular to the bonding plane but closer to the carbons
than to the centroid of the m-system®. If both lone pairs and m-systems both feature on a potential acceptor, the o-hole
generally interacts preferentially with the lone pair!®.

Anions pose an issue in that their nature more dramatically effects the charge distribution of the o-hole possessing atom,
inducing a high degree of polarisation that causes the standard o-hole model to become less watertight. Huber and
co-workers have reported multiple studies on so-called "anti-electrostatic" halogen bonds in crystals with halogenic anion-
anion interactions that show the importance of polarisation and charge-transfer in halogen bonding®. However, some
could argue that these "anti-electrostatic" halogen bonds are not a halogen bond but instead a non-covalent interaction

that so happens to involve halogens.
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1.4 Searching the Cambridge Structural Database

In order to find crystal structures deposited in the CSD that contain possible o-hole interactions, one first must define
a query that contains the structural motif of the desired interaction. A query begins with some substituent constraints,
for example constraining the search to just find moieties that contain a terminally-bound halogen. However, for a o-hole
interaction there needs to be a suitable number of covalently bonded substituents that are sufficiently electron-withdrawing
and satisfy the valency of the atom.

Next, close contacts can be defined, which is a signifier of a noncovalent interaction, usually an interatomic distance that
is shorter than the sum of the interacting atom's van der Waals (vdW) radii. However, not all close contacts involving
groups 14-18 are o-hole interactions and thus additional constraints are required, but not so strict as to miss potential
interactions. Since o-hole interactions show a tendency towards linearity along the extension of a covalent bond, an angular
constraint can be imposed on the R-D- - - A angle that can be tailored to the specific o-hole interaction type in question.
Geometrical measurements and observables such as atomic numbers and atomic valencies of the query structures can also
be defined in much the same way, which can then be tabulated and used to analyse the results so as to learn more about
the interacting moieties.

Once a query has been described, further restrictions on the structures within the CSD that are searched can then be
put into place. These include whether the full 3D atomic coordinates have been determined for the crystal structure, the
option to exclude disordered structures or structures containing errors, the option to exclude polymeric structures, the
option to also include powder X-ray determined structures along with single crystal structures, and the option to limit the
maximum crystallographic R factor, which determines the quality of the structure model.

Once the search has been run, the output is a number of "hits" that correspond to crystal structures that contain the
structural motif provided in the query. These hits are identified by their CSD Refcode which is usually a 6 letter name
providing a unique identifier for the crystal structure. The crystal structures associated with these hits can be visualised
and other information gathered such as associated literature, crystallographic information file (cif), and any geometric
measurements that have been defined in the query. These measurements can be used to analyse the hits to determine
trends in the data so as to further constrain the searches with the eventual aim of obtaining structures that primarily show
o-hole interactions. The specific details of the CSD searches constructed as part of this thesis are included in Section 2.1,
Section 3.2 and Section 4.2.

Analogous searches of the CSD have been made for hydrogen bonding, such as those by Brammer and co-workers, in
which halogens were investigated for their ability to act as hydrogen bond acceptors®. In this survey the hydrogen bond
donors were represented as C-H, O-H, and N-H, and the acceptors were X-C, X-M, and X, where X is a halogen and M
is a transition metal. As hydrogen bonds tend towards linearity, an angular constraint was placed on the D-H- - X angle
of 110° and the H---X contacts were normalised as a fraction of the sum of van der Waals radii. This study led to the
conclusion that due to the correlation in hydrogen bond distance and D-H---X angle that all halogens are capable of

accepting hydrogen bonds.
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Searches for halogen, chalcogen, and pnictogen bonds in the CSD have been undertaken by Frontera and co-workers,
focusing on interactions between nitrogen atom or arene ring-based acceptors and monovalent halogens, divalent chalcogens
and trivalent pnictogens as donors®3. This is a promising starting point that is supported by theoretical calculations, but

could be broadened in terms of o-hole interaction variety and more in-depth investigation into functional groups.

1.5 Predictive Models for Noncovalent Interaction Energies

Given the weakness of o-hole interactions, and that multiple energetic components are involved in their formation, the only
way to reliably compute their interaction energies is to utilise very high accuracy electronic structure methods. However,
these are only viable for use in small molecular systems as the computational cost becomes prohibitive for larger systems.
As such, there is considerable interest in the development of sound, simple models that can accurately predict the strength
of o-hole interactions. From these quantitative models, it can be deduced whether molecules will behave differently to
similar examples, which can lead to insight into the nature of these interactions.

Such models have been produced for hydrogen bonding, and for several o-hole interaction classes. Legon and co-workers
developed a scheme for the prediction of hydrogen bond interaction energies (see Equation (1.1)) based on experimental
spectroscopic force constants k., which are involved in the interaction energy and then parameterised to the molecules

involved in the hydrogen bond®°.

ky = cNE (1.1)

In this scheme N and E are dubbed the nucleophilicity and electrophilicity of the hydrogen bond donor/acceptor, respec-
tively, even though there is no physical basis for these names, and c is a proportionality constant. This model shows good
agreement with experiment, though the errors, expectedly, are larger new, unseen systems. Another approach by Legon
and co-workers is a generalised model that includes hydrogen, halogen, chalcogen, pnictogen, and tetrel bonding®. It
is important to note that not all of the interactions are o-hole based, with some such as the carbon dioxide molecule
possessing a m-hole instead. This scheme has much the same form as the above for hydrogen bonding, but is based on

high accuracy CCSD(T)/CBS calculations rather than experimental data, see Equation (1.2).

D. = NpE,4 (1.2)

Where D, is the dissociation energy, N4 and E4 are the numerical nucleophilicity/electrophilicity of Lewis base B and
Lewis acid A respectively, and ¢’ is another proportionality constant.

A rigorous yet simple model for halogen bonding has been reported by Shaw and Hill where, instead of fitting by arbitrarily
choosing unit parameters for a single halogen bond donor/acceptor like Legon, an unbiased fitting regime was employed,
fitting purely statistical values over the whole dataset®®. A distance dependence was also implemented in Equation (1.3)

by the inclusion of the equilibrium separation between donor and acceptor R.;;. The different models produced in this
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work are dubbed the Pn models, in which the PO model would have no distance term, and the best performing model

was found to be the P4 model.

CXiBj
n
e,tj

Pn __
B = (13)

In Equation (1.3) X; and B; are statistical parameters for the donor and acceptor, respectively, and ¢ is a real constant that
sets the energy scale. This model was fitted to high accuracy CCSD(T)-F12b calculations on a large molecular dataset,
and shows much more robust fitting than the prior schemes.

A key issue with each of these predictive models is that they still require computational calculations, albeit at lower levels
of theory, as a starting point. It is hoped that in this thesis, machine learning can be leveraged to produce a predictive
model for o-hole interaction energies that, after training, will bypass the need for electronic structure calculations.

For large supramolecular complexes such as those seen in the CSD, a predictive model to estimate the stabilising influence
of o-hole interaction energies would be highly valuable. This could then be implemented into the CSD to accurately predict
the stabilising effect of a o-hole interaction motif within newly deposited structures into the database. This would be of

interest to those studying crystal structures in the CSD as this possible influence could have been missed or unquantified.

1.6 Aims and Objectives

1. Identify relevant donor and acceptor moieties associated with o-hole interactions. Define geometric and other

constraints to enable identification of o-hole interactions in crystal structures present in the CSD.

2. Use the CSD to determine geometric characteristics and trends for o-hole interactions as a function of donor and

acceptor characteristics to provide insight into the nature of the interactions.

3. Fit a predictive model for o-hole interaction energies based on quantum-chemical calculations to enable rapid

estimation of these energies with good accuracy. Apply this energy estimation to o-hole interaction motifs found in

the CSD.
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Chapter 2

Theory & Methodology

2.1 CSD Search Methodology

When searching the Cambridge Structural Database for o-hole interactions, one must first identify the indicators of such
an interaction within a crystal structure, and then define a set of criteria to ensure that only the desired interactions are
retrieved.

In order to identify o-hole interactions, substituent and geometric constraints are imposed. Firstly, the o-hole donor must
be defined, this being the atom possessing the o-hole, along with the suitably electron-withdrawing substituents needed to
cause the charge anisotropy. Likewise, the acceptor must be defined, this being the lone-pair possessing Lewis base, along
with varieties of substituents and valencies. This enables the subsequent classification and subdivision of the interactions
by the acceptor functional group, from which trends can be discerned.

A common indicator of a noncovalent interaction within a crystal structure is a so-called close contact, two atoms that
are relatively close together but not so close as to be considered covalently bonded . A common cut-off for defining
92,

a close contact is the sum of the van der Waals radii of the two atoms involved in the contac It is important to

note that noncovalent interactions can still act at longer ranges, so it is also common to add tolerance to this cutoff so

9394

as not to exclude structures To compare these distances between the various possible donor and acceptor atoms,

. . . . L . .. D/A .
this contact distance d.ontact is normalised, resulting in dyorm, by the sum their van der Waals radii rvd/w, as shown in

Equation (2.1)°.

d
dnorm _ 5 contacj4 (21)
Tvdw + Todw
Given what is understood about o-hole interactions and their directionality with respect to the location of the o-hole, it is
also appropriate to apply angular constraints to the searches. The angle that defines this directionality, referred to herein as

the o-hole angle and shown in Figure 2.1, is the angle between the o-hole interaction and the electron-withdrawing group

that causes the charge anisotropy. In the interest of studying not just the directionality with respect to the o-hole, but
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the directionality with respect to the lone-pair located on the acceptor atom, a second angle must be defined. This angle,
hereby referred to as the lone-pair angle, is related to the orientation of the Lewis basic lone-pair on the acceptor. This
angle varies depending on the Lewis base, and is defined in the acceptor-specific sections in Section 3.2 and Section 4.2.
This angle is not intended to constrain the search criteria, merely to explore the directionality at the acceptor side of the
interaction.

The CSD suite of software has long included a package to search the database, ConQuest, which is incredibly useful for
its graphical user inferface and query constructor. However, for post-processing needs, and integration with other software

packages, the CSD Python API is utilised with the query files made in ConQuest?97.

2.1.1 Query & Search Construction

The queries were constructed in ConQuest as .gry files, and then exported as .con files, a text based format that can be
utilised in the SubstructureSearch program of the CSD Python API. The subgroups of these queries are two-fold, that of
the donor and that of the acceptor. The donors studied are split into monovalent halogens, divalent chalcogens, trivalent
pnictogen and tetravalent tetrels. These are each covalently bonded to a number, respective of their valency, of suitably
electron-withdrawing elements, these being; B, C, N, O, F, Si, P, S, Cl, Se, Br, Te, and |. A close contact is defined
between the donor and acceptor atoms, with the contact distance needing to be smaller than the sum of vdW radii with
an added 0.2 A to the maximum possible contact distance.

On the donor side of the complex, all angles between the electron-withdrawing groups and the contact are measured. In
the case of halogen bonding, this is constrained between 110 and 180° within the query as there is only one electron-
withdrawing group to define this angle. For the higher valency chalcogens, pnictogens and tetrels, all angles between
potential electron-withdrawing groups and the contact are recorded, and then the largest angle is selected as the o-hole
angle, provided it is greater than 110°, and that substituent recorded as the electron-withdrawing group. All atomic
numbers are recorded for later analysis, as are the number of connected atoms to the potential electron-withdrawing

groups.
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Figure 2.1: A representation of the donor components for the halogen (X), chalcogen (Ch), pnictogen (Pn), and tetrel
(Tt) bonding queries. 6, refers to the potential o-hole angle(s). R=B, C, N, O, F, Si, P, S, Cl, Se, Br, Te, and I.

The acceptors are split into Lewis bases with one or more lone pairs located on nitrogen or oxygen. The nitrogen Lewis
bases are further subdivided by hybridisation; N, Ngp2, Ng,ys. Oxygen Lewis bases are subdivided by functional group,
these being organic carbonyls, divalent oxygen, oxides, terminal metal carbonyls, di-bridging metal carbonyls, and tri-
bridging metal carbonyls, with further detail included in Chapter 4. The atomic numbers of the varied substituents making
up the acceptor moiety are recorded for later analysis, along with the number of atoms connected to these substituents.
A lone-pair angle is also defined, which varies in definition for different acceptor moieties, the specifics of which can be
found in Section 3.2 & Section 4.2.

To investigate the likelihood of a given o-hole interaction motif forming a contact, the methodology of Allen et al. is
used®®. This involves the comparison of the number of unique crystal structures that contain the required donor and
acceptor moieties, and the number of unique crystal structures that contain those moieties in a close contact. The queries
that are constructed from Figure 2.1 and the various acceptor moieties (Figure 3.1 & Figure 4.1) are duplicated but
with the close contact and any angular constraints removed, while maintaining any post-processing detailed in Chapter 3
and Chapter 4. To obtain the number of unique crystal structures, the CSD refcodes are stripped of any suffix numbers
before the unique refcodes are counted, to eliminate duplicate structures under refcodes of the form XXXXXXO01 that

are commonly used. The comparison of the numbers of motif-containing (N:fgig;fe) and contact containing structures
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(Nooe) are given as a percentage, herein referred to as the prevalence.

unique

_ contact
Prevalence = —SZE45 % 100 (2.2)

motif
Searches were performed using the 2024.3 release of the CSD software suite, with database version 5.46 (November 2024)
using a combination of ConQuest query files and version 3.3.0 of the CSD Python API1%097 11 General restrictions of the
search criteria were applied as follows: the crystallographic R-factor of the crystal structures must be less than 0.1, the
entry contains no errors, 3D coordinates have been determined, there is no disorder and the structure is not polymeric. Any
structures that have identical geometric measurements yet different CSD refcodes were also removed to prevent duplicate
data. Structures retrieved from these searches have any unknown bond types assigned and any missing hydrogens added
to allow for proper definition of functional groups and hybridisation. The bond types available between atoms in the CSD

include single, double, triple, quadruple, aromatic, delocalised, and .

2.1.2 On van der Waals Radii

The almost-ubiquitous approach to recognising noncovalent interactions within a crystal structure is to identify atoms
that are separated by a distance smaller than the sum of the atom’'s van der Waals radii®®'%. These radii have no
thorough physical or theoretical basis, yet see widespread use in crystallography and structural chemistry, and there have
been multiple different attempts at determining their values. Looking back, the earliest recognised set of van der Waals

02

radii came from Pauling in 1931, estimating the vdW radius of an element by using its negative ion radius! For

many years, the established dataset of van der Waals radii wass that determined by Bondi for 38 elements in 1964193
These determinations were impressive for the time, and some still hold up surprisingly well today, being determined via
a combination of solid, liquid, and gaseous properties. It is also worth noting that Bondi himself wrote in said work "It
cannot be overemphasized that the van der Waals radii of this paper have been selected for the calculation of volumes.
They may not always be suitable for the calculation of contact distances in crystals", yet the latter has been their primary
use'%. These are the van der Waals radii that have been utilised within the CSD for the majority of its existence, while
attributing a radius of 2.00 A to any elements missing from the dataset compiled by Bondi.

Roland and Taylor made the first use of the huge amount of structural information within the CSD to deduce van der
Waals radii from statistical analysis of atomic contacts in order to provide more comprehensive coverage of the Periodic
Table %%, These radii were found to be reasonably consistent with those determined by Bondi, apart from that for hydrogen
(rfdov@di =124, rfff/lf =11 A), but did not extend to the whole Periodic Table. A more extensive undertaking is that
of Batsanov in 2001, which covered 68 elements, with the inclusion of transition metals but still lacking the f-block

elements 106,

This approach involved the evaluation of X-ray diffraction data, physical properties and molar volumes.
Computational approaches have also been utilised to determine van der Waals radii, such as that employed by Mantina
et al. 1% This is a set of van der Waals radii that is compatible with that of Bondi, adding the remaining 16 main group

elements. This approach involved high accuracy relativistic coupled cluster calculations using various probe molecules to
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determine the repulsive wall distances.

The most complete is the work of Alvarez in 2013, which extends the methodology of Roland and Taylor!%. The resulting
radii were determined from a large survey of distance distributions found within the CSD, where the van der Waals peak
(second maximum of interatomic distances, with the first maximum corresponding to covalent bonds) is superimposed
on a random distribution function with a cubic dependence on the interatomic distance. This set of van der Waals radii
covers 99 elements, the majority of the Periodic Table, with different levels of uncertainty owing to the approximations
made and sparsity of data in some cases. As of CSD version 2024.3, the CCDC has transitioned to using the van der Waals
radii derived by Alvarez in their software suite, which in some cases drastically changes the distance ranges for contacts
pertaining to o-hole interactions, as shown in Table 2.1. This particularly affects pnictogen and tetrel bonding contacts
where, for some of the heavier elements, the van der Waals radii have increased by over half an Angstrém changing
from Bondi to Alvarez values. This change will likely have many implications for the works pertaining to geometry based
searches of the database. This change has also been reflected in the predictive work done in Chapter 5, leading to improved

training and predictions.

Table 2.1: Comparison of van der Waals radii in Angstrém determined by Bondi and Alvarez used in the CSD to determine
close contacts relevant to o-hole interactions %319 *Bondi vdW radii utilised wherever possible in CSD 2024.2 and older,
with a value of 2.0 A used if a radius was not tabulated in Bondi’s work.

Element Bondi* Alvarez Change

I 1.98 2.04 +0.06

Br 1.85 1.86 +0.01
cl 1.75 1.82 +0.07
F 1.47 1.46 —0.01
Te 2.06 1.99 —0.07
Se 1.90 1.82 —0.08
S 1.80 1.89 +0.09
Bi 2.0 2.54 +0.54
Sb 2.0 2.47 +0.47
As 1.85 1.88 +0.03
P 1.80 1.90 +0.10
Pb 2.02 2.60 +0.58
Sn 217 2.42 +0.25
Ge 2.0 2.29 +0.29
Si 2.10 2.19 -+0.09
N 1.55 1.66 +0.11
0] 1.52 1.50 —0.02

2.2 Calculation of Non-covalent Interaction Energies

In contrast to the study of covalent bonds, non-covalent interactions are much weaker and governed by multiple factors
that, as previously mentioned, prove difficult to separate with any validity. There are also other potential sources of error
that need to be accounted for when calculating these interaction energies so as to give a meaningful result.

This short review on the theory of quantum theory was compiled from the reference material found in the work of
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109-111 * Flectronic structure calculations revolve around the concept of a system'’s

Szabo & Ostlund, Jensen, and Cramer
wavefunction W, in which all possible information about the system is contained. The application of operators to the
wavefunction of the system in question will allow calculation of specific properties, most commonly being the energy of the
system E. This energy is commonly obtained through the non-relativistic time independent Schrodinger equation, shown
in Equation (2.3). This is an eigenproblem, where the Hamiltonian operator H acts on an eigenfunction ¥ to return this

same eigenfunction multiplied by an eigenvalue E. The Hamiltonian operator is made up of the sum of kinetic T and

potential energy operators ‘A/

HV = EV
(2.3)
H=T+V
For a system of i & j electrons and A & B nuclei, the Hamiltonian operator can be expressed in terms of the kinetic and
potential energy operators, shown in Equation (2.4). In Equation (2.5) the kinetic energy operators T and potential energy

operators V are represented, where m 4 is the mass of nucleus A, V2 is the Laplacian operator (see Equation (2.6)), Z is

an atomic number, and 7, is the distance between two particles, with atomic units used throughout.

H=Ty+T. +Vixn + Van + Vee (2.4)

Ty +T=- 3 594 - 3 ¥
) _

2map Z
(2.5)
R =R . ZA ZAZB 1
‘/; V ‘/ee:_ rii
N+ VN + ;§T1‘A+§£ TAR +;;j7’ij
g2 (O* 0 & (2.6)

i = (8753 ay2 + 8722-2)
It is not possible to solve the non-relativistic time-independent Schrédinger equation for systems larger than the hydrogen
atom analytically . This is due to the many-body problem introduced by 1786 and IA/NN, which means the multiple electrons
and the nuclei cannot be separated from each other. Atomic, and by extension molecular, systems are comprised of lighter
electrons and heavier nuclei, allowing them to be treated differently. Nuclei are sufficiently massive to only display small
quantum effects, whereas electrons are very light and cannot be described by classical mechanics. A means to circumvent
the Viyn term is the Born-Oppenheimer approximation, which involves the decoupling of the electronic and the nuclear
contributions to the wavefunction W. This approximation is based on the concept that the nuclei are "infinitely" more
massive than the electrons, and thus electrons will move "infinitely" faster than the nuclei. This allows the assumption of

fixed or "clamped" nuclei, which allows electronic movement to be treated separately to the nuclei. Thus the wavefunction

W can be described by an electronic ¥,; and a nuclear wavefunction ¥,,,,.

v = \I]el\Ijnu (27)

24



The uncoupling the nuclear and electronic components of the wavefunction gives rise to the electronic Schrédinger equation
and electronic Hamiltonian H,; resulting in an electronic energy E.;. The total energy includes a constant nuclear repulsion

from the fixed nuclei, there is only a parametric dependence on nuclear coordinates.

~

Hel\Ilel = Eel\Ijel

5 o loe Za 1 ZaZp
He = zi:?VZ ;;WA—’_ZZT‘M—FZZ in

i 1<j A A<B (28)

~ 1~

Hy,=-)» -V4+E,
z g vA T Pel

ﬁnu\l/nu = Etotal\Ijnu

The solution to the Schrédinger equation is found variationally using a trial wavefunction ®, meaning that for any trial
wavefunction the calculated energy will always be greater than the exact ground-state energy of the system Ej. In

Equation (2.9) ®* is the complex conjugate of the wavefunction, and 7 is the position vector in three-dimensional space.

. [®*H®dr

[ ®*®dr
Equation (2.9) is applied iteratively, varying the trial wavefunction ® each time until the expectation value E no longer
lowers. This means that any lowering of calculated energy E results in a trial wavefunction is a better approximation to
the true wavefunction.
To construct a multi-electron wavefunction, it is assumed that it can be described in terms of independent single-electron
wavefunctions, dubbed spinorbitals. Electrons can exist as spin-up («), where the spin magnetic quantum number m; =

+3, and spin-down (3) where m, = —%. Thus to make a spinorbital one combines the spatial and spin wavefunctions of

an electron.

B(i) = ¢(1i)u(si)
o(i) = o(7:)B(s:)

(2.10)

The issue with expressing a multi-electron wavefunction as a product of spinorbitals is the requirement of a wavefunction
to be antisymmetric (change sign) upon the interchange of any two electrons, known as the Pauli antisymmetry principle.
To keep this requirement of the wavefunction, one combines spinorbitals into a determinant, which inherently contains

antisymmetry, called a Slater determinant ®, with a two-electron example shown in Equation (2.11).

B(1,2) = 1 (1) ¢2(1) (2.11)

V2 $2(2)  ¢2(2)

In order to represent the spinorbitals ¢; needed to construct a Slater determinant for a molecular system, they are
approximated via a linear combination of atomic orbitals x,. In Equation (2.12) where ¢, is a coefficient showing the

contribution of the p-th atomic orbital out of m total atomic orbitals to the overall molecular orbital. These atomic orbitals
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Xp are referred to as basis functions, with the full set of x being known as the basis set.

¢i = ZcpiXp (2.12)
P

The two most common methods of presenting basis functions are Slater type and Gaussian type orbitals. Slater-type orbitals
are generally more accurate but are challenging to compute, whereas Gaussian-type orbitals can be easily integrated over
larger systems. The general form of Slater-type orbitals is shown in Equation (2.13), and are closer in character to actual
atomic orbitals, yet lead to complex integrals resulting in high computational cost. In contrast, Gaussian-type orbitals
shown in Equation (2.14) are easily integrated and thus much less computationally expensive, yet have a poorer fit to
actual atomic orbitals. In these orbital equations, N is a normalisation constant, a,b, ¢ correspond to n, I, m principal,
angular, and magnetic quantum numbers that dictate the size, shape, and orientation of the orbital, and the exponent or
¢ controls the width of the orbital, with larger { giving a tighter orbital and a smaller ( resulting in a wider, more diffuse

orbital.

Xg’égter _ Nl,abeCE*CT (213)
XaGbacussian _ ]\[xaybzce—CT2 (214)

Basis sets are often specified in terms of their 'zeta’ value, which corresponds to the number of exponents per atomic
orbital, so a 'triple-zeta’ basis set would have three exponents per atomic orbital. Additional functions can be added to
the the basis set, such as polarisation functions, which are functions from the next-highest orbital angular momentum for
each atom. These polarisation functions describe the polarisation of the electron density of the atom when in a molecule,
and thus are crucial for describing chemical bonding. Diffuse functions can also be added to a basis set, which are extra
functions with small exponents that better describe the orbitals at large separations from the nuclei, which is very important

for calculating noncovalent interactions.

2.2.1 Density Functional Theory

Although methods exist to calculate the wavefunction of a molecular system directly, accurate wavefunction methods of
electronic structure determination can prove to be computationally expensive, especially with molecules containing a large
number of electrons. An alternative to this is found in methods that are derived as a function of the electron density,
which can be summarised under the umbrella of density functional theory (DFT).

The basis of DFT stems from the Hohenberg-Kohn Theorems, the first of which is that the ground state electronic energy
FEy is completely determined by the electron density p. Thus if electron density is a function of the positions of electrons,
then the energy is a functional of the electron density, hence the name density functional theory. The second Hohenberg-

Kohn theorem is that this density based approach can be applied in a variational manner, shown in Equation (2.15), that
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is analogous to that shown in Equation (2.9).

_ [e*H®dr

= 0> .
[ o ddr ~ Eo (2.15)

Elp]

Kohn and Sham proposed the theory of treating the DFT Hamiltonian operator as non-interacting electrons, which allows
the separation of the energy functional E[p] in Equation (2.16). In which T),; is the kinetic energy of non-interacting
electrons, V,,. is the nucleus-electron interaction, V.. is the classical electron-electron interaction, AT is the kinetic energy

correction for an interacting system, and AV, is the non-classical correction for the electron-electron repulsion.

E[p] = Tnilp] + Vnelp] + Veelp] + AT[p] + AVee[p] (2.16)

The two corrections, AT and AV,., are combined into a new functional, dubbed the exchange-correlation functional E.,.,
which describes the quantum nature of the system. The formula for the exact exchange-correlation functional is unknown,
but various theoretical and empirical approaches have been developed to approximate it. This approximation means that
although the variational approach is applied in Equation (2.15), it is not truly variational as energies lower than Ej can

be calculated.

Exchange-Correlation Functionals

The most basic approach to approximating E,. is the local-density approximation (LDA), which is that E,.[p] is that of
the density of a uniform electron gas near the nucleus. The exchange functional is shown in Equation (2.17), where C,
is the exchange energy of a uniform electron gas. There exist several expressions for the correlation functional, which are
obtained from fitting to quantum Monte Carlo calculations of a uniform electron gas, for example the VWN approach

from Vosko, Wilk and Nusair!12,

ELDA — —Cz/p%(r)dr

217
3 (2.17)
T

C, = >(2)5 =0.7386

=~ w

There are many issues with using the LDA method, such as underestimating exchange energies for molecular systems and

largely overestimating correlation energies, resulting in errors in bond strength up to 100 kJ/mol. Attempts to correct

ELDA require the electron density to be treated as non-uniform, such as through the use of the gradient of the electron

density. These approaches, dubbed generalised gradient approximation (GGA), exist in various forms, with an example

being the B88 functional shown in Equation (2.18) where 3 is a parameter fitted to six noble gas atoms He through Rn1%3.

LE2

EPS = pIPA —pps ——
z * Br 14 6B8zsinh—1x

Vol (218)

T = 1
p§

More advanced exchange-correlation functionals implement some wavefunction-based terms to the exchange. These
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"hybrid" functionals introduce some Hartree-Fock (HF) exchange, along with LDA and/or GGA components. A typical
example of this is the B3LYP functional which is shown in Equation (2.19), where a, b, and ¢ are parameters fitted to
experimental data. This utilises LDA and B88 exchange functionals, along with the Lee-Yang-Parr correlation functional
ELYP114-116 - Some so-called double-hybrid functionals attempt to capture more accurate correlation through the use of

post-HF perturbation terms, yet this incurs greater computational cost and poorer scaling.

ERMYP = (1—a)EEPA + aBlT + bAEP® + (1 — o) EFPA + cEFYF (2.19)

Modern adaptations of GGA exchange-correlation functionals, known as meta-GGA functionals, introduce additional vari-

ables based on the orbital kinetic energy density 7 or its spin-orbital equivalent 7,, detailed in Equation (2.20).

occ

() = 5 S IVei )
' (2.20)

occ

a(6) = 5 3 [Véin ()P
i
For example, components of the Minnesota M06 variant meta-GGA functionals involve the above spin kinetic energy density
7., along with the spin density p, and the reduced spin density gradient x, of the form shown in Equation (2.21)%7 118,
This is only a small review into the breadth of exchange-correlation functionals, with more detailed insight beyond the
scope of this work. Interested readers are referred to a thorough review of exchange-correlation functionals by Mardirossian
and Head-Gordon !1°.

Ty |V€U| c=au,p (2.21)

ps

Dispersion Correction

A development in DFT that is particularly relevant to the calculation of noncovalent interactions is the recognition that
many density functionals do not properly capture dispersion interactions, especially at long range. One approach to remedy
this is through a simple empirical correction knowna as dispersion corrected DFT, or DFT-D?0121 These corrections
were developed by the Grimme group, with the most commonly used being the DFT-D3 method that involves a two-body
correction detailed in Equation (2.22), along with a Axilrod-Teller-Muto (ATM) triple-dipole three-body term. Thus the
total corrected energy Eprr_p3 = Eprr + Ep3—obody + EaTM—3b0dy- | he DFT-D3 correction contains a damping
function fyqmp for the short range, the R;% term would cause the dispersion energy to tend towards infinity, whereas in
reality the Pauli repulsion would keep the atoms separated. This damping function smoothly scales down the dispersion
energy at short ranges, ensuring this non-physical divergence of energy does not occur. There are two commonly used
expressions for fuamyp, the first being the so-called zero-damping function shown in Equation (2.23), and the Becke-Johnson

122

damping version shown in Equation (2.24)122. In these equations C2'Z corresponds to nth-order dispersion coefficients for

atom pairs AB, R4p are internuclear distances, S;.,, parameters are scaling factors, and a and /3 are fitted parameters.
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atoms atoms

C
Eps—spoay =— »_ > [s6 fdamp, (Rap) + ss( ;;éAB)fdamp,S(RAB)] (2.22)
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2.2.2 Basis Set Superposition Error

The standard approach for the calculation of the strength of non-covalent interactions is given in Equation (2.25), where
A and B correspond to the two interacting "monomers" and AB corresponds to the "dimer". The subscripts correspond

to the energy being calculated and the superscripts are the basis that the calculation uses.

B = E4p — E4 — Ef (2.25)

However, when using this calculation, the basis of the two separate monomers is not equivalent to the basis of the dimer.
This means that when the dimer energy is calculated from the basis of the two monomers, it 'borrows’ basis functions from
each of the monomers thus improving its basis set, giving a non-physical lowering of the energy. This erroneous lowering
of the energy is known as basis set superposition error (BSSE) and should always be accounted for when calculating non-
covalent interaction energies. A common scheme for removing this is to implement a so called counterpoise correction,

developed by Boys and Bernardi'?3.

ESP = 4B — p4P — E4B (2.26)

int

This involves the use of "ghost" atoms of one monomer when calculating the energy of the other. These ghost atoms have
the basis functions of the corresponding atoms but possess no electrons, allowing this "borrowing" of basis functions from
the ghost atoms so as to effectively calculate the energy of each monomer in the dimer basis. This method is quite widely
accepted among the computational chemistry community, but there are debates over its use and new methods have been

developed to avoid BSSE arising in the first place!?41%5,
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Chapter 3

Nitrogen as an Acceptor

3.1 Introduction to Nitrogen Lewis Bases

Nitrogen Lewis bases have a single lone-pair located on a nitrogen atom which can span a range of hybridisations, and can
act as an acceptor for Lewis acidic donors, forming noncovalent interactions. These Lewis bases are widely used within
synthesis, including use in forming hydrogen bonds, halogen bonds, and other noncovalent interactions?6-12°. This makes
nitrogen Lewis bases an ideal starting point in exploring o-hole interactions within the CSD

To hypothesise on the effect that hybridisation of the nitrogen has on its ability to act as an acceptor for o-hole interactions,
there are some factors one must consider. As the lone-pair containing orbital on the nitrogen progresses from sp to sp?
to sp®, the p character of the orbital increases, meaning the lone-pair becomes more diffuse. This hybridisation change is
associated with differing numbers of substituents, resulting in changes in in steric bulk, which can perturb the geometry of
the o-hole interactions. Another factor to consider is that in sp- and sp-hybridised nitrogen moieties, a w-system will also
be present in the molecule, which can also act as an acceptor for o-hole interactions. It is known that lone pairs are more
Lewis basic than 7-systems, and are the preferred interaction site for o-hole interactions, but it is an important factor to
consider when analysing these contacts as they may also perturb the geometries of the o-hole interactions®®.

Looking to the literature, a computational study on triel bonding interactions by Yang et al. uses HCN, CH,NH, and NH3 as
models to compare the calculated interaction energies with a triel bond donor species'3. This is an interesting comparison
to this work on o-hole interactions, as these triel bonding systems have a similar nature being 7-hole interactions. This
study suggests that the trend in interaction energies follows the trend in strength of N, <Ng,s <Ng,2, but this is likely due
to the Ny, systems containing secondary interactions between a hydrogen on the CHNH molecule and the substituents
on the triel atom, which would enhance the interaction energy. Another computational study, this time involving hydrogen
bonding to N=C-R, NH=CHR, and NH,CH5R shows an increase in interaction strength going from sp to sp? to sp’
hybridised nitrogen'3. This trend is also seen in calculated interaction energies of tetrel bonding complexes, done by Liu

132

et al. with various nitrogen Lewis bases Experimental work carried out by Kjaergaard and co-workers on gas-phase
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spectroscopic measurements of hydrogen bonding complexes with acetonitrile, pyridine, and trimethylamine shows that
the hydrogen bond acceptor strength of the nitrogen decreases with increased s-character of the lone-pair!33.

In this chapter geometric data from searches of the CSD pertaining to halogen, chalcogen, pnictogen, and tetrel bonding
contacts to sp>-, sp>- and sp-hybridised nitrogen moieties will be compared. This geometric data includes contact distances
normalised by the van der Waals radii of the contacting atoms, the o-hole angle, and the lone-pair angle. Details of these
measurements are found in Section 2.1.1 and Section 3.2 and are analysed via scatter plots of either the o-hole or the
lone-pair angle against the normalised contact distance. This allows the visualisation and tabulation of the trends with
respect to the interaction types, o-hole donors, and acceptors to be interpreted from these geometric measurements.
Before proceeding it is important to discuss the concept of selection bias among both crystal structures containing contacts
indicative of a o-hole interaction, and crystals which contain the required moieties. Some classes of o-hole interactions
involve elements that are utilised at different frequencies in synthesis, thus meaning there are wildly differing numbers
of crystals in the CSD that, for example, contain chlorine and those that contain tellurium. This can mean that the
crystal structures, and the contacts found within, are sometimes not representative of the full scope of the class of o-hole
interaction. This is especially seen in the less frequently occurring o-hole interactions, where the research into the field is

less developed, so any possible trends seen in this data must be interpreted with selection bias in mind.

3.2 CSD Query Details

The donor moieties detailed in Figure 2.1 from Section 2.1.1 were combined with the various acceptor moieties shown in
Figure 3.1 to form the query files used to complete these searches, with contact distance deontqce defined between the D,
donor atom (X/Ch/Pn/Tt) and the nitrogen atom. The 12 queries resulting from this are used to search for halogen,
chalcogen, pnictogen, and tetrel bonding contacts to sp3-, sp?- and sp-hybridised nitrogen moieties. The bond typing in
the sp-hybridised nitrogen moiety can have N-C bonds that are doubly or triply bonded, and the C-R bond can be of
any type. In the sp?-hybridised moiety the N-R bond types can be single, double, aromatic, or delocalised, and in the
sp3-hybridised moiety all bond types are single.

In order to investigate the directionality of o-hole interactions with respect to the lone-pair, a so-called lone-pair angle is
defined relative to the location of the lone-pair based on orbital hybrisation theory. Detailed in Figure 3.1, the lone pair
angles of these acceptors differs based on the number of substituents on the nitrogen atom. The sp-hybridised acceptor
is the simplest with the lone-pair angle being the D,—N-C angle, with the sp?- and sp>-hybridised acceptors the lone pair
angle is the D,—N—centroid angle, with the centroid being between the two or three substituents, respectively, on the
nitrogen. These lone-pair angles are constrained between 110-180° within the queries, and mean that a contact aligning
with the lone-pair of the nitrogen atom should approach with a lone-pair angle of 180°. Post-processing of the search
results is required to ensure that the o-hole acceptors contain nitrogen with the correct valency, as the number of nitrogen
substituents alone does not determine hybridization.

For sp-hybridised nitrogens the R-N-R angle is measured and constrained to be less than 165° to remove any potential
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sp-hybridised nitrogen moieties. For sp3- hybridised acceptors the three NM—N-NM angles are summed and the structure
excluded from the results if the sum is greater than 345°, to ensure that the nitrogen is not planar and thus part of an
sp>-hybridised system. To investigate the different ring sizes of sp-hybridised nitrogen, altered sp?-hybridised nitrogen
queries were constructed of ring sizes from 3-12. These queries are monocyclic and contain only the same substituent
elements as in the default sp>-hybridised nitrogen queries. The full details of the construction of these queries is shown in

Appendix A.1.
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Figure 3.1: A representation of the various lone-pair angle measurements for the sp-, sp>- and sp3-hybridised nitrogen
components of the CSD search queries. R=H, C, N, O, Si, P, S, F, Cl, Br, |, Se, Te, B. NM = Non-metal

3.3 sp’ Hybridised Nitrogen

Starting with the trivalent sp®-hybridised nitrogen o-hole acceptors, one might expect that sp3-hybridised nitrogen o-hole
acceptors have a notable effect on the geometric properties of the contact, due to the steric influence on these contacts. In
particular, higher valency o-hole donors such as pnictogens and tetrels may possess substituents that make the approach of
a trivalent nitrogen less favourable when forming a o-hole interaction. These Lewis bases possess a lone-pair in an orbital
with the greatest amount of p-character, which are the least contracted and thus most available lone-pair for participating
in o-hole interactions. This presents the likelihood that these two characteristics will act in a competitive manner when
considering o-hole interactions to sp3-hybridised nitrogen moieties. An overall summary of the geometric observables of

contacts indicative of o-hole interactions to sp>-hybridised nitrogen is tabulated in Table 3.1.

Table 3.1: Overall geometric summary of the contacts indicating o-hole interactions to sp3-hybridised nitrogen

Mean M

-hole Normalised Mean e
o No. Contacts o Lone-Pair
Interaction Type Contact o-hole Angle/ A o

_ ngle/

Distance

Halogen-bonding 707 0.893 158 155

Chalcogen-bonding 153 0.984 148 142

Pnictogen-bonding 25 0.947 156 145

Tetrel-bonding 42 0.977 146 153

3.3.1 X ... sp-Nitrogen Contacts

Halogen bonding contacts involving sp-hybridised nitrogen Lewis bases are the most numerous out of the o-hole interac-

tions to sp>-hybridised nitrogen. With 707 contacts, they are an excellent example to highlight the directionality of o-hole
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interactions.

The distribution of normalised contact distances, as defined in Equation (2.1), in relation to the o-hole angle is illustrated
in the scatterplot of Figure 3.2. Contacts shorter than the sum of van der Waals radii have a distinct "wedge" shaped
distribution, with the very close (0.6-0.7 normalised contact distance) contacts having a o-hole angle ranging between
170-180°, with the range broadening to 150-180° at 0.9 normalised contact distance. At contact distances beyond the sum
of van der Waals radii (normalised contact distance > 1.0) there is a much wider, approximately random distribution of
o-hole angles, suggesting that the interactions are likely weak in nature and are easily perturbed by other crystal packing
effects. Figure 3.3 shows that although the directionality with respect to the lone-pair angle is not as stark as the o-hole
angle it is still notable, especially at contacts with short normalised contact distances. The directionality with respect
to these angles is further shown as mean averages in Table 3.2, with the trends following the polarisability of the donor;
average normalised contact distances follow the trend of | < Br < Cl, and the trends in both o-hole angle and lone-pair
angle follows the trend | > Br > Cl. This suggests that the larger more polarisable halogens are forming stronger o-hole
interactions with the nitrogen lone-pair, indicated by better angular alignment of the o-hole and lone-pair in the closest

contacts.

e Cl
180 ®) - ®
. g.p)‘?r:w.‘f: : £ 08! e Br
.?.‘...0. Say, ).\(&.‘ |
170 e s o
35 160 G el
O 150 &
C
< 140
Q
2
130
o}
120 °
110
0.6 0.7 0.8 0.9 1.0

Normalised Contact Distance

Figure 3.2: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp>-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Figure 3.3: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
halogen bonding contacts to sp>-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.

Table 3.2: Summary of geometric characteristics of halogen (X) bonding contacts to sp3-hybridised nitrogen

M Mean
ean ) Mean
Donor Contacts Contact Normalised h IMzanI o Lone-Pair
Distance/ A C_ontact o-hole Angle/ Angle/ °
Distance
X 707 3.187 0.893 158 155
| 291 2.927 0.791 170 165
Br 153 3.232 0.918 157 154
Cl 263 3.449 0.991 144 145
3.3.2 Ch --- sp’>-Nitrogen Contacts

In comparison to halogen bonding contacts to sp-hybridised nitrogen, there are an order of magnitude fewer contacts
found involving chalcogen bonding interactions, see Table 3.1, to sp>-hybridised nitrogen, but still some analogous trends
emerge.

In terms of directionality with respect to the o-hole angle, shown in Figure 3.4, the same "wedge" distribution is seen,
albeit with a greater sparsity in data points. At contact distances beyond the sum of van der Waals radii there exists
a large range of o-hole angles, indicating their weak nature. For contacts smaller than the sum of van der Waals radii,
the o-hole angle range is 150-180°. Interestingly the contacts involving selenium are more directional with respect to the
o-hole angle than those involving tellurium. Table 3.3 shows that although the number of contacts is very low, selenium
contacts have an average o-hole angle of 170°, whereas tellurium contacts have an average o-hole angle of only 160°.

It is important to note that the selenium contacts are more varied in origin whereas the four short tellurium contacts
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correspond to a single structure, CSD refcode XUHHEQ, which forms multiple chalcogen bonds!34.

Figure 3.5 illustrates the directionality of these contacts with respect to the lone-pair angle. Much the same trends can
be seen as with halogen bonding contacts, with a very slight "wedge" distribution. A similar range in angle is seen for the
lone-pair angle as compared to halogen bonds to sp®-hybridised nitrogen, albeit at contacts shorter than 0.9 normalised
contact distance. Although the data is sparse compared to halogen bonding contacts, some observations can still be made.
Notably, as highlighted in Table 3.3, the average lone-pair angles follow the trend Te > Se > S, which does not match the
trend seen with o-hole angle. This suggests that although the tellurium contacts deviate further from linearity with respect
to the o-hole angle, they align to a greater degree with the lone-pair of the Lewis base, indicating a stronger interaction.
This can also be seen in the trend in normalised contact distance, which follows the trend Te < Se < S. Due to there

only being 5 tellurium contacts and 7 selenium contacts, meaningful, statistically significant trends cannot be drawn and

are likely due to selection bias as mentioned previously.
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Figure 3.4: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

chalcogen bonding contacts to sp3-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
donor atom type.
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Figure 3.5: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of
chalcogen bonding contacts to sp3-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
donor atom type.

Table 3.3: Summary of geometric characteristics of chalcogen (Ch) bonding contacts to sp®-hybridised nitrogen

Mean Meah Mean
Donor  Contacts Contact Normalised h IMzanI o Lone-Pair
Distance/ A Contact o-hole Angle/ Angle/ °
Distance
Ch 153 3.494 0.984 148 142
Te 5 2.907 0.796 160 168
Se 7 3.084 0.886 170 149
S 141 3.535 0.996 147 141

3.3.3 Pn --- sp’>-Nitrogen Contacts

Pnictogen bonding contacts to sp3-hybridised nitrogen shows the lowest abundance out of the o-hole interactions to
sp3-hybridised nitrogen shown in Table 3.1. With only 25 contacts that match the search criteria, it is difficult to find
any specific trends with respect to the nature of these interactions from the gathered geometric data. What can be
seen from the scatter plot in Figure 3.6 is that the contacts within the sum of van der Waals radii have a o-hole angle
range of 150-180°. Likewise directionality is seen with the lone-pair angle, shown in Figure 3.7, but with the range being
150-170°. The averages in geometric measurements are tabulated and shown in Table 3.4, but only phosphorus contacts
and antimony contacts have multiple contacts for which to average over, but it does show that antimony contacts have

much shorter normalised contact distances on average but have comparable o-hole angles.
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Figure 3.6: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

pnictogen bonding contacts sp3-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Figure 3.7: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of

pnictogen bonding contacts to sp3-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
donor atom type.
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Table 3.4: Summary of geometric characteristics of pnictogen (Pn) bonding contacts to sp>-hybridised nitrogen

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Pn 25 3.552 0.947 156 145
Bi 1 4.321 1.029 150 132
Sb 8 3.527 0.854 157 136
As 1 2.839 0.802 169 156
P 15 3.562 1.001 154 149

3.3.4 Tt .- sp’-Nitrogen Contacts

Despite having almost double the number of contacts as for pnictogen bonding contacts, see Table 3.1, the tetrel contacts
to sp3-hybridised nitrogen are also very sparse. As seen in Figure 3.8, it would seem that the only contacts with a strong
tetrel bond are those involving tin, and possibly a very weak near linear contact involving silicon. It is also apparent that
there is an absence of contacts involving lead, the largest of the tetrel bond donors. The directionality with respect to
the lone-pair, shown in Figure 3.9 would suggest that the silicon contact does not align markedly with the lone pair,
suggesting that a tetrel bond is unlikely to be the dominant contribution to this contact. The contacts involving tin show
more directionality with respect to the lone-pair, with the average lone-pair angle being 157°, as shown in Table 3.5.

The number of tetrel bonding contacts to sp>-hybridised nitrogen, shown in Table 3.5, is greater than the number of
analogous pnictogen bonding contacts, and hence the average geometric measurements ae potentially more useful. The
trend in o-hole angle reflects the polarisability of the tetrel atom Sn > Ge > Si, likely due to the electron density of these
more polarisable donors is easier to perturb to form a o-hole. Interestingly this is not seen with the the trend in normalised
contact distance which is Sn < Si < Ge, and the trend in lone-pair angle is Si > Sn > Ge. It is important to remember
that these values are still averages over a very small number of data points, so should be cautiously compared to average
geometric data from o-hole interacting motifs with a greater abundance of contacts due to the aforementioned effects of

selection bias.
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Figure 3.8: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of tetrel
bonding contacts to sp3-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor atom
type.
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Figure 3.9: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of

normalised tetrel bonding contacts to sp>-hybridised nitrogen found in crystal structures in the CSD. Points colour coded
by donor atom type.
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Table 3.5: Summary of geometric characteristics of tetrel (Tt) bonding contacts to sp*-hybridised nitrogen

Mean

Mean _ Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Tt 42 3.809 0.977 146 153
Pb 0 0.000 0.000 0 0
Sn 8 3.510 0.860 161 150
Ge 4 3.984 1.009 156 131
Si 30 3.865 1.004 140 157
3.3.5 Prevalence of 0}, --- sp’-Nitrogen Contacts

To explore the likelihood of o-hole interactions to sp>-hybridised nitrogen forming within a crystal, the number of unique
crystal structures that contain a contact has been compared to the number of unique crystal structures containing the nec-
essary moieties in the same structure. This ratio is given as a percentage referred to as the prevalence, see Equation (2.2).
Over all of the motifs, shown in Table 3.6, there is a large disparity between the number of crystal structures containing

the required moieties and the number of crystal structures containing a contact.

Table 3.6: Overall summary of the prevalence of contacts indicating o-hole interactions to sp3-hybridised nitrogen compared
to the number of unique crystal structures found in the CSD that contain the necessary moieties.

o-hole Interaction Type  Structures with Moieties ~ Structures with Contact(s) Prevalence

Halogen-bonding 6340 499 7.87%
Chalcogen-bonding 2277 135 5.93%
Pnictogen-bonding 406 15 3.69%

Tetrel-bonding 1056 30 2.84%

For halogen bonding motifs, which is the most prevalent motif, Table 3.7 shows that only 7.87% of structures containing
these moieties exhibit halogen bonding behaviour to sp3-hybridised nitrogen. This is very low in prevalence, but it still
much greater than for chalcogen, pnictogen, and tetrel bonding motifs involving sp3-hybridised nitrogen. Out of the three
halogen atoms, motifs involving iodine show that nearly a third of the crystals containing this motif participate in halogen
bonding. Motifs involving bromine and chlorine show fairly similar prevalence to eachother, 6.30% and 5.34% respectively,

but it is important to note that there are many more structures that contain bromine or chlorine than iodine.
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Table 3.7: Summary of the prevalence of halogen (X) bonding contacts to sp3-hybridised nitrogen compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

X 6340 499 7.87 %
I 480 159 33.12 %
Br 1984 125 6.30 %
Cl 4060 217 5.34 %

Table 3.8 shows that the prevalence of chalcogen bonding to sp3-hybridised nitrogen is less than that of the analogous
halogen bonding motifs, at 5.93%. Out of these chalcogens, tellurium motifs show the highest prevalence with 10.53%,
however this is a percentage of a very small number of structures that contain this motif (19 structures). Selenium motifs
have around half the prevalence of tellurium motifs at 4.20%, but this is still a percentage of a small number of structures
(143 structures). Sulfur contacts have an increased prevalence of 5.97%, and make up the majority of the structures
showing contacts indicative of chalcogen bonding, and constitute an even greater majority of the crystal structures that
contain the required moieties (2128 structures). This is likely a reflection on synthetic accessibility and the widespread use

of sulfur in organic chemistry, whereas selenium and tellurium chemistry is less extensively studied 3.

Table 3.8: Summary of the prevalence of chalcogen (Ch) bonding contacts to sp>-hybridised nitrogen compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Ch 2277 135 5.93 %
Te 19 2 10.53 %
Se 143 6 4.20 %
S 2128 127 5.97 %

When considering the prevalence of pnictogen and tetrel contacts involving sp3-hybridised nitrogen, the numbers of
structures compared to the total number of crystal structures containing the required moieties is very small in comparison
to halogen and chalcogen contacts. This is a reflection of the aforementioned selection bias within these crystal structures,
as there is comparatively fewer crystals synthesised using these elements. This combined with the fact that even fewer of
those containing o-hole contacts, thus the whole chemical space of the interactions are unlikely to be completely covered
in this data.

It is interesting to note that, in Table 3.9 and Table 3.10, there are 406 structures that contain the required pnictogen and
sp3-hybridised nitrogen moieties, and 1056 structures that contain the required tetrel and sp3-hybridised nitrogen moieties,
yet only 15 and 30 structures containing contacts, respectively. Given that these are the two most sterically bulky classes of

o-hole donors, interacting with the most sterically bulky hybridisation of nitrogen, this suggests a notable steric hindrance
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to the formation of pnictogen and tetrel bonds within structures containing the required moieties.

Table 3.9: Summary of the prevalence of pnictogen (Pn) bonding contacts to sp3-hybridised nitrogen compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Pn 406 15 3.69 %
Bi 24 1 4.17 %
Sb 46 1 2.17 %
As 18 1 5.56 %
P 321 12 3.74 %

Table 3.10: Summary of the prevalence of tetrel (Tt) bonding contacts to sp®-hybridised nitrogen compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Tt 1056 30 2.84 %
Pb 3 0 0.00 %
Sn 117 6 5.13 %
Ge 58 3 5.17 %
Si 884 21 2.38 %

3.3.6 Notable sp*-Nitrogen Moieties

It would seem, from the findings presented in Section 3.3, that although sp®-hybridised nitrogen Lewis bases are capable
of being very good o-hole acceptors, resulting in short, highly directional contacts, there is a notable steric impact on
the interactions. This means that to suitably exploit the highly nucleophilic lone pair located on the nitrogen, either the
acceptor moiety needs to be engineered to minimise steric bulk around the nitrogen, or the surroundings in the crystal
environment need to be engineered to direct the donor and acceptor moieties together. A noteworthy example of a suitable
acceptor for this purpose is shown in Figure 3.10, an image of the CSD refcode SUMZEI, which utilises a Lewis base called
1,4-diazabicyclo[2,2,2]octane, better known as DABCO 3¢, This acceptor minimises the steric impact of the sp®-hybridised
nitrogen environment by exploiting the ring strain of this cage-like molecule. This highly accessible lone-pair results in
a very strong Lewis base that, when paired with halogen bond donors such as this 1,2,3,4-tetrafluoro-5,6-diiodobenzene,
results in a very strong o-hole interaction. An analogous acceptor structure is shown in Figure 3.11, showing CSD
refcode GOBYOO, featuring a 1-azabicyclo[2,2,2]octane, also known as quinuclidine, this time interacting with a strong

selenazole-based chalcogen bond donor!37.
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Figure 3.10: Two contacts between tetrafluoro-diiodobenzene and two DABCO molecules. This is an archetypal example
of a crystal structure with a halogen bonding contact to an sp?-hybridised nitrogen Lewis base. | --- N contact distances
given in Angstrém. CSD refcode: SUMZEI

Figure 3.11: A contact between benzisoselenazolinone derivative and a quinuclidine molecule. This is an archetypal
example of a crystal structure with a chalcogen bonding contact to an sp®-hybridised nitrogen Lewis base. Se --- N
contact distances given in Angstrom. CSD refcode: GOBYOO
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3.4 sp’ Hybridised Nitrogen

Divalent sp-hybridised nitrogen o-hole acceptors include amides, imines, nitrogen heterocycles and various other nitrogen
functional groups. These moieties are, by nature of their hybridisation, likely to be planar, which would dictate that a
notable portion of the molecular environment would exist in this same plane, including the lone-pair on the nitrogen.
This would predict that o-hole donors would approach these lone-pairs along this same plane, but rotation of the donor
and acceptor moieties could minimise steric interactions. The lone-pairs on these nitrogen are more contracted due to
greater s-character than the aforementioned sp3-hybridised nitrogen o-hole acceptors, suggesting their lower effectiveness
in participating in o-hole interactions. An overall summary of the geometric observables of contacts indicative of o-hole
interactions to sp>-hybridised nitrogen is tabulated in Table 3.11. Overall there is a much greater number of contacts
involving sp?-hybridised nitrogen than those involving sp3-hybridised nitrogen, this is likely due to the plethora of aromatic

nitrogen heterocycles that are used in synthesis, compared to sp>-hybridised amines.

Table 3.11: Overall geometric summary of the contacts indicative of o-hole interactions to sp?-hybridised nitrogen

hol N Meaﬁ d Mean Mean
o-hole No. Contacts ormalise . Lone-Pair
Interaction Type Contact o-hole Angle/ A o
) ngle/
Distance
Halogen-bonding 6002 0.913 158 148
Chalcogen-bonding 5302 0.944 153 140
Pnictogen-bonding 52 0.890 160 145
Tetrel-bonding 200 0.859 153 147

3.4.1 X --- sp*-Nitrogen Contacts

Starting with halogen bonding contacts to sp?-hybridised nitrogen, Table 3.11 shows a massive increase in the number
of data points compared to halogen bonding contacts to sp®-hybridised nitrogen (see Table 3.1). The distribution of
normalised contact distances with respect to the o-hole angle and the lone-pair angle in Figure 3.12 and Figure 3.13
respectively, shows a broadening of the "wedge" shaped distribution approaching the sum of van der Waals radii. An
interesting trend in these scatter plots is seen in contacts with normalised contact distances shorter than 0.75. In these
very short contacts, the identity of halogen donor atoms is more mixed, with the two closest contacts involving bromine
and chlorine as halogen bond donors. For normalised contact distances greater than 0.75, the contact distance, and
linearity of the o-hole and lone-pair angles is linked to the polarisability of the halogen. The overall trends with respect
to the o-hole donor polarisability are reflected in the mean averages listed in Table 3.12. The iodine contacts are the
shortest and have o-hole and lone-pair angles closest to linearity, then bromine contacts, and then the chlorine contacts,
which are the longest and have the o-hole and lone-pair angle furthest from linearity. This further supports that the larger
more polarisable halogens are forming stronger o-hole interactions with the nitrogen lone-pair, indicated by better angular

alignment of the o-hole and lone-pair in the closest contacts.
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Figure 3.12: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp?>-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Figure 3.13: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of
halogen bonding contacts to sp?>-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Table 3.12: Summary of geometric characteristics of halogen (X) bonding contacts to sp>-hybridised nitrogen

Mean Meah Mean
Donor  Contacts Contact Normalised h IMzanl o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
X 6002 3.245 0.913 158 148
I 2066 3.017 0.815 170 161
Br 1172 3.288 0.934 158 146
Cl 2764 3.397 0.976 149 140

3.4.2 Ch --- sp’-Nitrogen Contacts

For chalcogen bonding contacts to sp?-hybridised nitrogen, Table 3.11 shows an almost thirty five times increase in the
number of contacts compared to chalcogen bonds to sp®-hybridised nitrogen (Table 3.1). The characteristic "wedge"
shaped distribution associated with these plots of o-hole against normalised contact distance, see Figure 3.14, shows a
notable perturbation compared to the distribution seen with analogous halogen bonding contacts (see Figure 3.2). For
selenium contacts the expected "wedge" shape is present, having a comparable distribution with bromine contacts to
sp>-hybridised nitrogen. The contacts involving tellurium show an almost bimodal distribution, one distribution being
located in similar o-hole angle and normalised contact distance ranges to the selenium contacts. The second, more tightly
packed distribution of points between 0.7 and 0.8 normalised contact distance have a o-hole angle range of 150-160°.
This second distribution of tellurium contacts are co-located with a distribution of sulfur contacts at a similar range fo
normalised contact distance, but at o-hole angles of around 130°.

Similar trends can be seen in Figure 3.15 of the distributions of normalised contact distances with respect to the lone-
pair angle. The selenium contacts show a similar "wedge" distribution to halogen bonding contacts with sp?-hybridised
nitrogen, see Figure 3.13. The distribution of tellurium contacts has a similar spread compared to the selenium contacts,
but there is a clustering of contacts around lone-pair angles of around 150° and normalised contact distances below 0.8.
The main difference is that sulfur contacts appears to show little to no directionality with respect to the lone pair of the
sp>-hybridised nitrogen.

The average geometric observables listed in Table 3.13 shows that the average normalised contact distance decreases with
increasing polarisability of the chalcogen atom. Similarly, the o-hole angle and the lone-pair angle increase from sulfur to
tellurium. The selenium and tellurium contacts are very similar in terms of average o-hole angle, with tellurium showing,

on average, interactions with lone-pair angles closer to linearity.
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Figure 3.14: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

chalcogen bonding contacts to sp?-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
donor atom type.
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Figure 3.15: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of

chalcogen bonding contacts to sp?-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
donor atom type.
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Table 3.13: Summary of geometric characteristics of chalcogen (Ch) bonding contacts to sp?-hybridised nitrogen

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Ch 5302 3.349 0.944 153 140
Te 171 3.071 0.841 160 150
Se 586 3.097 0.890 159 145
S 4545 3.392 0.955 152 139

3.4.3 Pn --- sp’-Nitrogen Contacts

Table 3.11 shows that pnictogen bonding contacts involving sp?>-hybridised nitrogen are approximately twice as numerous
as to those involving sp-hybridised nitrogen. Despite the scarcity of contacts, the distribution of normalised contact
distance with respect to the o-hole angle plotted in Figure 3.16 shows that the vast majority of the contacts have a o-hole
angle > 140°, even contacts with distances beyond the sum of van der Waals radii.

Of the mean averages of geometric observables listed in in Table 3.14, antimony contacts make up the majority of the
pnictogen bonding contacts, with an average o-hole angle of 162° and a average normalised contact distance of 0.812.
There are also a number of bismuth contacts that are involved in slightly longer contacts than the antimony contacts, but
with similar o-hole angles. Arsenic and phosphorus contacts to sp?-hybridised nitrogen are the least commonly occurring,
with the arsenic contacts having, on average, shorter normalised contact distances than the phosphorus contacts. Both
arsenic and phosphorus contacts have average normalised contact distances considerably longer than bismuth or antimony
contacts.

The distribution of normalised contact distance with respect to the lone-pair angle plotted in Figure 3.17 show a clear
trend that as the contacts get longer, the lone-pair angle decreases, with only one arsenic contact showing a somewhat
linear lone-pair angle. In terms of the average trends shown in Table 3.14 of pnictogen bonds to sp?-hybridised nitrogen,
the normalised contact distances follow the trend Sb < Bi < As < P and the o-hole and lone-pair angles follow the trend
P < As < Bi = Sb. It is important to note that these are averages of a very small amount of data, so should be treated

with caution when compared to other o-hole interactions.
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Figure 3.16: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

pnictogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
donor atom type.
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Figure 3.17: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of

pnictogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
donor atom type.
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Table 3.14: Summary of geometric characteristics of pnictogen (Pn) bonding contacts to sp?-hybridised nitrogen

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Pn 52 3.469 0.890 160 145
Bi 9 3.707 0.883 162 147
Sb 23 3.352 0.812 162 147
As 8 3.337 0.943 159 146
P 12 3.603 1.012 155 138

3.44 Tt .- sp*-Nitrogen Contacts

The number of tetrel bonding contacts to sp?-hybridised nitrogen, shown in Table 3.11, are much fewer than halogen
and chalcogen bonding contacts to sp?-hybridised nitrogen, but much more than pnictogen bonding contacts, so more
well-grounded analysis can be made. One notable aspect of these contacts is only a single example of germanium as a
o-hole donor.

The scatter plot of o-hole angle against normalised contact distance in Figure 3.18 shows three distributions of contacts
that show very different geometric characteristics. The first distribution involves a population of very short contacts with
a range of 0.6-0.9 in normalised contact distance, and involve mainly tin, and a single lead contact, that are near linearity
with respect to o-hole angle. The second distribution of contacts has a comparable range in normalised contact distance,
but the range of o-hole angles deviates further from linearity, being 135-160°. These contacts make up the majority of
the contacts involving lead but there are also a slightly smaller number of tin contacts. The final distribution is comprised
of long contacts that have normalised contact distance greater than 0.95, which primarily consists of silicon contacts to
sp>-hybridised nitrogen, with a small number of tin and lead contacts. This distribution shows large deviation from linearity
with respect to the o-hole angle, with angles ranging from 125-160°.

Overall the distribution of lone-pair angle against normalised contact distance, shown in Figure 3.19, shows very little
directionality with respect to the lone-pair. However, the closest tin contacts have near linear lone-pair angles, but the
closest lead contacts show no directionality. Silicon contacts are very long and show little to no directionality, with a broad
range of lone-pair angles. The average values of the geometric criteria for tetrel bonding contacts to sp>-hybridised nitrogen
are shown in Table 3.15. The trend in normalised contact distance is Sn < Pb < Si, which reflects the polarisability of
the tetrel atom. The trend in average o-hole angle is Si < Pb < Sn, and the trend in lone-pair angle is Pb < Si < Sn.
Silicon contacts are the most numerous, followed by tin contacts, and then lead contacts, with germanium only having a

single contact so cannot be averaged.
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Figure 3.18: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of tetrel
bonding contacts to sp?-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor atom
type.
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Figure 3.19: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of

tetrel bonding contacts to sp?-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Table 3.15: Summary of geometric characteristics of tetrel (Tt) bonding contacts to sp>-hybridised nitrogen

Mean

Mean _ Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Tt 200 3.466 0.859 153 147
Pb 63 3.262 0.766 153 134
Sn 66 3.225 0.790 162 154
Ge 1 4.027 1.019 152 155
Si 70 3.868 1.005 145 153
3.4.5 Prevalence of 0}, --- sp>-Nitrogen Contacts

The prevalence of crystals with the required moieties containing contacts indicative of o-hole interactions to sp>-hybridised
nitrogen was analysed and shown in Table 3.16. One first notices the large increase in number of structures containing both
the required moieties and those containing contacts compared to o-hole interactions to sp*-hybridised nitrogen (Table 3.6).
For context, the prevalence of tetrel contacts to sp>-hybridised nitrogen is comparable to halogen bonding to sp>-hybridised
nitrogen. This increased prevalence relative to sp3-hybridised nitrogen gives further indication that sp?>-hybridised nitrogen
Lewis bases are much more widely used in synthesising crystal structures, yet still don't see much use in pnictogen and

tetrel bonding structures.

Table 3.16: Overall summary of the prevalence of contacts indicating o-hole interactions to sp-hybridised nitrogen
compared to the number of unique crystal structures found in the CSD that contain the necessary moieties.

o-hole Interaction Type  Structures with Moieties  Structures with Contact(s) Prevalence

Halogen-bonding 27776 4055 14.60%
Chalcogen-bonding 13562 2853 21.04%
Pnictogen-bonding 855 33 3.86%

Tetrel-bonding 2843 124 4.36%

As shown in Table 3.17, the vast majority of the structures containing potential halogen bonding moieties are chlorine-
containing species, followed by bromine containing species, and lastly iodine species. This trend differs in terms of the
number of these moiety containing structures that contain a halogen bonding contact, following the trend in halogen bond
donor of Cl > | > Br. The prevalence of total halogen bonding contacts in crystal structures containing the required
halogen bond donor and acceptor moieties is 14.60%. lodine contacts have, by far, the highest prevalence with 48.39%
of moiety-containing structures displaying halogen bonding contacts. Bromine contacts, although fewer in number, have

slightly higher prevalence than chlorine contacts.
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Table 3.17: Summary of the prevalence of halogen (X) bonding contacts to sp?-hybridised nitrogen compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

X 27776 4055 14.60 %
I 2614 1265 48.39 %
Br 7511 863 11.49 %
Cl 18662 1959 10.50 %

Table 3.16 shows considerably fewer crystal structures containing both the required chalcogen bonding and sp?-hybridised
nitrogen moieties than structures containing the halogen-bonding moiety. But, proportionately, there are more chalcogen
bonding contacts to sp?-hybridised nitrogen than halogen bonding contacts, which is reflected in the higher prevalence
in Table 3.18 which is around 6% higher than the analogous halogen bonding contacts. The vast majority of crystals
containing chalcogen bonding moieties and those containing chalcogen bonding contacts, involve sulfur. These sulfur
contacts have a prevalence of 19.24% which is nearly twice the prevalence of chlorine contacts to sp?-hybridised nitrogen,
which is the most comparable halogen bonding motif. Tellurium contacts to sp?-hybridised nitrogen have a prevalence of
69.12% which is comparable to the iodine contacts to sp?-hybridised nitrogen. This is in contrast to selenium contacts to

sp?-hybridised nitrogen which have over twice the prevalence compared to bromine contacts to sp?-hybridised nitrogen.

Table 3.18: Summary of the prevalence of chalcogen (Ch) bonding contacts to sp-hybridised nitrogen compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Ch 13562 2853 21.04 %
Te 136 94 69.12 %
Se 669 313 46.79 %
S 12814 2466 19.24 %

The crystal structures referred to in Table 3.16 containing the required moieties for pnictogen bonding with sp?-hybridised
nitrogen are the least common, and also contain the fewest contacts indicating o-hole interactions. For each of the different
pnictogen-containing species, the prevalence is particularly low for phosphorus, and this affects the overall prevalence in
Table 3.19. It is challenging to gain insight into pnictogen bonding interactions from this data, beyond suggesting that
these structures are exotic and/or purposefully engineered proof-of-concept systems designed to show pnictogen bonding.
The prevalence of tetrel bonding motifs containing sp?-hybridised nitrogen, shown in Table 3.20, reveals similar prevalence
in comparison to pnictogen bonding structures. This is despite a greater number of both moiety-containing structures
and contact-containing structures compared to the analogous pnictogen structures. The tin and lead contacts to sp-

hybridised nitrogen show the highest prevalence, with 16.33% and 50.00% respectively, which suggests that a number of
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these structures may have been designed to form tetrel bonds. Germanium and sp?-hybridised nitrogen moiety containing
structures are the least common, and show only one tetrel bonding contact, which suggests an absence of germanium

chemistry directed towards tetrel bonding involving sp?-hybridised nitrogen moieties.

Table 3.19: Summary of the prevalence of pnictogen (Pn) bonding contacts to sp-hybridised nitrogen compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Pn 855 33 3.86 %
Bi 23 6 26.09 %
Sb 41 11 26.83 %
As 36 I 19.44 %
P 755 9 1.19 %

Table 3.20: Summary of the prevalence of tetrel (Tt) bonding contacts to sp?-hybridised nitrogen compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Tt 2843 124 4.36 %
Pb 60 30 50.00 %
Sn 300 49 16.33 %
Ge 53 1 1.89 %
Si 2452 44 1.79 %

3.4.6 Notable sp>-Nitrogen Moieties

When inspecting this plethora of o-hole interactions to sp?-hybridised nitrogen, some interesting moieties arose that
provide some explanation to the distributions seen in some of the plots of angle measurements against normalised contact
distances. A somewhat obvious finding was that the vast majority of sp?-hybridised nitrogen Lewis bases are in cyclic
systems, which is not surprising given the hybridisation lends itself to participation of nitrogen in m-systems.

An interesting comparison can be seen with halogen and chalcogen bonding motifs, see Section 3.4.6, where halogen
bonding contacts to sp?-hybridised nitrogen have moiety distributions biased towards 6-membered rings, whereas analogous
chalcogen bonding contacts have moiety distributions skewed towards 5-membered rings. This can likely be attributed to
aromaticity, for example thiazole, a five membered heterocycle containing sulfur and nitrogen, obeying Huckel's rule of 67

electrons.
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Table 3.21: Numbers of halogen (X) and chalcogen (Ch) bonding contacts to various cycle sizes of cyclic sp>-hybridised

nitrogen.

N-Heterocycle Size

X-bonding Contacts

Ch-bonding Contacts

3 2 1
4 7 1
5 1704 3782
6 3487 1064
7 27 38
8 35 34
9 0 0
10 6 1
11 0 0
12 11 1
Other 281 197

Distributions of normalised contact distances and o-hole angles for halogen bonding contacts to five- and six-membered
sp?-hybridised nitrogen heterocycles in Figure 3.20. These plots correspond to 1704 contacts to 5-membered nitrogen
heterocycles, and 3487 contacts to 6-membered nitrogen heterocycles. The contacts involving 6-membered nitrogen
Lewis bases are notablely closer and show o-hole angles closer to linearity. Similar trends are seen in the distributions of
normalised contact distances and o-hole angles for chalcogen bonding contacts to five- and six-membered sp?-hybridised
nitrogen heterocycles, shown in Figure 3.21. The main difference is that for chalcogen bonding contacts there are more
contacts involving 5-membered nitrogen heterocycles (3782) over 6-membered cycles (1064). This suggests an effect of
the ring's nature on the Lewis basicity of the nitrogen, this could be due to a number of factors such as ring strain or
other substituents in the heterocycle38139  Another potential explanation for the differing cycle size preferences between
halogen and chalcogen bonding is the likelihood of molecular crystals where donor and acceptor moieties are part of
the same cycle. As halogen-substituted aromatic groups are a popular halogen bond donor moiety (discussed further in
Section 3.6) and chalcazoles are a popular chalcogen bonding moiety, one might expect a significant number of these

self-interacting crystals.
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Figure 3.20: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

halogen bonding contacts to 5-membered (left) and 6-membered (right) sp?-hybridised nitrogen heterocycles found in
crystal structures in the CSD. Points colour coded by donor atom type.
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Figure 3.21: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to 5-membered (left) and 6-membered (right) sp>-hybridised nitrogen heterocycles found in
crystal structures in the CSD. Points colour coded by donor atom type.

On the topic of 5-membered heterocycles, off-linear o-hole angles seen in chalcogen bonding contacts to sp?-hybridised
nitrogen were noted in Section 3.4.2, see Figure 3.14. These groups correspond to the chalcazole moieties mentioned
above, which are 5-membered heterocycles where different nitrogen atoms acts as both the electron-withdrawing group,
creating the o-hole, and the Lewis basic site. This leads to crystal structures containing these moieties forming inversion
dimers that result in very close contacts, owing to multiple chalcogen bonds, but interaction geometries perturbed from

linearity. An example is illustrated in Figure 3.22, the crystal structure of 1,2,5-telluradiazole-3,4-dicarbonitrile (CSD

refcode AREGEK) which forms ribbon chains of inversion dimers

Figure 3.22: Crystal structure of 1,2,5-telluradiazole-3,4-dicarbonitrile, with the molecule showing both o-hole donor and
acceptor behaviour, with the chalcogen bonds represented as dotted lines. Te --- N contact distances given in Angstrom.
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3.5 sp-Hybridised Nitrogen

Lastly, we consider the o-hole interactions to sp-hybridised nitrogen Lewis bases. The moieties presented in Section 3.5
comprise of primarily cyano groups, with a very small number of azide and diazonium groups present. Cyano and other
sp-hybridised groups are linear in nature, and consequentially have very little steric bulk around the Lewis basic site. The
lone pair of the nitrogen in these moieties are in an orbital with the most s-character, thus are the most contracted,
meaning these acceptors are likely to be the least Lewis basic. There is also a w-system that the nitrogen participates in,

which will offer an alternative acceptor site and affect the Lewis basicity of the lone-pair.

Table 3.22: Overall geometric summary of the contacts indicative of o-hole interactions to sp-hybridised nitrogen

Contacts Mean Mean Mean
Int a—tholeT %gn';z;f)t)s (Azide/ CTotaI Ngrmallsed o-hole Lone-Pair
nteraction type Y Diazonium) ontacts F)ntact Angle/ ° Angle/ °
Distance
Halogen-bonding 1443 128 1571 0.930 158 137
Chalcogen-bonding 2124 31 2155 0.945 156 137
Pnictogen-bonding 38 3 41 0.871 162 140
Tetrel-bonding 97 9 106 0.883 167 141

3.6.1 X --- sp-Nitrogen Contacts

Section 3.5 shows there are around twice as many halogen bonding contacts to sp-hybridised nitrogen than compared to
those involving sp3-hybridised nitrogen (Table 3.1), but much fewer than the contacts involving sp?>-hybridised nitrogen
(Table 3.11). When subdivided by halogen species, as in Table 3.23, chlorine contacts are the most numerous, followed
by bromine contacts, and iodine contacts are the fewest in number.

Out of the halogen bonding contacts to different hybridisation of nitrogen, those involving sp-hybridised nitrogen have
the broadest "wedge" shaped distribution of normalised contact distances against o-hole angle, shown in Figure 3.23. A
clear relationship between the normalised contact distance and the o-hole angle with respect to the different halogen bond
donors can be seen in Table 3.23. This follows the trend in polarisability of the halogen, with normalised contact distance
following the trend | < Br < Cl, and the o-hole angle following the trend | > Br > Cl. The variation in average o-hole
angle is very small, with the average o-hole angle of iodine contacts being only 6° larger than those involving chlorine.
There is very little directionality seen for any halogen bonding contacts to sp-hybridised nitrogen with respect to the
lone-pair angle, shown in Figure 3.24. Bromine and chlorine contacts to sp-hybridised nitrogen have an average lone-pair

angle of 136° ( 19° standard deviation) and iodine has an average lone-pair angle of 140°( 22° standard deviation).
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Figure 3.23: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Figure 3.24: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of
halogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Table 3.23: Summary of geometric characteristics of halogen bonding contacts to sp-hybridised nitrogen

Mean

Mean _ Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
X 1571 3.288 0.930 158 137
I 340 3.271 0.884 161 140
Br 455 3.270 0.929 159 136
Cl 776 3.305 0.950 155 136

3.6.2 Ch --- sp-Nitrogen Contacts

The chalcogen bonding contacts to sp-hybridised nitrogen shown in Section 3.5 are around twice as numerous compared
to halogen bonding contacts to sp-hybridised nitrogen.

When the contacts are subdivided by the identity of the chalcogen atom, as in Table 3.24, it can be seen that sulfur
contacts are by far the most numerous, then a notable number of selenium contacts, lastly a small number of tellurium
contacts. The distributions of o-hole angle against normalised contact distance in Figure 3.25 show that the "wedge"
shaped distribution has a greater spread in o-hole angle than compared to the analogous halogen bonding contacts (see
Figure 3.23).

The average geometric measurements in Table 3.24 show these contacts are on average longer and have o-hole angles
that deviate further from linearity than the analogous halogen bonding contacts to sp-hybridised nitrogen (see Table 3.23).
The average normalised contact distances in Table 3.24 reflect the polarisability of the chalcogen bond donor, following
the trend Te < Se < S. Selenium contacts have the o-hole angles nearest linearity, with an average o-hole angle of 163°
which is larger on average than any of the average o-hole angles involving halogen bonding contacts to sp-hybridised
nitrogen (see Table 3.23).

The distributions of lone-pair angle against normalised contact distance are shown in Figure 3.26, and shows little to no
overall directionality. Where the average lone-pair angles, listed in Table 3.24, show that although little directionality
can be seen with respect to the location of the lone-pair the average lone-pair angle gets larger for the more polarisable

chalcogens, following the trend Te > Se > S.
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Figure 3.25: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

chalcogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Figure 3.26: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of

chalcogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Table 3.24: Summary of geometric characteristics of chalcogen bonding contacts to sp-hybridised nitrogen

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Ch 2155 3.347 0.945 156 137
Te 18 3.327 0.912 156 148
Se 238 3.203 0.920 163 144
S 1899 3.365 0.948 155 136

3.5.3 Pn --- sp-Nitrogen Contacts

The pnictogen bonding contacts to sp-hybridised nitrogen, see Section 3.5, although few in number, show notable difference
in geometric characteristics with halogen or chalcogen bonding contacts to sp-hybridised nitrogen. Once again these
pnictogen contacts are few in number, meaning that one should account for likely selection bias when examining any
trends posited here, as they are likely not representative of the whole scope of pnictogen bonding, just those found in this
search.

The distributions of o-hole angle against normalised contact distance, shown in Figure 3.27, show that the majority of the
contacts, regardless of the pnictogen bond donor, have o-hole angles greater than 145°. Halogen and chalcogen bonding
contacts to sp-hybridised nitrogen show a very small proportion of those shorter than 0.8 normalised contact distance
(4.5% & 0.4%, respectively) (see Figure 3.23 & Figure 3.25). In contrast, pnictogen bonding contacts to sp-hybridised
nitrogen show a notable proportion of contacts ( 22%) that have normalised contact distances shorter than 0.8. The trend
in average normalised contact distance, shown in Table 3.25, somewhat reflects the polarisability of the pnictogen atom,
yet bismuth contacts are longer than antimony contacts on average, so the trend follows Sb < Bi < As < P.

The distributions of lone-pair angle against normalised contact distance in Figure 3.28 show some bias towards lone-pair
angles closer to linearity as the normalised contact distance gets shorter. The average values detailed in Table 3.25 shows
no notable trend with respect to the lone-pair angle and the identity of the pnictogen. Likewise, the average o-hole angle

varies little between the different pnictogen species, with arsenic contacts having the largest average o-hole angle of 166°.
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Figure 3.27: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

pnictogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Figure 3.28: Scatter plot showing the distribution of normalised contact distance with respect to the lone-pair angle of

pnictogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by donor
atom type.
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Table 3.25: Summary of geometric characteristics of pnictogen bonding contacts to sp-hybridised nitrogen

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Pn 41 3.260 0.871 162 140
Bi 8 3.374 0.803 164 132
Sb 6 3.134 0.759 161 147
As 10 2.993 0.845 166 154
P 17 3.409 0.958 160 132

3.5.4 Tt --- sp-Nitrogen Contacts

The tetrel bonding contacts to sp-hybridised nitrogen are somewhat similar to the pnictogen bonding contacts to sp-
hybridised nitrogen presented in Section 3.5.3. In the distribution of o-hole angle against the normalised contact distance,
shown in Figure 3.29, there are a notable proportion of contacts with a normalised contact distance shorter than 0.8
( 36%). The numbers of contacts in Section 3.5 shows that tetrel bonding contacts to sp-hybridised nitrogen over twice
as numerous as the corresponding pnictogen bonding contacts, making geometric trends more reliable.

Unlike the pnictogen bonding contacts to sp-hybridised nitrogen, the distributions of o-hole angle against normalised
contact distance, shown in Figure 3.29, has a much clearer bias towards o-hole angles near linearity. The majority of the
near linear contacts, with o-hole angles greater than 170° mainly involving tin and silicon tetrel bond donors. The silicon
contacts have an average o-hole angle shown in Table 3.26 of 171° but have a bimodal distribution of normalised contact
distances. The first population have normalised contact distances around 0.8 and the population have normalised contact
distances greater than 1.0. There are very few lead and germanium contacts, yet the latter makes up greatest number
of germanium contacts out of the three hybridisations of nitrogen. Comparable to the other contacts indicating a o-hole
interaction to sp-hybridised nitrogen, there is little directionality with respect to the lone-pair, as shown in the distribution

of lone-pair angles against normalised contact distance in Figure 3.30.
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Table 3.26: Summary of geometric characteristics of tetrel bonding contacts to sp-hybridised nitrogen

Mean

Mean _ Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Tt 106 3.466 0.883 167 141
Pb 4 3.252 0.763 149 119
Sn 26 3.266 0.800 163 148
Ge 11 3.447 0.873 160 153
Si 65 3.563 0.925 171 138
3.5.5 Prevalence of ;. --- sp-Nitrogen Contacts

The prevalence of crystal structures with the required donor and acceptor moieties forming o-hole interactions to sp-
hybridised nitrogen was examined in Table 3.27.

In comparison to the prevalence of o-hole interactions to sp?-hybridised nitrogen (see Table 3.16) there are far fewer
moiety containing structures and contacts indicating o-hole interactions. In comparison to o-hole interactions to sp3-
hybridised nitrogen (see Table 3.6), there are similar numbers of crystal structures containing the necessary moieties, but
o-hole contacts to sp-hybridised nitrogen have much greater prevalence than the contacts to sp>-hybridised nitrogen. The
prevalence of pnictogen and tetrel bonding contacts to sp-hybridised nitrogen in Table 3.27 is the highest out of the

pnictogen and tetrel bonding contacts to the other hybridisations of nitrogen.

Table 3.27: Overall summary of the prevalence of contacts indicating o-hole interactions to sp-hybridised nitrogen compared
to the number of unique crystal structures found in the CSD that contain the necessary moieties.

o-hole Interaction Type  Structures with Moieties ~ Structures with Contact(s) Prevalence

Halogen-bonding 5519 1032 18.70%
Chalcogen-bonding 3968 1157 29.16%
Pnictogen-bonding 236 29 12.29%

Tetrel-bonding 736 74 10.03%

The halogen bonding to sp-hybridised nitrogen motifs shown in Table 3.28 are the most numerous, with a prevalence
of 18.70%. The prevalence of each halogen species increases with the polarisability of the halogen halogen bond donor,
with the highest prevalence being that of iodine at 39.00%. The majority of both the total crystal structures and those
containing halogen bonding contacts involve chlorine, despite it having the lowest percentage prevalence.

Chalcogen bonding to sp-hybridised nitrogen has a greater prevalence than for halogen bonding to sp-hybridised nitrogen,
shown in Table 3.29, with an overall prevalence of 29.16%. Selenium and tellurium contacts have comparable prevalence,
with selenium contacts having greater prevalence by around 5%. The number of tellurium and sp-hybridised nitrogen
moiety containing structures is very small, with only 34 structures containing the required moieties. The vast majority

of chalcogen bonding contacts to sp-hybridised nitrogen and structures containing the required moieties involve sulfur.
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Sulfur chalcogen bonds to sp-hybridised nitrogen have a notable prevalence of 27.77%, which is nearly twice as prevalent
as the analogous chlorine halogen bonds to sp-hybridised nitrogen that shows a comparable number of crystal structures
containing the required moieties. This high prevalence of sulfur contacts within a large number of crystal structures

suggests that this is a synthetically accessible and well-utilised chalcogen bonding motif.

Table 3.28: Summary of the prevalence of halogen bonding contacts to sp-hybridised nitrogen compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

X 5519 1032 18.70 %
I 482 188 39.00 %
Br 1808 326 18.03 %
Cl 3378 521 15.42 %

Table 3.29: Summary of the prevalence of halogen bonding contacts to sp-hybridised nitrogen compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Ch 3968 1157 29.16 %
Te 34 13 38.24 %
Se 294 126 42.86 %
S 3691 1025 27.77 %

Pnictogen and tetrel bonding contacts to sp-hybridised nitrogen, shown in Table 3.30 and Table 3.31, respectively, have
the highest prevalence out of pnictogen and tetrel contacts to nitrogen. Pnictogen bonding shows an overall prevalence
of 12.29% and tetrel bonding shows an overall 10.03% prevalence.Phosphorus accounts for almost half of the pnictogen
bonding contacts, thus it only shows a prevalence of 6.86%. Likewise, silicon makes up the majority of the tetrel bonding
contacts, with a prevalence of 6.88%. A standout set of contacts are tin contacts to sp-hybridised nitrogen, with the
contacts being more numerous than the phosphorus pnictogen bonding contacts, but the tin contacts have a substantially
higher prevalence of 47.37%. High prevalences among a small number of crystal structures reinforces that these structures
likely proof-of-concept structures designed to showcase pnictogen and tetrel bonding. Out of the pnictogen and tetrel bond
donor containing crystal structures featuring nitrogen, those containing sp-hybridised nitrogen would seem to be the most
suitable to form o-hole interactions. This is likely due to the lack of steric bulk around a sp-hybridised nitrogen species,
which makes them ideal Lewis bases to approach and interact closely with a sterically crowded o-hole on a pnictogen or

a tetrel.
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Table 3.30: Summary of the prevalence of pnictogen bonding contacts to sp-hybridised nitrogen compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Pn 236 29 12.29 %
Bi 8 5 62.50 %
Sb 11 5 45.45 %
As 17 5 29.41 %
P 204 14 6.86 %

Table 3.31: Summary of the prevalence of tetrel bonding contacts to sp-hybridised nitrogen compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Motif ~ Structures with Contact(s) Prevalence

Tt 738 74 10.03 %
Pb 15 4 26.67 %
Sn 38 18 47.37 %
Ge 40 7 17.50 %
Si 654 45 6.88 %

3.5.6 Notable sp-Nitrogen Moieties

As mentioned at the beginning of Section 3.5, the vast majority of the sp-hybridised nitrogen o-hole acceptors in the CSD
are cyano groups, but some interesting trends can be observed when inspecting the element the cyano group is bonded to.
There are a small number of halogen bonding contacts to sp-hybridised nitrogen, where the cyano group is coordinated
to a metal centre, with the distribution of the o-hole angle against normalised contact distance for these contacts shown
in Figure 3.31. These contacts are among the shortest and have o-hole angles approaching linearity, suggesting that the
metal is making the cyano group a more effective o-hole acceptor. This could be explained by several possible effects, such
as the metal centre being anionic, or it could due to m back-donation from the metal causing more electron density to be
localised onto the cyano nitrogen#!. This same effect can be seen in chalcogen bonding contacts, shown in Figure 3.32,
but the contacts are longer and have o-hole angles that deviate markedly from linearity. These metal-coordinated cyanides

are not observed in close contact with pnictogen or tetrel bond donors however, suggesting a potential new area of study.
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Figure 3.31: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to cyano groups bound to metal centres found in crystal structures in the CSD. Points colour

coded by metal centre.
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Figure 3.32: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to cyano groups bound to metal centres found in crystal structures in the CSD. Points colour
coded by metal centre.

3.6 Trends in the o-hole Donor Atom

The trends seen in geometric characteristics of o-hole interactions to the three hybridisations of nitrogen have varied with
respect to the identity of the o-hole donor. Literature suggests that more polarisable o-hole donors more readily engage in

stronger o-hole interactions, due to electron-withdrawing groups being able to cause a greater charge anisotropy around
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the o-hole donor atom 142 This greater polarisability is often associated with larger atomic size, which will have an effect
on the donor atom's tendency to get into close proximity to a Lewis basic site.

Among the halogen bond donors, with the average geometric observables with respect to the three nitrogen hybridisations
listed in Table 3.2, Table 3.12, and Table 3.23; the shortness of the normalised contact distances reflect the polarisability
of the donors with iodine having the shortest contacts, bromine longer contacts, and chlorine having the longest contacts.
The closeness of the contacts is clearly linked to o-hole angles approaching linearity, with the shorter iodine contacts
having average o-hole angles between 161-171°, the bromine contacts having average o-hole angles between 157-162°,
and chlorine contacts having o-hole angles between 144-155°. There is a relationship seen between the o-hole donor and
the average lone-pair angles, but it is not as pronounced as the relationship with respect to the o-hole angle. This is
mainly seen in the halogen bonding contacts to sp?- and sp>-hybridised nitrogen, with the sp-hybridised nitrogen contacts
showing the same average lone-pair angles for bromine and chlorine contacts, with only iodine contacts showing larger
lone-pair angles.

An interesting comparison can be made to the so-called Rr values of Robin Taylor, which is the ratio of an interatomic
contacts observed frequency of occurrence compared to the frequency expected at random (eg. determined solely by

atomic exposed surface area)®3.

This values give an indicator of the likelihood of a noncovalent interaction having
a significant impact on crystal packing, with an Rg value of 1 meaning the interactions happen by chance, Rp > 1
indicating a significant attractive interaction, and Rr < 1 being repulsive. The Rp value of the C-I --- N interaction
is 6.5, which is comparable to typical strong hydrogen bonding motifs, the Rp for C—Br --- N is much lower at 1.8,
and the Rp for C—Cl --- N is 0.9 which is slightly repulsive. This supports the findings in this chapter that iodine and
bromine contacts with different hybridisations of nitrogen are significantly strong halogen bonds, whereas chlorine is most
likely not forming significant halogen bonds. The only Cl --- N mofif with an Rr value > 1 is NoC-Cl --- N with an
Rp of 1.5, this donor moiety corresponds to chlorine on sp? carbon bound to two nitrogen atoms, eg. 2-position of
imidazole. This shows that there are circumstances where Cl --- N motifs can be significantly strong halogen bonds, but
require donor electron-withdrawing groups containing nitrogen, eliciting a greater charge anisotropy. Although no larger
chalcogens, pnictogens, or any tetrels are referred to in Taylor's work, there are a number of Ry values reported for sulfur
and phosphorus. The only interactions of sulfur and phosphorus with nitrogen involve sulfur in an electron withdrawing
environment such as thiazole or isothiazole, and three-coordinate phosphorus. The Rp value for S --- N is 1.2 which is
still very low, and the R value of P --- N is 0.4 so would be considered a repulsive interaction. These low Rp values
for the smaller o-hole donors and their apparent weak o-hole interactions are reflected in the distributions of normalised
contact distance against both o-hole angle and lone-pair angle within this chapter, as they show little to no directionality
and very few close contacts.

In terms of the numbers of contacts, there are always more chlorine contacts than bromine contacts, yet the number of
iodine contacts differs with the hybridisation of the nitrogen, with there being fewer contacts than bromine contacts to sp-

hybridised nitrogen, yet more iodine contacts than bromine or chlorine contacts to sp>- and sp>-hybridised nitrogen.This
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suggests that there is widespread utilisation of iodine motifs with sp?- and sp3-hybridised nitrogen to exploit halogen

144-146  Thjs is supported by the prevalence of iodine contacts to nitrogen being markedly

bonding in crystal structures
greater than the prevalences of bromine and chlorine contacts, with bromine contacts being only slightly more prevalent
than chlorine contacts.

Among the chalcogen bond donors, with the average geometric observables with respect to the three nitrogen hybridisations
listed in Table 3.3, Table 3.13, and Table 3.24; there are significant differences in the chalcogen bonding contact’s geometric
characteristics than seen with the halogen bonding contacts. While much less commonly occuring than sulfur contacts,
there are still a notable amount of selenium and tellurium contacts involving sp- and sp?-hybridised nitrogen, but very few
involving sp3-hybridised nitrogen. The closeness of the normalised contact distances follows the trend in polarisability of
the chalcogen, with tellurium contacts being the shortest, closely followed by selenium contacts, and then sulfur contacts
being considerably longer on average. Selenium and tellurium contacts to nitrogen have very similar average o-hole angles,
around 155-160°, with selenium contacts being having slightly larger o-hole angles on average, and sulfur contacts average
o-hole angle deviating further from linearity with a range between 147-155°. The average lone-pair angles for each nitrogen
hybridisation is linked with increasing polarisability of the chalcogen atom, with tellurium contacts generally having largest
lone-pair angles on average. The similarity between selenium and tellurium contacts involving nitrogen is also seen in the
prevalences, detailed in Table 3.8, Table 3.18, and Table 3.29, of these interactions occurring in structures containing
the required moieties. The prevalences of tellurium and selenium contacts with sp3-hybridised and sp-hybridised nitrogen
are fairly consistent, with tellurium contacts only being substantially more prevalent with sp?-hybridised nitrogen. It is
important to note that tellurium chemistry is generally much less common than selenium chemistry, shown in there being
far fewer crystal structures containing tellurium bonding moieties.

Pnictogen and tetrel bonding contacts to nitrogen are much rarer than the analogous halogen and chalcogen bonding
contacts. This makes the averages of the geometric observables of these contacts less reliable to compare. The most
numerous pnictogen and tetrel bonding contacts for a single element involve phosphorus and silicon, the lightest of the
pnictogen and tetrel bond donors. Pnictogens and tetrels of the fifth period, antimony and tin respectively, generally have

much shorter normalised contact distances and a greater tendency towards larger o-hole angles.

3.6.1 Effect of Donor Electron-Withdrawing Group

So as not to neglect the nature of the o-hole donor in this analysis, the substituents covalently bonded to the o-hole
donors that cause the charge anisotropy needed to create the o-hole were recorded. The electron-withdrawing group is
defined in this work as the substituent on the o-hole donor that contains the potential o-hole angle nearest linearity, an

example is shown in Figure 3.33.
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Figure 3.33: The location of the electron-withdrawing group (EWG) forming the o-hole on a halogen bond donor (left),
and a tetrel bond donor (right)

Nitrogen can play a different role in o-hole interactions, other than as an acceptor, in being a strongly electron-withdrawing
group capable of eliciting a strongly positive o-hole. As shown in Figure 3.34, using the halogen bonding contacts to
sp?-hybridised nitrogen as an example, all of the contacts below 0.7 normalised contact distance have o-hole donors that
are either dihalogens or have a nitrogen covalently bonded to the halogen o-hole donor.

Similar distributions are seen in plots for chalcogen bonding contacts, which can be explained by the chalcazole chalcogen
bond donor motif discussed in Section 3.4.6, with the distributions of o-hole angle against normalised contact distance

colour-coded by electron-withdrawing group for other o-hole donors and other nitrogen hybridisations included in Ap-

pendix A.2.
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Figure 3.34: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp?-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element

For halogen bonding contacts presented in Figure 3.34, an archetypal class of halogen bond donor that utilises a nitrogen
as an electron-withdrawing substituent are N-halosuccinamides. The halogen-bonded complex of N-iodosuccinamide with

pyridine (CSD refcode OGIWOS) is shown in Figure 3.35147.
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OGIWOS was part of an investigation by Espinosa et al. on the distinction between cocrystals and salts in crystalline
halogen bonded systems!#”. The halogen bond donor species used are N-iodosuccinamide and N-iodosaccarin, which are
complexed with pyridine and substituted pyridines.

This change in bonding model can be expressed in the form N—I--- N for the cocrystal or "close-to-neutral" structure, and
[N]= --- [I-N]* for the salt or "close-to-ionic" structure. This study offers insight into the halogen bonding continuum
which draws parallels to hydrogen bonding. The "extreme" of hydrogen bonding results in protonation of the hydrogen
bond acceptor, and analogously with this "extreme" of halogen bonding it results in the transfer of I* to the pyridine Lewis
base, both of which result in an ionic mode of bonding.

In this study the N-iodosuccinamide complexes were determined to be "close-to-neutral" structures, whereas the complex
of N-iodosaccharin and 4-(dimethylamino)pyridine (see CSD refcode KUWHUH, shown in Figure 3.36) was determined
to be "close-to-ionic". This is supported by theoretical calculations and topological analysis of the electron density
distribution indicating notable charge transfer between the N-iodosaccharin and 4-(dimethylamino)pyridine moieties. The
iodine --- nitrogen distance in OGIWOS is 2.430 A (0.657 normalised contact distance), whereas in KUWHUH the
analogous distance is 2.228 A (0.602 if treated like a normalised contact distance). This is interesting as it shows, from
an interatomic separation perspective, how little difference there is between these two modes of bonding, with a change of

0.202 A (0.055 normalised contact distance) meaning a change from a "close-to-neutral" categorisation to "close-to-ionic".

r

/\k//\ -

Figure 3.35: An example of a crystal structure with a halogen bonding contact involving a N-iodosuccinamide as an
halogen bond donor and pyridine as a halogen bond acceptor. CSD refcode: OGIWOS
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Figure 3.36: An example of a crystal structure involving a N-halosaccharin molecule that forms a salt, rather than a
halogen bonded cocrystal with 4-(dimethylamino)pyridine. CSD refcode: KUWHUH

The majority of the o-hole donors have a carbon-based substituent that is acting as an electron-withdrawing group.
Although carbon is not an inherently electron-withdrawing element, the substituents on the carbon or the bonding envi-
ronment of the carbon can result in an electron-withdrawing effect on the o-hole donor atom. Although not resulting in
contacts as short as those involving nitrogen- or halogen-based electron-withdrawing groups, there are clear trends to be
seen with respect to the hybridisation of the carbon.

To illustrate this, Figure 3.37 shows that increased s-character of the carbon results in a distribution of o-hole angles that
are close to linearity and have normalised contact distances shorter than 0.85. This suggests that an sp-hybridised carbon
EWG creates a stronger o-hole, but it is a smaller number of contacts compared to those involving sp?- and sp®-hybridised
carbon. This is likely to be due to the increased inductive effect of conjugation, where more of the electron density of the
moiety is located in the 7 systems of the sp- and sp?-hybridised species, thus causing a greater anisotropy on the o-hole
donor.

This is supported by computational studies involving halogen bonding, with the magnitude of the o-hole increasing
with carbon electron-withdrawing group hydridisation in the order C,s<C,,2<Cg;,, and with studies involving hydrogen
bonding following the same trend1#814%  Contacts involving sp?-hybridised and sp3-hybridised carbon EWGs show similar

directionality but those involving sp?-hybridised EWGs are by far the most abundant. This is likely a reflection of the
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widespread use of halogenated benzenes as halogen bond donors due to their tunable nature®. See Appendix A.2 for the
effect of different carbon electron-withdrawing group hybridisations on the distributions of o-hole angle against normalised

contact distance for halogen bonding contacts to sp>- and sp-hybridised nitrogen.
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Figure 3.37: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp?-hybridised nitrogen showing how the distribution changes with halogen bond donors
containing a sp-hybridised carbon EWG (top), a sp*-hybridised carbon EWG (middle), and a sp3-hybridised carbon EWG
(bottom). Points colour coded by donor atom
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3.7 Summary

It is clear from the findings in this Chapter that nitrogen plays a crucial and pervasive role in forming o-hole interactions,
not just as a o-hole acceptor, but sometimes also in causing the charge anisotropy to create a o-hole when covalently
bonded to the o-hole donor. The hypothesised effects of varying the hybridisation of the nitrogen, detailed at the start of
the Chapter, were confirmed by the geometric trends in contact distance and directionality with respect to the o-hole and
the lone pair on the nitrogen. For those looking to exploit these o-hole interaction motifs involving nitrogen Lewis bases,
the main takeaways from this chapter are as follows.

Lewis bases that involve a sp3-hybridised nitrogen are capable of forming some of the strongest interactions with o-
hole donors, but are more suited as acceptors in halogen bonds than in other o-hole interactions. This is due to the
steric bulk of a trivalent nitrogen hindering the approach of o-hole donors with more than one substituent. This steric
effect can be minimised by using less sterically hindered Lewis bases such as DABCO or quinuclidine, where the cage-like
molecular structure holds the nitrogen substituents back, minimising steric interactions!>!. Nitrogen Lewis bases that are
sp?-hybridised have o-hole interactions comparable in closeness of contacts and directionality to analogous interactions
involving sp3-hybridised nitrogen, but are able to participate in a wide range of o-hole interactions owing to their planar
nature which reduces steric clashes. These Lewis bases are also readily synthetically accessible through established nitrogen
heterocycle chemistry and are consequently a widely utilised motif in these o-hole interacting systems. Although sp-
hybridised nitrogen Lewis bases would appear to display contacts that are relatively weak and less directional than those
involving the other hybridisations of nitrogen, they offer some unique advantages. Being sterically unencumbered makes
them ideal for interacting with sterically crowded o-holes such as those found on pnictogen or tetrel species. There is also
evidence of the strengthening impact of o-hole interactions with cyano groups when coordinated to a metal centre.
Nitrogen is also a very effective electron-withdrawing group when bonded to the sigma-hole donor atom, causing a o-hole
that is very strongly interacting. Functional groups have been used with this in mind, such as N-halosuccinamides and
chalcazoles. This electron-withdrawing nature can be so effective, however, that the o-hole interaction begins to move
beyond a noncovalent interactions towards something more covalent in nature.

The prevalence of o-hole contacts to nitrogen in crystal structures that contain the required moieties for o-hole interactions
provides further insight. The higher prevalence of halogen and chalcogen bonding suggests that these interactions have
moved beyond novel studies and proof-of-concept, and are actively being utilised in the creation of halogen and chalcogen

152 In contrast pnictogen and

bonded crystals. This assertion is supported by a recent review on o-hole interactions
tetrel bonding contacts are still uncommon, with low prevalence. This highlights the need for further experimental study
of pnictogen and tetrel bonding interactions, potentially focussing on sp-hybridised nitrogen Lewis bases as acceptor
moieties, to minimise unfavourable steric interactions. Given that metal coordination of cyano groups results in them
being a more effective o-hole acceptor, it poses the question of how this might effect other, differently hybridised nitrogen

species. These metal coordinates nitrogen Lewis bases present an interesting area of future study and represent an

under-represented motif in terms of o-hole interactions.
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Chapter 4

Oxygen as an Acceptor

4.1 Introduction to Oxygen Lewis Bases

Another key element capable of acting as an acceptor for o-hole interactions is oxygen, which possesses two lone pairs
in its saturated valence, allowing two potential acceptor sites for o-hole interactions. There are also a wide variety of
oxygen-containing functional groups, which will effect the nucleophilicity of the lone pairs, and their expected location as
predicted by orbital hybridisation theory. It is expected from work pertaining to hydrogen bonding to oxygen and nitrogen
systems, that oxygen will not be as effective a Lewis base in comparison to nitrogen, so the contacts should be generally
longer than those in the previous chapter!®3.

Once again comparison can be made to Robin Taylors R values, where for instance analogous Br/| contacts with N/O
are both tabulated*3. The Rp values of | --- O is 2.8, which is considerably lower than the | --- N motif (Rp = 5.4),
and Br -+ O has an Ry of 1.5 compared to a value of 1.8 for Br --- N. These lower Ry values for the halogen bonding
contacts to oxygen suggest they are generally weaker, less significant interactions within a crystal structure. This is also
seen in calculated interaction energies when oxygen and nitrogen are in competition as hydrogen bond acceptors®*. This
is likely due to oxygen being more electronegative than nitrogen, meaning its lone-pairs are less available for donation than
the single lone-pair on nitrogen.

In the literature there can be found a plethora of different cases where oxygen acts as an acceptor in noncovalent
interactions. This includes multiple different functional groups, such as carbonyl compounds, for which halogen bonding has
been utilised to activate the carbonyl in a Diels-Alder reaction®>. A similar approach has also been applied using tellurium

and selenium chalcogen bonds to activate carbonyls in the Michael addition reaction *%°.

Halogen bonding interactions
have been experimentally analysed via Raman and infrared spectroscopy between trifluoromethyl halides and dimethyl
ether, an example of a divalent oxygen species. Similar halogen bonding to ether and alcohol moieties have been used in
crystal engineering such as in the co-crystals of o-vanillin and diiodotetrafluorobenzenes!®”. Zhao et al. has developed a

methodology for activating of benzylic and allylic ethers via Se- - - O and Se- - - w chalcogen bonding interactions. Aromatic
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N-oxides prove to be an important acceptor for halogen bonds, with several works involving pyridine-N-oxide and strong
halogen bond donors!®®1%°  As many oxide species tend to be anionic, they have been utilised in explorations of o-hole

42

interactions for use in anion recognitions? Little work exists with regards to halogen bonding interactions to metal

carbonyls, but more comprehensive studies exist showcasing hydrogen bonding to metal carbonyls60161141

In contrast to nitrogen Lewis bases, oxygen Lewis bases have a much larger diversity of named functional groups. This
means that much more granular trends can be analysed with respect to the acceptor moiety, such as the trends vast range
of different carbonyl functional groups that exist, or the many forms of oxide ions. Given the many subdivisions that can

be made in the analysis of o-hole interactions to oxygen Lewis bases, the content of this chapter is more exploratory than

the analysis with respect to nitrogen Lewis bases.

4.2 CSD Query Details

For efficiency in designing queries and post-processing of data using Python code, these oxygen Lewis bases were split up
into pseudo-functional groups; organic carbonyls, divalent oxygen, oxides, and metal carbonyls, which includes terminal,
di- and tri-bridging carbonyls. These can be further subdivided by grouping identities of substituent R-groups that are not
conserved in the query, for example the two R-groups either side of the carbonyl carbon. To get complete specificity of
all oxygen functional groups would require a query and associated code routine for every functional group, which as the
reader will notice later in this chapter, would lead to a very sizeable codebase. This leads to some problematic imperfect
divisions, such as an ether oxygen and the non-carbonyl oxygen of an ester or an anhydride being both retrieved by the
divalent oxygen query. This also provides challenges in studying the directionality with respect to the lone pairs difficult if
these lone pairs are predicted to be out of the plane of the functional group, like in dimethyl ether for instance. Through

the use of angles defined between the plane of the functional group, and the plane through the donor R-D )

onote "
contact, this directionality can be explored in multiple dimensions.

The o-hole donor moieties detailed in Figure 2.1 from Section 2.1.1 are combined with the various acceptor moieties shown
in Figure 4.1 to form the query files used to complete these searches, with contact distance d.oniact defined between the
D, donor atom (X/Ch/Pn/Tt) and the oxygen atom. The resulting 24 queries cover halogen, chalcogen, pnictogen, and
tetrel contacts to organic carbonyls, divalent oxygens, oxides, terminal metal carbonyls, di-metal bridging carbonyls, and
tri-metal bridging carbonyls.

This has led to the adoption of different descriptions for the directionality with respect to the lone-pair(s), which varies
based on the different pseudo-functional groups used in these queries. These lone-pair angles are not constrained but are
used as an exploratory measurement,but in many cases are expected to be around 120° following orbital hybridisation rules.
For the divalent oxygen species (R-O-R) there needs to be two angles defined, relative to each of the two substituents,
which are both analysed. For the organic carbonyl and divalent oxygen species, one can investigate the approach of the
o-hole donor relative to the plane of the oxygen-containing moiety by the use of a so-called "plane angle".

The interplanar "plane angle", defined in Figure 4.2, is measured between the "contact plane" and the "acceptor plane".
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The "contact plane" is defined by the donor atom, the oxygen atom, and either the carbon of the carbonyl group or a
centroid between the two R groups of the divalent moiety, and the "acceptor plane" and goes through the oxygen atom
and both R groups on the acceptor component of the query. This angular measurement is used alongside the lone-pair
angle(s) to probe whether the approach of a o-hole donor is close to coplanarity or orthogonality to the acceptor moiety.
Different bond types can be defined between two atoms within the CSD, these include: single, double, triple, quadruple,
aromatic, polymeric, delocalised, and 7. The bonds drawn in the below figure are only a representation, with several of
the bonds present in the acceptor part of the queries having variable bond typing. The bonds in the figure that differ from
the illustration are the two R-O-R bonds in the divalent oxygen query, which have possible bond types of single, double
and delocalised; the oxide O-R bond can be of any type. For metal carbonyls the C-M bonds can be of any type, and the
typing of the carbonyl in the terminal and di-bridging carbonyls can be doubly or triply bonded, while in the tri-bridging

queries it can be singly, doubly , or triply bonded.

Figure 4.1: A representation of the various lone-pair angle measurements for the oxygen functional group components of
the CSD search queries. R =H, C, N, O, Si, P, S, F, Cl, Br, |, Se, Te, B. R" = N, Ch, Tt, Pn, X, M. Ch = Chalcogen,
Pn = Pnictogen, Tt = Tetrel, X = Halogen, M = Metal. Bond typing (eg. bond order) in the queries are allowed to be
variable and should not be taken as limited to those shown, the figure is intended to convey the idealised functional group.
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Figure 4.2: A representation of the two planes used to calculate the plane angle of the contact. The blue plane is the
contact plane, which goes through the o-hole donor atom, the oxygen atom, and either the carbon of the carbonyl group
or a centroid between the two R groups of the divalent moiety. The red plane is the "acceptor plane" and goes through
the oxygen atom and both R groups on the acceptor component of the query.

4.3 Organic Carbonyls

As to be expected, the number of contacts indicative of o-hole interactions involving organic carbonyls is very large owing
to their widespread use in organic chemistry. To hypothesise on the effects of different carbonyl substituents on the
Lewis basicity of the carbonyl, we look to the work of Laurence and co-workers, which involves the formation of Lewis
acid-base adducts involving various carbonyl compounds as the Lewis base and |, acting as the Lewis acid'53. This is most
fortuitous, as this work is older than the definitions of halogen bonding or the o-hole model itself, yet shows clear structural
relationships for a range of halogen bonding systems. Laurence concludes that inductively withdrawing substituents on
the carbonyl stabilises the lone pair, and m-donation causes the oxygen lone pair orbital to be less tightly bound. Laurence
goes on to show that the least basic carbonyls were those substituted by halogens and that any m-donation of alkoxy or
phenyl groups is overcome by their inductive effects, meaning these carbon and oxygen containing carbonyls follow the
sequence in Lewis basicity ketones > esters and MeCOMe > PhCOMe > PhCOPh. The importance of w-donation is
shown in the most Lewis basic of the carbonyl systems, these being amides and ureas in the sequence in Lewis basicity
DEA (diethylacetamide) > TMU (tetramethylurea) > DMA (dimethylacetamide) > DMF(dimethylformamide) > DMBz
(dimethylbenzamide) > TEU (tetraethylurea).

The lone-pair angles for these acceptor moieties are expected to favour an angle of around 120°, in the plane of the
carbonyl, as predicted by sp>-hybridisation. This lone-pair angle is also expected to be coplanar with the carbonyl moiety,
so plane angles (Figure 4.2) near 0° or 180° are anticipated. An overall summary of the geometric observables of contacts

indicative of o-hole interactions to organic carbonyl oxygen moieties is tabulated in Table 4.1.
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Table 4.1: Overall geometric summary of the contacts indicating o-hole interactions to organic carbonyl oxygen moieties

Mean

o-hole No Normalised Mean Mean . Mean
Interaction Type Conta.cts Contact o-hole Lone-Pair Plane
) Angle/ ° Angle/ ° Angle/°
Distance
Halogen-bonding 10823 0.969 155 124 48
Chalcogen-bonding 5497 0.977 154 125 48
Pnictogen-bonding 97 0.920 160 129 49
Tetrel-bonding 325 0.915 162 134 51

4.3.1 X --- Organic Carbonyl Contacts

Out of the contacts summarised in Table 4.1, halogen bonding contacts are the most numerous, with a greater number
than chalcogen, pnictogen, and tetrel bonding contacts to organic carbonyl moieties combined. The distribution of o-
hole angles against normalised contact distance for halogen bonding contacts to organic carbonyl moieties, presented in
Figure 4.3, shows the characteristic "wedge" shape as seen with the contacts presented in Chapter 3. Very few of these
contacts are shorter than 0.8 normalised contact distance and they comprise nearly entirely of iodine contacts.

As shown in the mean averaged geometric measurements shown in Table 4.2, the normalised contact distance decreases
with the more polarisable halogen bond donor atom, following the trend | < Br < Cl. On a similar note the average o-hole
angle increases with the more polarisable halogen bond donor atom, following the trend | > Br > CI. This trend is also
seen with the lone-pair angle, with chlorine contacts having average lone-pair angles the closest to the expected 120°, the
average angles get larger going from chlorine to bromine to iodine.

The distribution of lone-pair angles against normalised contact distance for halogen bonding contacts to organic carbonyl
moieties, shown in Figure 4.4, and the distribution of plane angle against normalised contact distance, see Figure 4.5 were
examined to analyse the directionality of the contact with respect to the lone-pair. One the clear preference for the closest
contacts to adopt lone-pair angles of around 120°, and then a small number of contacts adopting plane angles nearer 0°,

suggesting a coplanar approach from donor and acceptor moieties.
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Figure 4.3: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor atom
type
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Figure 4.4: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
halogen bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor atom
type
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Figure 4.5: Scatter plots showing the distribution of normalised contact distance with respect to the plane angle angle of
halogen bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor atom
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Table 4.2: Summary of geometric characteristics of halogen bonding contacts to organic carbonyl oxygen

Mean Mean Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair Mean o
Distance/ A C.ontact o-hole Angle/ Angle/ ° Plane Angle/
Distance
X 10823 3.252 0.969 155 124 48
I 1287 3.208 0.906 163 131 42
Br 3631 3.253 0.968 157 125 46
Cl 5905 3.261 0.982 152 121 50

By examining the combinations of R-groups either side of the carbonyl carbon Ry C(=0)R5, a plethora of subdivisions can
be made. This includes some more unusual compounds that would be impractical to consider separately, so for brevity only
the following nine classes of carbonyls will be examined; ketones(R1,Ry = C, C), aldehydes(R;,Ry = C, H), amides(R,Rz
= C, N), carboxyls(R1,Ry = C, O), ureas(R;,Ra = N, N), carbamates(R;,Ry = O, N), formamides(R;,Ra = N, H),
thioesters(Ry,Ry = C, S), and acid chlorides(R;,Ry = C, Cl). These subdivisons make up around 99% of the organic
carbonyl contacts and the distributions of o-hole angle against normalised contact distance of each subdivision is shown
in Figure 4.6.

The most numerous of the carbonyl classes are carboxyls, amides, and ketones, with 3866, 3098, and 2644 contacts
respectively, which is to be expected given how ubiquitous these functional groups are in organic chemistry. From visual
inspection of these plots, in combination with the mean averages of the geometric measurements listed in Table 4.3, it
can be seen that the distributions of these contacts are very similar to one another, suggesting that the carbonyl oxygen's

ability as a o-hole acceptor is fairly insensitive to the substituents on the carbonyl.
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The contacts with the shortest normalised contact distance, largest o-hole angles, and largest lone-pair angles involve
amides as the halogen bond acceptor. These contacts, along with those involving ureas and formamides show that
incorporating a nitrogen into the carbonyl group does slightly enhance the carbonyl oxygen's ability to act as a o-hole

acceptor, as shown in the work of Laurence!®3

. Interestingly, aldehydes seem to show a narrower spread to its "wedge"
distribution, being fairly comparable qualitatively to the o-hole angle directionality plot of the contacts to urea. It can be
seen in the contacts to acid chlorides that there is a deactivating effect on the Lewis basicity of the carbonyl oxygen caused
by the chlorine. This is likely due to chlorine being an electron withdrawing substituent and thus will remove electron

density from the carbonyl system, resulting in less available lone-pairs on the oxygen. This structure-basicity relationship

is also remarked upon in the work of Laurence and coworkers 3.

Table 4.3: Summary of geometric characteristics of halogen bonding contacts to different organic carbonyl functional
groups

Mean Mear.1 Mean
Functional Group  Contacts Contact Normalised h IMZanI o Lone-Pair PI M;anl o
Distance/ A Cf)ntact o-hole Angle/ Angle/ ° ane Angle/
Distance

Organic Carbonyls 10823 3.252 0.969 155 124 48
Ketone 2644 3.260 0.972 155 125 45
Aldehyde 286 3.223 0.951 159 123 31
Amide 3098 3.237 0.965 156 123 49
Carboxyl 3866 3.264 0.972 155 124 49
Urea 388 3.218 0.959 156 121 53
Carbamate 319 3.279 0.976 153 122 58
Formamide 87 3.214 0.949 156 113 47
Thioester 35 3.228 0.960 157 124 43
Acid Chloride 26 3.290 0.987 152 125 28
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Figure 4.6: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of halogen bonding contacts to various subdivisiosn

of organic carbonyls found in crystal structures in the CSD. Points colour coded by donor atom type



4.3.2 Ch --- Organic Carbonyl Contacts

Moving on to chalcogen bonding contacts to organic carbonyls, some similarities can be seen with chalcogen bonding
contacts to nitrogen Lewis bases. In comparison to the other contacts indicative of g-hole interactions to organic carbonyl
moieties shown in Table 4.1, chalcogen bonding contacts are the second most numerous, with around half as many as
halogen bonding contacts.

From the averaged geometric measurements listed in Table 4.4, show that sulfur contains by far the most contacts, making
up around 94% of the contacts, with a much smaller number of selenium and tellurium contacts. The average normalised
contact distances get smaller for more polarisable chalcogens, following the trend Te < Se < S. Selenium and tellurium
contacts have similar average o-hole angles, whereas sulfur contacts have smaller average o-hole angles. The average
lone-pair angle is very consistent between the three chalcogens, with tellurium having an average nearest the expected
value 120°. The average plane angles get larger as the polarisability of the chalcogen decreases, following the trend Te <
Se < S.

Looking to the distributions of o-hole angle against normalised contact distance, shown in Figure 4.7, selenium contacts
make up the majority of the closest contacts with o-hole angles nearest linearity. Tellurium contacts, which are much
rarer, are longer and favour o-hole angle nearer 160°. Sulfur, which dominates the chalcogen bonding contacts, shows
notable directionality with respect to the o-hole angle, but a group that stands out are some of the closest of the chalcogen
bonding contacts to organic carbonyls. These very close sulfur contacts (<0.8 normalised contact distance) have a range
of o-hole angles between 140-160°. These structures correspond to chalcazole molecules containing a carbonyl functional
group, as discussed in Section 3.4.6, so the molecules are acting as both o-hole donors and acceptors which perturbs the
expected linear geometries of the contacts.

The distributions of lone-pair angle against normalised contact distance, shown in Figure 4.8, and the distribution of plane
angle against normalised contact distance, see Figure 4.9, show similar directionality as halogen bonding contacts with
respect to the lone-pair. The shortest contacts, especially those involving tellurium and selenium, show clear preference
towards lone-pair angles of around 120°. Interestingly, some of the very short sulfur contacts seem to deviate from this
directionality, and approach colinearly to the carbonyl C=0 bond, yet still having as close a contact as those that approach
from the expected angle of the lone-pair. The only slight difference to the distribution of plane angles for halogen bonding,

see Figure 4.5, is the shortest normalised contact distances have plane angles between 15-55°.
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Figure 4.7: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
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Figure 4.9: Scatter plots showing the distribution of normalised contact distance with respect to the plane angle angle
of chalcogen bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor

atom type
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Table 4.4: Summary of geometric characteristics of chalcogen bonding contacts to organic carbonyl oxygen

Mean

Mean ) Mean
Donor Contacts Contact Normalised h ll\/l;anl o Lone-Pair PI M;anl o
Distance/ A Contact o-hole Angle/ Angle/ © ane Angle/
Distance
Ch 5497 3.310 0.977 154 125 48
Te 40 3.214 0.921 161 122 40
Se 280 3.105 0.935 162 126 46
S 5177 3.321 0.980 154 125 48

When the chalcogen bonding contacts to organic carbonyls are broken down into those involving different carbonyl func-
tional groups, greater variation can be found than with halogen bonding contacts. There are an absence of any contacts
involving acid chlorides, but an increased abundance of contacts involving dithiocarbonates (Ry,Rs = S, S), carbamoth-
ioates (R1,R2 = N, S), and carbonothioates (Ry,R2 = O, S). These subdivisions are shown in Figure 4.10 and tabulated in
Table 4.5, showing some more distinct differences in the character of the interactions than those seen for halogen bonding.
Contacts involving tellurium are comparatively rare, and occur mainly with ketones and amides. Likewise, the selenium
contacts, although more abundant, mainly occur with ketones, amides, and carboxyls. This is likely a reflection of the
greater challenges associated with involved with selenium and tellurium chemistry, which includes issues with toxicity and
abundance 162163,

Some of the closest contacts with o-hole angles nearing linearity are selenium contacts to amides, and overall there is

definitely a trend of amides and other nitrogen substituted carbonyls being involved in closer contacts with larger o-hole

angles. Of note are the sulfur contacts to ketones, which are very short and less linear with respect to o-hole angle, which
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correspond to the chalcazole structures mentioned previously.

Table 4.5: Summary of geometric characteristics of chalcogen bonding contacts to different organic carbonyl functional
groups

Mean Mean Mean
Functional Group  Contacts Contact Normalised h lM;anI o Lone-Pair Pl M)zanl o
Distance/ A C.ontact o-hole Angle/ Angle/ °© ane Angle/
Distance

Organic Carbonyls 5470 3.309 0.977 154 125 48
Ketone 1180 3.284 0.969 153 127 45
Aldehyde 82 3.336 0.984 152 116 43
Amide 1574 3.308 0.977 154 127 50
Carboxyl 1710 3.322 0.981 156 125 50
Urea 130 3.329 0.983 157 119 57
Carbamate 72 3.396 1.002 150 120 61
Formamide 60 3.218 0.952 159 117 44
Thioester 296 3.314 0.978 152 125 45
Dithiocarbonate 190 3.341 0.986 149 122 38
Carbamothioate 147 3.316 0.978 153 123 43
Carbonothioate 29 3.198 0.943 161 122 29
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Figure 4.10: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of chalcogen bonding contacts to organic carbonyls
found in crystal structures in the CSD. Points colour coded by donor atom type



4.3.3 Pn --- Organic Carbonyl Contacts

Looking to the summary in Table 4.1, pnictogen bonding contacts to organic carbonyl oxygens are, far less abundant than
halogen and chalcogen bonding contacts. The mean averages of the geometric measurements of these contacts is listed in
Table 4.6, but the scarcity of contacts makes any averages less reliable for comparison. The shortest normalised contact
distances involve antimony contacts, with an average normalised contact distance of 0.769. Interestingly, the average
o-hole angles are fairly consistent, but phosphorus contacts have the largest average o-hole angle, despite the longest
average contacts.

The distribution of o-hole angle against normalised contact distance of pnictogen bonding contacts to organic carbonyl
moieties, shown in Figure 4.11, show some directionality of these contacts. There is a greater proportion of overall
pnictogen contacts to organic carbonyl moieties that have normalised contact distances less than 0.8, in comparison to
the analogous halogen and chalcogen bonding contacts (see Figure 4.3 & Figure 4.7).

The distribution of lone-pair angle against normalised contact distance of pnictogen bonding contacts to organic carbonyl
moieties, shown in Figure 4.12, shows a very clear bias towards lone-pair angles of 120° as the normalised contact distance
decreases. There are fewer contacts at longer normalised contact distances that have lone-pair angles approaching linearity,
unlike what is seen with halogen and chalcogen bonding (see Figure 4.4 & Figure 4.8). However there is little to no
directionality with respect to the plane angle, shown in Figure 4.13, with the contacts showing similar likelihoods of for

the full range of angles between coplanar and orthogonal.
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Figure 4.11: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
pnictogen bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor
atom type
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Table 4.6: Summary of geometric characteristics of pnictogen bonding contacts to organic carbonyl oxygen

Mean

Mean ) Mean
Donor Contacts Contact Normalised Mean o Lone-Pair Mean o
Distance/ A C.ontact o-hole Angle/ Angle/ ° Plane Angle/
Distance
Pn 97 3.266 0.920 160 129 49
Bi 7 3.275 0.811 149 131 37
Sb 23 3.055 0.769 159 130 47
As 16 3.297 0.975 155 129 45
P 51 3.350 0.985 163 128 52

Congruent with a scarcity of contacts involving pnictogen bonding to organic carbonyls, there is also a lack of carbonyl
functional group diversity within the contacts. Shown in the mean averages listed in Table 4.7 and the distributions of
o-hole angle against normalised contact distance Figure 4.14, the contacts are dominated by ketones, amides, carboxyls,
and ureas. The data is sparse, and not representative of the whole chemical space of the interactions, however, the majority
of the closer contacts involve ketone and carboxyl Lewis bases, rather than the nitrogen substituted amides and ureas. It is
worth noting that the contacts not plotted separately due to only having single numbers of contacts, namely; carbamate,

formamide, thioester, and dithiocarbonates, still show notable closeness of contact and directionality.

Table 4.7: Summary of geometric characteristics of pnictogen bonding contacts to different organic carbonyl functional

groups
Mean Mear.1 M Mean M
Functional Group  Contacts Contact Normalised hol Zanl o Lone-Pair Pl Xanl o
Distance/ A C.ontact o-hole Angle/ Angle/ °© ane Angle/
Distance

Organic Carbonyls 38 3.245 0.910 160 129 47
Ketone 13 3.099 0.835 164 129 51
Aldehyde 3 3.478 0.865 162 131 12
Amide 14 3.387 0.977 164 129 56
Carboxyl 39 3.214 0.908 157 129 43
Urea 13 3.270 0.933 158 132 52
Carbamate 2 3.493 1.027 168 122 85
Formamide 1 3.438 1.011 170 86 47
Thioester 1 2.873 0.711 147 151 7
Dithiocarbonate 2 3.156 0.795 150 140 50
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4.3.4 Tt --- Organic Carbonyl Contacts

As shown in Table 4.1, although not as abundant as halogen or chalcogen bonding, there is a larger number of contacts
involving tetrel bonding to organic carbonyls than seen with pnictogen bonding contacts.

Distributions of o-hole angle against normalised contact distance, shown in Figure 4.15, show a number of very short
contacts with o-hole angles approaching linearity. As seen with analogous pnictogen bonding contacts (see Figure 4.11),
a marked proportion of the contacts have normalised contact distances shorter than 0.8. There is a population of tin
contacts with very small normalised contact distances that have o-hole angles with a range between 170-180°, suggesting
a very strong tetrel bond.

Looking to the mean averages of the geometric measurements for tetrel bonding contacts to organic carbonyl moieties
listed in Table 4.8, the average normalised contact distance decreases as the size of the tetrel atom increases, following
the trend Pb < Sn < Ge < Si. Interestingly, the average o-hole angles decreases with the size of the tetrel atom, following
the trend Pb < Sn < Ge < Si. This is unusual as from the polarisabilities of tetrel atoms, see Table 1.4, tin is expected
to be the strongest tetrel bond donor atom. Germanium contacts are very rare, but silicon contacts show an interesting
characteristic of being rather long, with an average normalised contact distance of 1.008, yet have an average o-hole angle
of 167°.

Distributions of lone-pair angle against normalised contact distance, shown in Figure 4.16, show greater bias among the
closest tetrel bonding contacts to lone-pair angles nearer linearity, rather than the expected angle of 120° determined by
orbital hybridisation theory. The average tetrel bonding lone-pair angle in Table 4.8 is 134°. Distributions of plane angle
against normalised contact distance, displayed in Figure 4.17, shows no trends in short or long contacts with respect to

approach of the tetrel bond donor in or out of the plane of the carbonyl moiety.
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Figure 4.15: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
tetrel bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor atom
type
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Figure 4.16: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
tetrel bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor atom

type
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Figure 4.17: Scatter plots showing the distribution of normalised contact distance with respect to the plane angle angle
of tetrel bonding contacts to organic carbonyls found in crystal structures in the CSD. Points colour coded by donor atom
type

The most abundant and notable carbonyl functional groups are shown in Figure 4.18, which are ketones, amides, carboxyls,
ureas, carbamates, and dithiocarbonates. Listed in the mean averages of geometric observables of tetrel bonding contacts
for different carbonyl functional groups Table 4.9, the majority of the contacts involve carboxyl groups, and this is the
population containing the widest spread of o-hole angles, especially those involving lead. The geometric characteristics

of silicon contacts do not seem to vary notably with the changing of functional groups, remaining very long but linear
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with respect to the o-hole angle. Published reports involving the close contacts involving tin and lead, are predominantly
structure determination work, rather than as part of research into noncovalent interactions or any application, highlighting

that these interactions are not finding widespread use 64165166

Table 4.8: Summary of geometric characteristics of tetrel bonding contacts to organic carbonyl oxygen

Mean Mear\ Mean
Donor Contacts Contact Normalised h ll\/l;anl o Lone-Pair PI M}:anl o
Distance/ A Contact o-hole Angle/ Angle/ © ane Angle/
Distance
Tt 325 3.484 0.915 162 134 51
Pb 24 3.012 0.735 149 137 56
Sn 141 3.300 0.842 158 128 46
Ge 3 3.683 0.972 163 132 66
Si 157 3.719 1.008 167 139 55

Table 4.9: Summary of geometric characteristics of tetrel bonding contacts to different organic carbonyl functional groups

Mean

Mean ) Mean
Functional Group  Contacts Contact Normalised h lM;anI o Lone-Pair PI MZanl o
Distance/ A C.ontact o-hole Angle/ Angle/ ° ane Angle/
Distance

Organic Carbonyls 320 3.482 0.914 161 134 52
Ketone 53 3.627 0.974 167 144 53
Aldehyde 6 3.708 0.990 162 130 56
Amide 55 3.404 0.896 168 133 60
Carboxyl 159 3.470 0.899 158 127 50
Urea 18 3.475 0.937 165 140 60
Carbamate 11 3.692 0.996 158 155 43
Formamide 7 3.509 0.923 155 134 40
Thioester 2 3.190 0.814 161 148 42
Dithiocarbonate 8 2.864 0.738 162 160 30

97



Ketones

Amides
Si
180 180 e o
® 0 o e Ge .s N oo o
. ° e Sn °
170 . 170 k
e Pb
160 160 * o
o ° °
- - o
1] [
5 150 5 150 . °
c [} = L]
< . <
2 140 2 140
2 2
S S
130 130 °
120 120
110 110
0.6 0.7 0.8 0.9 1.0 0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance Normalised Contact Distance
Ureas Carbamates
180 Si 180
. e Ge
170 ° ° e Sn 170
e Pb
160 160
fo) fo)
o 150 5 150
c c o
< <
© 140 © 140
2 2
S S
130 130
120 120
110 110
0.6 0.7 0.8 0.9 1.0 0.6 0.7 0.8 0.9 1.0

Normalised Contact Distance Normalised Contact Distance

Figure 4.18: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of tetrel bonding contacts to organic carbonyls
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4.3.5 Prevalence of ;.. --- Organic Carbonyl Oxygen Contacts

The prevalence of o-hole interactions to organic carbonyls is detailed in Table 4.10. Crystal structures containing halogen
bond donor and organic carbonyl moieties are the most numerous, along with containing the most contacts, thus the
prevalence is 19.49%. Chalcogen bonding contacts have very similar prevalence, despite being less than half as numerous.
Comparatively, pnictogen and tetrel bonding are much less prevalent, with prevalences of 10.03% and 4.68%, respectively.
The prevalence of halogen and chalcogen bonding contacts, along with the close contacts with near-linear o-hole angles
shown in Figure 4.3 and Figure 4.7, suggests that these interactions are widely exploited in synthesis. In contrast, the low
prevalences of pnictogen and tetrel bonding contacts suggests that these interactions are more likely to be incidental or

proof-of-concept structures, rather than being deliberately used for a consistent application.

Table 4.10: Overall summary of the prevalence of contacts indicating o-hole interactions to organic carbonyl oxygens
compared to the number of unique crystal structures found in the CSD that contain the necessary moieties.

o-hole Interaction Type  Structures with Moieties ~ Structures with Contact(s) Prevalence

Halogen-bonding 43734 8518 19.48%
Chalcogen-bonding 17771 3682 21.73%
Pnictogen-bonding 648 65 10.03%

Tetrel-bonding 4508 211 4.68%

When examining the prevalence of halogen bonding contacts to organic carbonyl oxygens with respect to the different
halogen bond donor atoms, shown in Table 4.11, the prevalence of the contacts increases with the polarisability of the halo-
gen. There are considerably fewer structures containing iodine and organic carbonyl moieties than other halogen species,
with only 3266 structures, yet 30.74% of these structures contain one or more halogen bonding contacts. This suggests
that I--- O=CRy halogen bonding motifs are widely exploited when synthesising crystal structures. When separating the
prevalence of halogen bonding contacts to organic carbonyl oxygens into more specific functional groups, presented in
Table 4.12, shows fairly consistent prevalence between the most numerous carbonyl functional groups. The three moieties
that make up the majority of the interactions; ketones, carboxyls, and amides, the prevalence is very similar - around
16% for each of the groups. Contacts involving aldehydes have a slightly higher prevalence of 22.96%, which along with
the somewhat strong, directional contacts shown in Figure 4.6, suggests a potentially useful but somewhat underutilised
halogen bonding motif. The prevalence of the less commonly occuring functional groups is harder to interpret due to the

scarcity of data, making their comparison less reliable.
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Table 4.11: Summary of the prevalence of halogen bonding contacts to organic carbonyls compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

X 43734 8518 19.48%
| 3266 1004 30.74%
Br 15510 3030 19.54%
Cl 26385 4534 17.18%

Table 4.12: Summary of the prevalence of halogen bonding contacts to various carbonyl functional groups compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties  Structures with Contact(s) Prevalence

Organic Carbonyls 43734 8518 19.48%
Carboxyl 19283 3139 16.28%
Amide 15868 2532 15.96%
Ketone 12508 2083 16.65%
Urea 1936 317 16.37%
Carbamate 2190 271 12.37%
Aldehyde 932 214 22.96%
Formamide 503 62 12.33%
Dicarbonate 126 19 15.08%
Thioester 149 33 22.15%
Carbamothioate 80 13 16.25%
Formate 35 5 14.29%
Acid Chloride 28 16 57.14%
Dithiocarbonate 19 7 36.84%
Carbonothioate 10 0 N/A
Other 74 17 22.97%

When examining the prevalence of chalcogen bonding contacts to organic carbonyl oxygens with respect to the different
chalcogen bond donor atoms, shown in Table 4.13, the prevalence of the contacts increases with the polarisability of the
chalogen. In contrast to the halogen bonding prevalence in Table 4.13, the prevalence of tellurium contacts (41.33%) is
out of a very small pool of tellurium and organic carbonyl containing structures. Sulfur and selenium contacts have fairly
similar prevalences, yet the sulfur contacts make up around 94% of the contacts and around 95% of the moiety-containing
crystals.

The prevalence of sulfur contacts to organic carbonyls, along with the very close sulfur contacts to ketones in Figure 4.10,
suggests that this chalcogen bonding motif shows notable use in crystal engineering. Likewise, the prevalence of selenium

contacts to organic carbonyls, along with the close contacts to amides shown in Figure 4.10, suggests the use of this
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motif specifically for its chalcogen bonding ability. In terms of chalcogen bonding to different organic carbonyl functional
groups, see Table 4.14,there are some notably high prevalences among chalcogen bonding contacts with a non-negligible
number of contacts. Functional groups such as thioesters, carbamothioates, dithiocarbonates, and carbonothioates show
very high prevalence, and all contain sulfur as one of the substituents on the carbonyl. This suggests that these structures
may contain chalcogen bonding interactions where the sulfur bonded to the carbonyl carbon could be acting as a o-hole
donor.

Table 4.13: Summary of the prevalence of chalcogen bonding contacts to organic carbonyls compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Ch 17771 3862 21.73%
Te 75 31 41.33%
Se 801 192 23.97%
S 16946 3645 21.51%

Table 4.14: Summary of the prevalence of chalcogen bonding contacts to various carbonyl functional groups compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Organic Carbonyls 17771 3862 21.73%
Carboxyl 7444 1291 17.34%
Amide 6701 1213 18.10%
Ketone 4265 765 17.94%
Urea 758 108 14.25%
Thioester 348 156 44.83%
Carbamate 803 65 8.09%
Formamide 335 48 14.33%
Aldehyde 346 66 19.08%
Carbamothioate 161 01 56.52%
Dithiocarbonate 116 104 89.66%
Carbonothioate 21 20 05.24%
Dicarbonate 33 2 6.06%
Formate 6 1 16.67%
Acid Chloride 5 0 N/A
Other 23 19 82.61%

The prevalence of pnictogen bonds to organic carbonyl moieties, shown in Table 4.15, correspond to primarily phosphorus
contacts, which have prevalence lower than that of the overall pnictogen bond to organic carbonyl prevalence. The

phosphorus contacts in Figure 4.11 are also very long and have smaller o-hole angles. The closer contacts involving
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the heavier pnictogens such as antimony have much higher prevalence, yet the crystals containing the required moieties
are rare. In terms of functional groups, shown in Table 4.16, the divisions become even more sparse, highlighting the
comparative lack of study of pnictogen bonding interactions to organic carbonyls compared to halogen and chalcogen

bonding interactions with organic carbonyls.

Table 4.15: Summary of the prevalence of pnictogen bonding contacts to organic carbonyls compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Donor ~ Structures with Moieties  Structures with Contact(s) Prevalence

Pn 648 65 10.03%
Bi 13 5 38.46%
Sb 24 12 50.00%
As 43 9 20.93%
P 568 39 6.87%

Table 4.16: Summary of the prevalence of pnictogen bonding contacts to various carbonyl functional groups compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Organic Carbonyls 648 65 10.03%
Carboxyl 281 24 8.54%
Amide 171 11 6.43%
Ketone 08 8 8.16%
Urea 42 8 19.05%
Aldehyde 32 3 9.38%
Carbamate 20 1 5.00%
Formamide 9 1 11.11%
Dicarbonate 3 0 N/A
Thioester 2 1 50.00%
Dithiocarbonate 1 1 100.00%
Formate 2 0 N/A
Other 28 7 25.00%

The prevalence of tetrel bonding contacts to organic carbonyl moieties, shown in Table 4.17, reveals the disparity between
the prevalences of the different tetrel bond donor atoms. The majority of the contacts involve silicon, which has a very low
prevalence, suggesting its unlikely use in tetrel bonding motifs. Germanium contacts show even lower prevalence, with only
three structures containing Ge- - - C=CR3 contacts out of 125 moiety containing structures. Tin contacts show a notably
higher prevalence with the second most contacts, and lead contacts show a very high prevalence yet it is out of a very
small pool of lead and organic carbonyl containing structures. In terms of the tetrel bonding contacts to specific carbonyl

functional groups, shown in Table 4.18, there aren’t any notable functional groups that have a larger number of contacts
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that have high prevalence.

Table 4.17: Summary of the prevalence of tetrel bonding contacts to organic carbonyls compared to the number of unique
crystal structures found in the CSD that contain the necessary moieties

Donor ~ Structures with Moieties  Structures with Contact(s) Prevalence

Tt 4508 211 4.68%
Pb 23 15 65.22%
Sn 239 66 27.62%
Ge 125 3 2.40%
Si 4142 127 3.07%

Table 4.18: Summary of the prevalence of tetrel bonding contacts to various carbonyl functional groups compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Organic Carbonyls 4508 211 4.68%
Carboxyl 2046 80 3.91%
Ketone 1313 48 3.66%
Amide 1085 44 4.06%
Carbamate 446 11 2.47%
Urea 158 9 5.70%
Aldehyde 127 6 4.72%
Formamide 35 7 20.00%
Dicarbonate 37 2 5.41%
Thioester 17 2 11.76%
Dithiocarbonate 7 3 42.86%
Formate 8 0 N/A
Carbonothioate 3 0 N/A
Carbamothioate 7 1 14.29%
Other 18 1 5.56%

4.3.6 Notable Organic Carbonyl Moieties

During the data analysis of this chapter, some notable o-hole interactions motifs were noticed, some familiar and covered
in Chapter 3, and some new and interesting crystal structures.

In terms of halogen bonding structures, much remains the same, with N-iodosuccinimides which contain two carbonyls
as part of the five-membered ring, making up the shortest more linear contacts seen in the amide plot in Figure 4.6.
The closest contact in the carboxyl plot in in Figure 4.6 refers to CSD refcode NUZHIC, which involves halogen bonded

triazolium salts*®7. The closest formamide contact is the crystal structure determination of N,N-diiodoformamide from
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1974, which is interesting to see a strongly halogen bonding motif dating from long before the definition of halogen
bonding1%®. The very close yet off-linear chlorine contact seen in the ketone plot of Figure 4.6 is a coincidental close
contact due to the packing of the crystal structure in CSD refcode NAFBUR and the associated interactions, there is
another longer halogen bonding contact that matches the o-hole criteria better®. Figures depicting these two contacts
found in NAFBUR are included in Figure B.1.

For chalcogen bonding motifs, the very close yet off-linear contacts involving sulfur are a set of contacts corresponding
to three structures with CSD refcodes; EPIVEF, FIDYUP, and LILRIJY7®172 The structures involve bisdithiazolyl
molecules and exhibit interesting properties, such as semiconductivity and antiferromagnetism. As this bisdithiazolyl is a
chalcazole-like derivative, there is a competing chalcogen bond interaction involving the nitrogen in the heterocycle, which
distorts the linearity of both interactions, but results in a very close set of contacts. This is highlighted in Figure 4.19,

which shows the molecular configuration of FIDYUP.

N\

\

Figure 4.19: An example of a crystal structure with a chalcogen bonding contact involving a bisdithiazolyl molecule as an
chalcogen bond donor and acceptor. CSD refcode: FIDYUP

Interestingly, similar chalcazole like motifs are seen involving selenium, which make up the close contacts with o-hole angles
near 180° in the amide plot of Figure 4.10. These correspond to isoselenazolone-based structures, which are analogues
of an organoselenium drug used for its anti-inflammatory, anti-oxidant, and cytoprotective effects distributed under the
generic name Ebselen'”3. These chalcazole contacts likely have o-hole angles closer to linearity than seen in the chalcazole
contacts mentioned in Section 3.4.6 due to the nitrogen in the heterocycle not having an available lone-pair!™. An

example of an Ebselen analogue is illustrated in Figure 4.20 which corresponds to CSD refcode EDIHEF.
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Figure 4.20: An example of a crystal structure with a chalcogen bonding contact involving an Ebselen analogue as an
chalcogen bond donor and acceptor. CSD refcode: EDIHEF

The majority of the close pnictogen bonding structures involve antimony trifluoride, also known as Swart's reagent. This
compound has use in inorganic and organofluorine chemistry as a fluorinating agent. The crystals involving complexes

between SbF; and carbonyl compounds are mostly structure determination papers, an example is shown in Figure 4.21 of

UREAAF 7,

Figure 4.21: An example of a crystal structure with a pnictogen bonding contact involving SbF3 as an pnictogen bond
donor and urea as an acceptor. CSD refcode: UREAAF

Some of very close, tetrel bonding contacts with o-hole angles near linearity involve organotin(IV) complexes, which are
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of interest for their anti-tumour activity along with other potential uses in various fields of chemistry7®. These feature a

tin ester or thioester and an imide component, which is highlighted in Figure 4.22, showing CSD refcode AGEPOS "7,

|

TN\

Figure 4.22: An example of a crystal structure with a tetrel bonding contact involving a tin thioester structure as an tetrel
bond donor. CSD refcode: AGEPQOS

4.4 Divalent Oxygen

Given the breadth of functional groups this subdivision encompasses, it only seems appropriate to refer to the group of
o-hole acceptors (R-O-R) as divalent oxygens. These groups, of the form R; ORs, covers not just sp3-hybridised species
such as water or alcohols, but also sp?-hybridised species such as furans. These can be distinguished from sp3-hybridised
ethers by examining the valency of the R; and R, groups either side of the ether, to distinguish further. The Ry OR; query
where Ry, R, = C can be divided into imperfect subdivisions based on the hybridisation of each of the carbon atoms,
with ethers being both sp3-hybridised and furans being both sp?-hybridised. This is imperfect due to the small number of
anhydrides such as phthalic anhydride, being present in the furan subdivision due to meeting the hybridisation criteria, but
there is a very small number of crystal structures containing anhydrides, let alone those involving o-hole interactions. The
ethers with mixed hybridisation, dubbed the "Mixed Ether/Ester" grouping, proves to be more problematic, as it contains
both ester oxygens and aromatic systems with an alkoxy functional group such as alkyl phenyl ethers, along with a likely
plethora of less common functional groups that have differing hydrisations around an ether moiety.

To hypothesise possible trends in the effectiveness of these divalent oxygen moieties to accept o-hole interactions, we look
to the work of Rauk et al. which is an ab initio study of the proton and BFj affinities of oxygen containing compounds®8.
The work of Rauk also involves carbonyl compounds so it offers an interesting comparison with the previous section. This,

along with the studies of Ventura and co-workers, suggests that water, alcohols, and sp3-hybridised ethers are less effective
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Lewis bases than carbonyl compounds'™. The work of Rauk suggests that ring strain can make ethers more Lewis basic,
yet furan is a much less effective Lewis base, likely due to the delocalisation of the aromatic system.
An overall summary of the geometric observables of contacts indicative of o-hole interactions to divalent oxygen moieties

is tabulated in Table 4.19.

Table 4.19: Overall geometric summary of the contacts indicating o-hole interactions to divalent oxygen moieties

hol Mear.1 Mean Mean Mean Mean
Inter;:-tigneType Colr\lltoa'cts Ng;mn::(:sted o-hole Lone-Pair Lone-Pair Plane
) Angle/ ° Angle A/ ° Angle B/ ° Angle/°
Distance
Halogen-bonding 10006 0.990 149 106 110 58
Chalcogen-bonding 3821 0.998 149 104 107 56
Pnictogen-bonding 185 0.926 153 108 105 59
Tetrel-bonding 252 0.976 152 95 102 50

44.1 X --- Divalent Oxygen Contacts

Out of the contacts summarised in Table 4.19, halogen bonding contacts are the most numerous, with a greater number
than chalcogen, pnictogen, and tetrel bonding contacts to organic carbonyl moieties combined.

The distribution of o-hole angles against normalised contact distance for halogen bonding contacts to organic carbonyl
moieties, presented in Figure 4.23, shows the characteristic "wedge" shape, albeit with a broader spread than seen with
halogen bonding contacts to organic carbonyls (see Figure 4.3). There can be seen an incongruous collected of contacts
that are shorter than 0.8 normalised contact distance and they comprise nearly entirely of iodine contacts. This cluster
of iodine contacts around 0.7 normalised contact distance,which correspond to a high-pressure study of the co-crystal of
strong halogen-bond donor IC| with 1,4-dioxane, see CSD refcode WINLAK 8%, There is also a number of close chlorine
contacts that have o-hole angles that deviate substantially from linearity. These contacts can be attributed to contacts
involving alcohols and water, shown in the distributions of o-hole angle against normalised contact distance for individual
divalent oxygen functional groups in Figure 4.26. The contacts are likely due to hydrogen bonding interactions, as both
alcohols and water are hydrogen bond donors and acceptors, and chlorine is also an acceptor of hydrogen bonds®8.

The mean averages of the halogen bonding contacts to divalent oxygen, are listed in Table 4.20. The average o-hole angle
increases with more polarisable halogen bond donor atoms, but not by a large magnitude, with iodine contacts having an
average o-hole angle only 8° larger than chlorine contacts. The average normalised contact distance decreases with more
polarisable halogen bond donor atoms, following the trend | < Br < Cl. The lone-pair angles deviate little with change
of identity of the halogen bond donor atom. The average plane angle shows no trend with respect to the identity of the
halogen atom, with very little deviation from average.

The distributions of the two lone-pair angles against the normalised contact distance are shown in Figure 4.24. These plots
show a clear preference for lone-pair angles nearing 120° as the normalised contact distance decreases. The distributions

of plane angle against normalised contact distance, see in Figure 4.25, shows some preference among the closest contacts
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for an orthogonal approach of the contact with respect to the plane of the divalent oxygen molecule.
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Figure 4.23: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to divalent oxygens found in crystal structures in the CSD. Points colour coded by donor atom

type
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Figure 4.24: Scatter plots showing the distribution of normalised contact distance with respect to both lone-pair angles of
halogen bonding contacts to divalent oxygens found in crystal structures in the CSD. Points colour coded by donor atom
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Figure 4.25: Scatter plots showing the distribution of normalised contact distance with the plane angle of halogen bonding
contacts to divalent oxygens found in crystal structures in the CSD. Points colour coded by donor atom type

Table 4.20: Summary of geometric characteristics of halogen bonding contacts to divalent oxygen

Mean Mean Mean Mean
Donor  Contacts Contact Normalised h IMeAan le/ ° Lone-Pair Angle Lone-Pair Angle P M:anl o
Distance/ A Contact o-hole Angle/ INE B/° ane Angle/
Distance
X 10006 3.319 0.990 149 106 110 58
| 1057 3.355 0.948 154 111 111 59
Br 2830 3.320 0.988 152 108 111 57
Cl 6119 3.313 0.998 146 104 110 58

The trends among different divalent oxygen functional groups were examined by subdivision of the data presented in
Figure 4.23. The distributions of o-hole angle against normalised contact distance for the different functional groups are
presented in Figure 4.26, and mean averages of the geometric measurements are listed in Table 4.21.

These functional groups are subdivided from R;ORs, and are as follows; ethers (R, Ry = Copss Csps), furans (Ry,
Ry = Cyp2, Cgp2), mixed ether/ester (Ry, Ry = Cgps, Cgp2), alcohols (Ry, Ry = C, H), waters (R;, Ry = H, H),
oxyphosphoranes (Ry, Ry = C, P), oxylamines (R;, Ry = C, N), aminoboronates (Ry, R2 = B, N), boronic esters (Rj,
Ra2 = B, C), hydroxyimines (Ry, Rz = H, N), sulfonates (Ry, Ra = C, S), silicates (Ry, Ry = C, Si), phosphinous acids
(Ry, R2 = H, P), furazans (Ry, R2 = N, N), boronic acids (R;, R2 = B, H), and peroxides (R, Ry = C, O). The naming
of these functional groups are chosen as a best representation of what this moiety describes, and in many case does not
exclusively contain the named functional group.

The most frequently occurring contacts involve, unsurprisingly, mixed ether/esters, alcohols, ethers, furans, and water. It

is clear from the mixed ether/ester and furan data that conjugation reduces the effectiveness of the oxygen as an acceptor
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for halogen bonding, with the contacts being longer and have larger o-hole angles compared to contacts involving ethers

and alcohols. There is an notable number of contacts involving oxyphosphoranes, which predominantly involve chlorine as

the o-hole donor and have noticeable directionality with respect to the o-hole angle. A similar distribution is seen with

analogous oxylamine acceptors, but with a greater proportion of bromine and iodine contacts.

Table 4.21: Summary of geometric characteristics of halogen bonding contacts to different divalent oxygen functional

groups
Mean Mear.'l Mean Mean
Functional Group  Contacts Contact Normalised h lMi‘an le/ © Lone-Pair Angle  Lone-Pair Angle Pl M;anl o
Distance/ A C.ontact o-hole Angle/ INE: B/ ° ane Angle/
Distance

Divalent Oxygen 9929 3.319 0.990 148 106 110 58
Mixed Ether/Ester 3565 3.333 0.995 148 103 114 61
Alcohol 2569 3.308 0.985 149 108 106 53
Ether 1358 3.271 0.973 153 111 115 61
Furan 625 3.350 1.000 144 110 108 61
Water 557 3.346 0.996 145 97 97 44
Oxyphosphorane 401 3.317 0.998 146 110 115 60
Oxylamine 202 3.340 1.000 148 115 112 50
Aminoboronate 191 3.316 0.997 144 96 106 70
Hydroxyimino 111 3.291 0.983 146 106 111 50
Boronic Ester 104 3.391 1.005 151 113 112 60
Sulfonate 61 3.358 1.007 140 112 109 61
Silicate 50 3.333 1.000 146 106 107 66
Phosphinous Acid 46 3.279 0.977 155 100 121 61
Furazan 45 3.363 1.003 137 113 113 42
Boronic Acid 31 3.434 1.020 147 88 104 67
Peroxide 13 3.300 0.985 155 114 114 64
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Figure 4.26: Distributions with respect to o-hole angle of norcmalised halogen bonding contacts to divalent oxygen functional groups found in crystal structures in
the CSD. Points colour coded by donor atom type



4.4.2 Ch --- Divalent Oxygen Contacts

Table 4.19 shows that chalcogen bonding contacts are the second most numerous o-hole contact to divalent oxygen Lewis
bases.

The distribution of o-hole angles against normalised contact distance, shown in Figure 4.27, has a similar profile to those
seen for analogous halogen bonding contacts (see Figure 4.23). The main difference is the lack of a population of near
linear contacts around 0.7 normalised contact distance. There are a small number of close sulfur contacts that deviate
substantially from linearity, suggesting a similar role to chlorine mentioned in Section 4.4.1. Sulfur and selenium contacts
show similar distributions of o-hole angle, with the less numerous selenium contacts having proportionally fewer o-hole
angles that deviate substantially from linearity. The much rarer tellurium contacts have very few o-hole angles greater
than 170°.

The mean averages of geometric measurements for chalcogen bonding contacts to divalent oxygen Lewis bases is listed
in Table 4.22. Sulfur contacts make up the vast majority of the contacts, and as such mirror the averages across the
chalcogens. The average normalised contact distance decreases for more polarisable chalcogen bond donor atoms, following
the trend Te < Se < S. The largest average o-hole angles are seen in selenium contacts, followed by tellurium contacts
and then sulfur contacts. In contrast to the chalcogen bonding contacts to organic carbonyl acceptors, see Table 4.4,
the average o-hole angles are smaller across all donors. Both the lone-pair angles increase with greater polarisability of
the chalcogen bond donor, but are much smaller than the lone-pair angles for the chalcogen bonding contacts to organic
carbonyls, see Table 4.4.

The distribution of the two lone-pair angles against normalised contact distance is shown in Figure 4.28. While there is a
slight tendency for contacts with shorter normalised contact distances to have lone-pair angles nearer 120° the spread is
much broader than seen with the analogous halogen bonding contacts, see Figure 4.24. The distribution of plane angle
against the normalised contact distance, see Figure 4.29, shows that selenium and tellurium contacts show a preference

to orthogonality to the plane of the divalent oxygen moiety, but sulfur contacts show little to no preference.
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Figure 4.27: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to divalent oxygens found in crystal structures in the CSD. Points colour coded by donor atom
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Figure 4.28: Scatter plots showing the distribution of normalised contact distance with respect to both lone-pair angles
of chalcogen bonding contacts to divalent oxygens found in crystal structures in the CSD. Points colour coded by donor
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Figure 4.29: Scatter plots showing the distribution of normalised contact distance with the plane angle of chalcogen

bonding contacts to divalent oxygens found in crystal structures in the CSD. Points colour coded by donor atom type

Table 4.22: Summary of geometric characteristics of chalcogen bonding contacts to divalent oxygen

Mean

Mean ) Mean Mean
Donor Contacts Contact Normalised Mean o Lone-Pair Angle Lone-Pair Angle Mean o
Distance/ A Cpntact o-hole Angle/ INE B/° Plane Angle/
Distance
Ch 3821 3.381 0.998 149 104 107 56
Te 27 3.361 0.963 153 112 112 73
Se 163 3.281 0.988 156 109 108 58
S 3631 3.386 0.999 149 103 107 55

The trends among different divalent oxygen functional groups were examined by subdivision of the data presented in
Figure 4.27. The distributions of o-hole angle against normalised contact distance for the different functional groups are
presented in Figure 4.30, and mean averages of the geometric measurements are listed in Table 4.23.

The most directional and close contacts are those involving water and alcohols as acceptors, with alcohol contacts having a
greater number of selenium contacts, yet the contacts involving water show similar closeness but with a greater proportion
of sulfur contacts. The majority of the tellurium contacts are found in the ether and mixed ether/ester subgroups, with
similar o-hole angles in each, but being closer contacts with ether (Ry, Ry = Cope, Csps) Lewis bases rather than mixed
ester/ether Lewis bases (R1, Ry = Cgps, Cgp2).

There are far fewer close contacts involving sulfur with o-hole angles that deviate substantially from linearity than the
analogous chlorine contacts mentioned in Section 4.4.1 which were associated with contacts involving water and alcohols.
These contacts were suggested to be due to the formation of hydrogen bonds within the crystal, and potentially the
chlorine as a hydrogen bond acceptor. This could explain the lack of contacts as sulfur is a much weaker hydrogen bond

acceptor than chlorine or oxygen due to its reduced electronegativity '8!,
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Table 4.23: Summary of geometric characteristics of chalcogen bonding contacts to different divalent oxygen functional
groups

Mean

Mean . Mean Mean
Functional Group  Contacts Contact Normalised h lean e Lone-Pair Angle  Lone-Pair Angle Pl Mianl o
Distance/ A C.ontact o-hole Angle/ A/ B/° ane Angle/
Distance

Divalent Oxygen 3799 3.382 0.998 149 104 107 56
Mixed Ether/Ester 1279 3.301 1.001 148 106 112 61
Alcohol 1141 3.372 0.995 150 102 105 50
Water 578 3.388 1.000 151 96 96 50
Ether 362 3.343 0.987 153 111 113 62
Furan 181 3.420 1.010 146 107 107 65
Oxylamine 57 3.399 1.003 150 112 102 58
Phosphinous Acid 44 3.333 0.983 147 94 115 52
Oxyphosphorane 34 3.395 1.002 143 97 112 69
Hydroxyimino 33 3.403 1.004 146 113 99 55
Boronic Ester 32 3.460 1.021 146 99 120 50
Aminoboronate 18 3.397 1.002 147 107 99 65
Sulfurous Acid 14 3.366 0.995 138 105 122 52
Sulfonate 10 3.435 1.013 151 104 107 53
Furazan 10 3.352 0.989 139 103 133 42
Silicate 6 3.409 1.006 155 99 117 60
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Figure 4.30: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of chalogen bonding contacts to divalent oxygen
functional groups found in crystal structures in the CSD. Points colour coded by donor atom type



4.4.3 Pn --- Divalent Oxygen Contacts

Table 4.19 shows that pnictogen bonding is the least numerous of the o-hole interactions with divalent oxygen Lewis bases.
The distribution of o-hole angle against normalised contact distance is shows in Figure 4.31. In comparison to the
analogous halogen and chalcogen bonding contacts to divalent oxygen moieties (see Figure 4.23 & Figure 4.27), there is
a markedly greater proportion of the contacts that have normalised contact distances less than 0.8. The directionality of
these contacts appears to be biased towards 160-170° rather than 180°. Interestingly, the closest contacts which comprise
mainly of antimony and bismuth contacts have a somewhat bimodal distribution, with one population having a range in
normalised contact distance between 0.70-0.80 and a o-hole angle between 155-170°, and the second population adopts
a range in normalised contact distance between 0.75-0.85 and a o-hole angle between 130-140°.

The mean averages of the geometric measurements for pnictogen bonding to divalent oxygen moieties is listed in Table 4.24.
The average normalised contact distances are smaller than the analogous halogen and chalcogen bonding contacts, but
are of a much smaller number of structures, which poses similar questions about selection bias as previously discussed.
The trend in average normalised contact distances with respect to the pnictogen atom follows Sb < Bi < As < P, which
somewhat reflects the polarisability of the pnictogen except that bismuth has longer normalised contact distances than
antimony on average. The average o-hole angles vary little with different pnictogen species, but interestingly the largest
o-hole angles involve arsenic. The average lone-pair angles vary little with respect to the pnictogen species, but the average
plane angles are markedly larger for antimony contacts in comparison to the other pnictogen species.

The distributions of the lone-pair angles against normalised contact distance of pnictogen bonding contacts to divalent
oxygen moieties is shown in Figure 4.32, and show a clear preference for the closest contacts to adopt a lone-pair angle
between 100-130°. There are a selection of primarily phosphorus contacts that have lone-pair angles below 30°. The
distributions of plane angle against normalised contact distance of pnictogen bonding contacts to divalent oxygen moieties
is shown in Figure 4.33. There can be seen a clear trend towards orthogonality for contacts with a normalised contact

distance less than 0.9.

117



180 e P
° .' .8 o o As
170 . o ® %% o0 oo, e Sb
Gs.l". ° % 8, 00 & e Bi
o ° . ° ® o o0 &, ®.
B 160 .' ° ¢ o © %t .3 ”’a’
—_ ° ° ) :
O 150 oo * % W’
E SR
@
140 ® °
E : Y ¢ o o0 [ ] ¢ ° “
@] goe , © ° .O o
[ "~
bc 130 DY ° © e
[ o G
< °
120
110
0.6 0.7 0.8 0.9 1.0

Normalised Contact Distance
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Table 4.24: Summary of geometric characteristics of pnictogen bonding contacts to divalent oxygen

Mean Mean Mean Mean
Donor Contacts Contact Normalised Mean o Lone-Pair Angle Lone-Pair Angle Mean o
Distance/ A C.ontact o-hole Angle/ INE: B/° Plane Angle/
Distance
Pn 185 3.371 0.926 153 108 105 59
Bi 20 3.563 0.882 153 103 110 55
Sb 64 3.290 0.829 150 112 110 77
As 13 3.340 0.988 158 100 118 55
P 88 3.391 0.997 154 107 98 48

The pnictogen bonding contacts were compared on a functional group basis by subdividing the aforementioned data. The
distributions of o-hole angle against normalised contact distance for pnictogen bonding contacts to each functional group
is shown in Figure 4.34, and the mean averages of these contacts is listed in Table 4.25.

The main group of interest are ethers, which contains the majority of the closest contacts. These close contacts can
be attributed to complexes of SbF3 with crown ethers®. This also explains bimodal distribution in antimony contacts
mentioned earlier, as a pnictogen bonding contact with a near-linear o-hole angle would result in the F=Sb--- O angle of
another fluorine substituent being within the search criteria detailed in Section 2.1.1. This means that these pnictogen

bonds are in a way double-counted, with the contacts of larger o-hole angle being the "true" o-hole contact. This pnictogen

bonding complex with a crown ether showcases the ability of pnictogen species to form multiple o-hole interactions.
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Table 4.25: Summary of geometric characteristics of pnictogen bonding contacts to different divalent oxygen functional
groups

Mean

Mean . Mean Mean
Functional Group  Contacts Contact Normalised h lean e Lone-Pair Angle  Lone-Pair Angle Pl Mianl o
Distance/ A C.ontact o-hole Angle/ A/° B/° ane Angle/
Distance

Divalent Oxygen 180 3.367 0.923 153 108 105 59
Ether 56 3.158 0.814 153 115 114 75
Alcohol 34 3.418 0.993 146 88 92 36
Oxyphosphorane 30 3.438 0.992 159 119 110 57
Phosphate 20 3.365 0.990 156 109 112 64
Mixed Ether/Ester 19 3.603 0.933 149 124 97 58
Water 12 3.444 0.906 153 90 100 42
Furan 9 3.653 0.959 155 100 91 74
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4.4.4 Tt --- Divalent Oxygen Contacts

Table 4.19 shows that tetrel bonding to divalent oxygen moieties is less numerous than the analogous halogen and chalcogen
bonds, yet more numerous than the pnictogen bonds.

The distribution of o-hole angle against the normalised contact distance for tetrel bonding contacts to divalent oxygen
Lewis bases is shown in Figure 4.35. The silicon and germanium contacts are very long, with little to no relationship
between the closeness of the contact and the o-hole angle. The tin and lead contacts make up the only contacts with
normalised contact distances less than 0.9, the difference between the two is lead contacts adopt o-hole angles much
further from linearity, whereas tin contacts are very close to linearity.

The mean averages of the geometric measurements of tetrel bonding contacts to divalent oxygen Lewis bases are listed
in Table 4.26. The average normalised contact distance decreases with increasing atom size of the tetrel, following the
trend Pb < Sn < Si & Ge. This is in contrast to the other tetrel bonding contacts analysed up to this point, with tin
contacts expected to be closer than lead contacts due to greater polarisability (see Table 1.4). There is little trend with
the average o-hole angle over different tetrel bond donor atoms, with tin contacts having the largest angles. is little trend
with the two average lone angles over different tetrel bond donor atoms, but the average plane angles are notably larger
in the tin and lead contacts than the silicon or germanium contacts.

The distributions of the two lone-pair angles with respect to the normalised contact distance of tetrel bonding contacts
to divalent oxygen Lewis bases is shown in Figure 4.36. There is clear preference for lone-pair angles around 120° with
normalised contact distances around 120°. Little to no directionality with respect to the lone-pair angle is seen in silicon
or germanium contacts. The distribution of plane angle against normalised contact distance for tetrel bonding contacts
to divalent oxygen Lewis bases is shown in Figure 4.37. The closest tin contacts show notable bias towards the approach
of the donor orthogonally to the plane of the divalent oxygen moiety, whereas the closest lead contacts, along with the

silicon and germanium contacts show little to no directionality with respect to the plane angle.
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Figure 4.37: Scatter plots showing the distribution of normalised contact distance with the plane angle of tetrel bonding
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The tetrel bonding contacts were compared on a functional group basis by subdividing the aforementioned data. The

distributions of o-hole angle against normalised contact distance for tetrel bonding contacts to each functional group is

shown in Figure 4.38, and the mean averages of these contacts is listed in Table 4.27.

The most numerous functional groups involved in these tetrel bonds are alcohols, water, ethers, and mixed ether/ester
subdivisions. Of note are the contacts involving ethers which have the most typically expected lone-pair angles and a
plane angle nearer orthogonality, and the contacts involving water which have lone pair angles below 90°. The contacts

with o-hole angles nearest linearity are seen in the alcohol subplot of Figure 4.38, whereas the ether and mixed ether/ester

subdivisions have lead contacts with o-hole angles that deviate substantially from linearity.

Table 4.26: Summary of geometric characteristics of tetrel bonding contacts to divalent oxygen

Mean

Mean . Mean Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair Angle  Lone-Pair Angle Mean o
Distance/ A C.ontact o-hole Angle/ INE B/ ° Plane Angle/
Distance
Tt 252 3.706 0.976 152 95 102 50
Pb 33 3.439 0.839 150 100 103 59
Sn 60 3.668 0.936 155 97 100 60
Ge 15 3.871 1.021 147 76 92 42
Si 144 3.765 1.020 152 95 103 44
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Table 4.27: Summary of geometric characteristics of tetrel bonding contacts to different divalent oxygen functional groups

Mean

Mean . Mean Mean
Functional Group  Contacts Contact Normalised Mean o Lone-Pair Angle  Lone-Pair Angle Mean o
Distance/ A C.ontact o-hole Angle/ INE: B/ ° Plane Angle/
Distance

Divalent Oxygen 249 3.705 0.976 152 94 101 49
Alcohol 85 3.693 0.980 155 89 102 43
Water 71 3.761 0.987 146 74 86 43
Ether 52 3.654 0.969 153 119 120 61
Mixed Ether/Ester 18 3.671 0.945 157 118 104 61
Boronic Acid 7 3.831 1.038 153 87 103 45
Oxyphosphorane 6 3.528 0.875 152 107 121 46
Hydroxylamine 4 3.564 0.924 152 114 96 73
Furan 3 4.018 1.030 150 111 76 65
Oxylamine 3 3.717 1.007 171 108 108 83
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Figure 4.38: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of tetrel bonding contacts to divalent oxygen
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4.4.5 Prevalence of ;.. --- Divalent Oxygen Contacts

The prevalence of o-hole interactions to divalent oxygen Lewis bases is detailed in Table 4.10. Halogen and chalcogen
bonding shows comparable prevalence, with bonding being slightly higher, whereas pnictogen bonding and tetrel bonding
is substantially lower in prevalence. In comparison to o-hole interactions to organic carbonyl Lewis bases (see Table 4.10),
the prevalence of o-hole interactions to divalent oxygen Lewis bases is considerably lower, despite having a much greater

number of structures containing the required donor and acceptor moieties.

Table 4.28: Overall summary of the prevalence of contacts indicating o-hole interactions to divalent oxygen moieties
compared to the number of unique crystal structures found in the CSD that contain the necessary moieties.

o-hole Interaction Type  Structures with Moieties  Structures with Contact(s) Prevalence

Halogen-bonding 49171 7609 15.47%
Chalcogen-bonding 20661 2854 13.81%
Pnictogen-bonding 1705 104 6.10%

Tetrel-bonding 7273 186 2.56%

The prevalence of the halogen bonds to divalent oxygen with respect to the different halogen donor atoms is shown in
Table 4.29.

The prevalence follows the trend of | > CI > Br, which is interesting as it does not reflect the polarisability of the halogen
atoms. It is important to note that the number of structures containing iodine and divalent oxygen moieties is much
lower than those containing bromine or chlorine, which could lead to some selection bias. The increased prevalence of
chlorine contacts over bromine contacts suggests that there may be competing use cases where chlorine and divalent
oxygen moieties could be present in a crystal structure, such as the use of chlorinated solvents.

The number of structures containing the required moieties and the number of structures containing halogen bonding
between the moieties decreases across the halogens going from chlorine to bromine to iodine. The prevalence of tetrel
bonding to different divalent oxygen functional groups is shown in Table 4.21. The functional groups present in halogen
bonding contacts in over 1000 unique crystal structures are mixed ether/esters, alcohols, and ethers, which have com-
parable prevalence to the average. Halogen bonding to furans have a markedly lower prevalence of 8.69% suggesting it
is not a suitable halogen bonding motif. Aminoboronates and furazans show higher prevalence, albeit with fewer overall

observations, suggesting nitrogen might have an enhancing effect on the availability of the lone pairs on divalent oxygen.

Table 4.29: Summary of the prevalence of halogen bonding contacts to divalent oxygens compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

X 49171 7609 15.47%

I 3926 704 17.93%
Br 17097 2342 13.70%
Cl 29848 4591 15.38%
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Table 4.30: Summary of the prevalence of halogen bonding contacts to various divalent oxygen functional groups compared
to the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties  Structures with Contact(s) Prevalence

Divalent Oxygens 49171 7609 15.47%
Mixed Ether/Ester 24841 3015 12.14%
Alcohol 14384 1962 13.64%
Ether 7781 1055 13.56%
Oxyphosphorane 1829 289 15.80%
Furan 5997 521 8.69%
Woater 3157 407 12.89%
Boronic Ester 829 87 10.49%
Oxylamine 1663 166 9.98%
Aminoboronate 100 36 36.00%
Sulfonate 494 50 10.12%
Hydroxyimino 486 92 18.93%
Peroxide 130 10 7.69%
Phosphinous Acid 157 28 17.83%
Boronic Acid 160 24 15.00%
Furazan 106 30 28.30%
Sulforous Acid 39 6 15.38%
Other 987 85 8.61%

The prevalence of the chalcogen bonds to divalent oxygen with respect to the different chalcogen donor atoms is shown
in Table 4.31. Sulfur dominates both the structures containing the required moieties, and those containing chalcogen
bonding contacts, thus makes up the majority of the overall chalcogen bonding average prevalence. Selenium contacts
are markedly lower in prevalence, with tellurium contacts having slightly lower prevalence than sulfur. The selenium and
tellurium prevalence is out of a much smaller pool of crystal structures containing the required moieties.

The prevalence of chalcogen bonds to different divalent oxygen functional groups is shown in Table 4.32. The standout
functional groups are water and alcohol, which have prevalences of 24.34% and 15.51% respectively, out of a large number
of structures. Some high prevalence is seen with chalcogen bonding contacts to less common functional groups, such as

aminoboronates (28.57%), phosphinous acids (45.28%), and sulfurous acids (32.35 %).
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Table 4.31: Summary of the prevalence of chalcogen bonding contacts to divalent oxygens compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Ch 20661 2854 13.81%
Te 155 20 12.90%
Se 1151 112 9.73%
S 19450 2726 14.02%

Table 4.32: Summary of the prevalence of chalcogen bonding contacts to various divalent oxygen functional groups
compared to the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Divalent Oxygens 20661 2854 13.81%
Mixed Ether/Ester 10747 942 8.77%
Alcohol 5808 901 15.51%
Ether 2929 278 9.49%
Water 1738 423 24.34%
Furan 1948 156 8.01%
Oxyphosphorane 411 27 6.57%
Boronic Ester 255 24 9.41%
Aminoboronate 35 10 28.57%
Oxylamine 426 50 11.74%
Hydroxyimino 184 28 15.22%
Sulfonate 113 8 7.08%
Phosphinous Acid 53 24 45.28%
Boronic Acid 29 4 13.79%
Furazan 32 10 31.25%
Peroxide 18 0 N/A
Sulfurous Acid 34 11 32.35%
Other 244 19 7.79%

Pnictogen bonding is shown in Table 4.28 to have much lower prevalence than halogen or chalcogen bonding. Antimony
and bismuth contacts have by far the highest prevalence compared to arsenic and phosphorus contacts. The most notable
prevalence of pnictogen bonding to different divalent oxygen functional groups shown in Table 4.34 involve alcohols, with

a prevalence of 13.46% out of 208 structures, which shows that this is a potentially suitable motif for pnictogen bonding.
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Table 4.33: Summary of the prevalence of pnictogen bonding contacts to divalent oxygens compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Pn 1705 104 6.10%
Bi 49 15 30.61%
Sb 84 23 27.38%
As 121 10 8.26%
P 1452 56 3.86%

Table 4.34: Summary of the prevalence of pnictogen bonding contacts to various divalent oxygen functional groups
compared to the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Divalent Oxygens 1705 104 6.10%
Mixed Ether/Ester 648 15 2.31%
Oxyphosphorane 267 17 6.37%
Ether 398 21 5.28%
Furan 184 8 4.35%
Alcohol 208 28 13.46%
Boronic Ester 61 2 3.28%
Water 56 7 12.50%
Phosphinous Acid 8 2 25.00%
Aminoboronate 4 0 N/A
Sulfonate 7 0 N/A
Oxylamine 9 1 11.11%
Sulforous Acid 2 0 N/A
Boronic Acid 1 0 N/A
Furazan 1 0 N/A
Peroxide 1 0 N/A
Other 19 5 26.32%

Table 4.28 shows that tetrel bonding to divalent oxygen has the lowest prevalence of the o-hole interactions involving
divalent oxygen Lewis bases. This is due to the majority of the contacts are made up of silicon contacts, which have a
very low prevalence of 1.69%. The lead contacts are the tetrel bond showing notable prevalence, how it is out of a very
small number of crystal structures containing the required moieties. The most notable functional groups involved in tetrel
bonding, with the prevalences shown in Table 4.36, are water, with a prevalence of 18.89%, and to a lesser extent alcohols

with 4.17%.
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Table 4.35: Summary of the prevalence of tetrel bonding contacts to divalent oxygens compared to the number of unique
crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Tt 7273 186 2.56%
Pb 63 22 34.92%
Sn 493 45 9.13%
Ge 189 9 4.76%
Si 6565 111 1.69%

Table 4.36: Summary of the prevalence of tetrel bonding contacts to various divalent oxygen functional groups compared
to the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Divalent Oxygens 7273 186 2.56%
Mixed Ether/Ester 3252 16 0.49%
Ether 2530 41 1.62%
Alcohol 1656 69 4.17%
Oxyphosphorane 298 4 1.34%
Furan 448 3 0.67%
Boronic Ester 244 1 0.41%
Water 217 41 18.89%
Oxylamine 146 3 2.05%
Boronic Acid 81 7 8.64%
Sulfonate 86 0 N/A
Hydroxyimino 25 2 8.00%
Peroxide 34 1 2.94%
Phosphinous Acid 19 0 N/A
Sulforous Acid 1 0 N/A
Aminoboronate 3 0 N/A
Furazan 2 0 N/A
Other 56 1 1.79%

4.4.6 Notable Divalent Oxygen Functional Groups

The population of short contacts found in the distributions of o-hole angle against normalised contact distance of halogen
bonding contacts to ethers (see Figure 4.23 & Figure 4.26) are attributed to a high pressure study of the co-crystal of ICl
and 1,4-dioxane (CSD refcode WINLAK) which is shown in Figure 4.3918%,

Inspection of other short halogen contacts to ethers with o-hole angles near linearity shows a notable number of contacts

involving morpholine derivatives as an acceptor. These are notably halogen bonding studies, indicating this to be a useful
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acceptor moiety, especially as it has two acceptor sites with a nitrogen lone-pair also available, a prime example of this is

the co-crystal of morpholine with 1,3, 5-triiodo-2,4,6-trifluoobenzene (CSD refcode AJOGUE), shown in Figure 4.40183,

i 2.506

Figure 4.39: An example of a crystal structure with a halogen bonding contact involving an ether as a halogen bond
acceptor. Distance given in Angstréom.CSD refcode: WINLAK

Figure 4.40: An example of a crystal structure with a halogen bonding contact involving morpholine as a halogen bond
acceptor. Distance given in Angstrém. CSD refcode: AJOGUE

An interesting set of motifs involving chalcogen bonding and pnictogen bonding involves crown ethers as the acceptor, which
offers a plethora of suitable binding sites. A chalcogen bonding example can be seen in the co-crystal of a telluradiazole

derivative with 18-crown-6 (CSD refcode OGIMUP) shown in Figure 4.41184 A pnictogen bonding example can be seen
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in the co-crystal of SbF3 and dicyclohexano-18-crown-6 (CSD refcode RIYMER) shown in Figure 4.42182,

Figure 4.41: An example of a crystal structure with a chalcogen bonding contact involving crown ethers as a chalcogen
bond acceptor. Distance given in Angstrom. CSD refcode: OGIMUP

Figure 4.42: An example of a crystal structure with a pnictogen bonding contact involving crown ethers as a pnictogen
bond acceptor. Distance given in Angstrom. CSD refcode: RIYMER
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4.5 Oxides

Oxides offer a plethora of options in terms of potential Lewis bases, with the element that the oxide is produced from
having a key factor in its activity, along with a wide variety of potential bond orders and charges. The oxides studied in
this work as potential o-hole acceptors are terminal oxides of nitrogen, sulfur, phosphorus, halogens, and metals, in order
to investigate the effect that the nature of the atom the oxide originates from on the Lewis basicity. Taking the form in
the queries (see Section 4.2) as O-R’, with R' = N, Ch, Tt, Pn, X, M. Ch = Chalcogen, Pn = Pnictogen, Tt = Tetrel,
X = Halogen, M = Metal. Due to the scarcity of results involving oxides of chalcogens other than sulfur, pnictogens
other than phosphorus, and tetrel oxides, the oxide subdivisions considered in this work can be defined by the groupings
of O-R" =N, S, P, X, & M bonded by any bond type (see Section 2.1.1), it is only possible to explore the identity and
valency of the element that the oxide is formed from, preventing the systematic investigation into the effects of the other
substituents making up the oxide. This query means that a plane through the acceptor molecule cannot be defined, so the
lone-pair directionality can only be explored with the single angle, but one would still expect a preference for a lone-pair
angle of around 120°. The notable potential for oxides to be charged species is a key difference compared to the other
o-hole acceptors discussed in this work, and will likely show different character.

There exist several examples in the literature pertaining to halogen bonding interactions with N-oxides as the acceptor, such
as pyridine N-oxide'%81%9  These N-oxides have an additional lone-pair on the oxygen atom, resulting in a very nucleophilic
O™-N* system, which interacts strongly with halogen bond donors. Regarding oxides of sulfur, there has been investigation
into the mechanism of absorption processes of sulfur dioxide, which involves hydrogen bonding!®®>. Halogen bonding
involving phosphine oxides have been explored, along with similar studies concerning hydrogen bonding, showing them to
be effective acceptors for these noncovalent interactions, capable of some large interaction energies® 187 Hydrogen bond
studies have been undertaken with perchlorates as the acceptor, which is the most common of the perhalate species .
These groups are interesting from a hydrogen bonding perspective for their potential to form not just classical hydrogen
bonds, but bifurcated and trifurcated hydrogen bonds also!81%0 CSD studies investigating halogen bonding to metal oxo
groups have been undertaken by Brammer et al. where the acceptor atom for the halogen bond is a monoatomic oxygen
bound to a transition metal centre (M=0)1%1. The structures found in this study by Brammer et al. were few in number
but did illustrate the ability of these interactions to be exploited to link metal-oxo groups, but the authors note that some
involve oxometallate anions substituted with halogenated organic groups, leading to a weaker halogen bond.

An important use case for o-hole interactions involving oxides as acceptors involve the field of anion recognition. Cham-
pioned by the work of Beer and Lim, halogen bonding and chalcogen bonding has been widely exploited to interact with a
range of anions such as triflates, halides, and azides!91192. The use of o-hole interactions for anion recognition provides
alternatives to hydrogen bonding for this purpose, with X --- anion interactions rivalling or even surpassing hydrogen
bonding analogues. These approaches for anion recognition offer enhanced selectivity due to the tunable nature of the
o-hole donors and the geometric control offered by higher valence o-hole donors, such as chalcogen bonding effects 14?193,

An overall summary of the geometric observables of contacts indicative of o-hole interactions to terminal oxide oxygen
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moieties is tabulated in Table 4.37.

Table 4.37: Overall geometric summary of the contacts indicating o-hole interactions to terminal oxide oxygen moieties

o-hole No Not/rl::Iri]sed Mean Mean .
Interaction Type Conta-cts Contact o-hole Lone-Pair
) Angle/ ° Angle/ °
Distance
Halogen-bonding 8397 0.968 152 122
Chalcogen-bonding 4811 0.971 152 123
Pnictogen-bonding 394 0.927 157 127
Tetrel-bonding 450 0.911 160 126

4.5.1 X --- Oxide Oxygen Contacts

As shown in Table 4.37, halogen bonds are the most numerous of the o-hole interactions involving oxide Lewis bases as
acceptors.

The distribution of o-hole angle against normalised contact distance for halogen bonding contacts to oxide oxygens is
shown in Figure 4.43. The characteristic "wedge" shape of the distribution is once again present, with a shape closer to
those found in the analogous plots in Chapter 3 than in the analogous plots in Section 4.3 or Section 4.4. This suggests an
enhanced Lewis basicity compared to the organic carbonyl and divalent oxygen o-hole acceptors, which is to be expected
given oxide species are often anionic. There are a small number of chlorine contacts with normalised contact distances
less than 0.85 that have o-hole angles that deviate substantially from linearity. This suggests the presence of competing
interactions such as hydrogen bonding, which chlorine can act as an acceptor for, that is perturbing the contact geometry.
The mean averages of the geometric measurements of halogen bonding contacts to oxide oxygens is listed in Table 4.38.
The average normalised contact distance decreases with more polarisable halogen bond donor atoms, following the trend
| < Br < Cl. Likewise, the average o-hole angle increases with more polarisable halogen bond donor atoms, following the
trend | > Br > Cl. The average lone-pair angles vary little with different halogen bond donor atoms, only deviating 1°
from the average 122° which is very close to the lone-pair angle predicted by orbital hybridisation theory.

The distribution of lone-pair angle against normalised contact distance for halogen bonding contacts to oxide oxygens is
shown in Figure 4.44. There is a clear bias towards lone-pair angles of around 120° for the closest contacts with normalised
contact distances less than 0.75. For contacts with normalised contact distances greater than 0.75 there are a greater

number with lone-pair angles between 100-180°.

135



180

170

160

150

Ohole Angle/ °

120

110

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

Figure 4.43: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom
type
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Figure 4.44: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
halogen bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom
type
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Table 4.38: Summary of geometric characteristics of halogen bonding contacts to oxide oxygens

Mean

Mean _ Mean
Donor  Contacts Contact Normalised h IMzanl o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
X 8397 3.256 0.968 152 122
I 1302 3.201 0.904 160 123
Br 2266 3.262 0.971 154 121
Cl 4829 3.269 0.985 149 123

The trends among different terminal oxides were examined by subdivision of the data presented in Figure 4.43. The
distributions of o-hole angle against normalised contact distance for halogen bonding to the different types of terminal
oxide are presented in Figure 4.45, and those same distributions colour coded by the valency of each type of oxide is shown
in Figure 4.46. The mean averages of the geometric measurements for halogen bonding contacts to each type of terminal
oxide are listed in Table 4.39.

The majority of the halogen bonding contacts are to nitrogen oxides, with the distribution of o-hole angle against normalised
contact distance shown in Figure 4.45. These contacts account for the shortest contacts with the greatest tendency towards
o-hole angles near linearity of those shown in Figure 4.43. The valencies of these nitrogen oxides, plotted in Figure 4.46,
shows the majority of these oxides are trivalent, with some divalent species showing no directionality with respect to the
o-hole angle. These divalent species correspond to nitrosyl ligands coordinated to a metal centre, analogous to metal
carbonyls.

The next most numerous halogen bonding contacts are to sulfur oxides, with the distribution of o-hole angle against
normalised contact distance shown in Figure 4.45. These contacts do not have as many contacts with normalised contact
distances less than 0.8 as with the analogous contacts to nitrogen oxides, yet still show clear directionality with respect to
the o-hole. The valencies of these sulfur oxides, plotted in Figure 4.46, shows that the majority of these sulfur oxides are
tetravalent, with some trivalent oxides showing a greater proportion of closer contacts with o-hole angles nearer linearity,
which generally corresponds to sulfinyl or sulfinate moieties. There are also some contacts to divalent sulfur oxides which
show a slight bias towards halogen bonding contacts with o-hole angles between 160-170° which primarily involve sulfur
dioxide ions.

The next most numerous halogen bonding contacts are to halogen oxides, with the distribution of o-hole angle against
normalised contact distance shown in Figure 4.45. These contacts have similar distributions of o-hole angles against
normalised contact distance with the halogen bonding contacts to metal oxides, see Figure 4.45. The halogen bonding
contacts to halogen oxides primarily involve tetravalent perchlorate moieties shown in the distributions of o-hole angles
against normalised contact distance colour coded by valency in Figure 4.46 and by halogen oxide in Figure 4.47. This is
likely due to the use of perchlorates as a counterion in crystal structures due to their poor coordination ability!®*. There

are also a very small number of contacts to trivalent chlorate moieties, which make up some of the closest halogen bonding
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contacts to halogen oxides, but are too few in number to draw meaningful conclusions from.

The halogen bonding contacts to metal oxides involve a much greater range of metals and valencies of which the distri-
butions of o-hole angles against normalised contact distance colour coded by valency in Figure 4.46 and by metal oxide
type in Figure 4.47. There are four notably shorter halogen bonding contacts to metal oxides with o-hole angles greater
than 165° that correspond to tetravalent rhenium oxides.

The least numerous halogen bonding contacts to terminal oxides involve phosphorus oxides, with the distribution of o-hole
angle against normalised contact distance shown in Figure 4.45. Shown in these distributions colour coded by the valency
of the oxide (see Figure 4.46) the valencies of these phosphorus oxides are exclusively tetravalent and are likely to be
phosphine oxides due to their widespread use in synthetic chemistry. These halogen bonding contacts to phosphorous
oxides show a notably bias towards o-hole angles greater than 160° for contacts with a normalised contact distance less

than 0.9.
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Figure 4.47: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to halogen oxides (left), and metal oxides(right) found in crystal structures in the CSD. Points
colour coded by halogen oxide atom, or metal oxide atom

Table 4.39: Summary of geometric characteristics of halogen bonding contacts to different classes of oxides

Mean Mea? M Mean
Functional Group  Contacts Contact Normalised ean o Lone-Pair
Distance/ A C.ontact o-hole Angle/ Angle/ °©
Distance
Oxides 8397 3.256 0.968 152 122
Nitrogen Oxide 4232 3.257 0.968 151 120
Sulfur Oxide 3046 3.262 0.970 153 124
Halogen Oxide 538 3.259 0.973 156 126
Metal Oxide 353 3.269 0.971 151 125
Phosphorus Oxide 228 3.142 0.927 162 125

4.5.2 Ch --- Oxide Oxygen Contacts

Table 4.37 shows that chalcogen bonding contacts to terminal oxide oxygen Lewis bases are around half as numerous as
the analogous halogen bonding contacts.

The distribution of o-hole angle against normalised contact distance for chalcogen bonding contacts to oxide Lewis bases is
shown in Figure 4.48. The selenium and tellurium contacts show a more notable bias towards o-hole angles nearer linearity
as the normalised contact distance decreases. The closest selenium contacts adopt a o-hole angle closer to linearity than
the closest tellurium contacts which adopt a o-hole angle nearer 160°. Sulfur contacts dominate the space of chalcogen
bonding to oxides, and interestingly, make up the closest contacts with o-hole angles that are greater than 170°, but has
the broadest distribution of o-hole angles.

The mean averages of the geometric measurements for chalcogen bonding contacts to terminal oxide oxygens is shown
in Table 4.40. The average normalised contact distance decreases with more polarisable chalcogen bond donor atoms,
following the trend Te < Se < S. The average o-hole angles are very similar for selenium and tellurium contacts, but is
notably smaller in sulfur contacts. The average lone-pair angles deviate little with respect to the different chalcogens, but
the average lone-pair angle increases with increasing polarisability of the chalcogen.

The distribution of lone-pair angle against normalised contact distance for chalcogen bonding contacts to oxide Lewis

bases is shown in Figure 4.49. For the closest contacts the range of lone-pair angles seems to be centered around the
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expected 120° region, but has a range in angle of 100-140°. For normalised contact distances greater than 0.85 the range

in lone-pair angles increases to between 90-180°.
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Figure 4.48: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom
type
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chalcogen bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom
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Table 4.40: Summary of geometric characteristics of chalcogen bonding contacts to oxide oxygens

Mean

Mean _ Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Ch 4811 3.291 0.971 152 123
Te 85 3.085 0.884 159 127
Se 280 3.107 0.936 160 124
S 4446 3.306 0.975 152 123

The trends among different terminal oxides were examined by subdivision of the data presented in Figure 4.48. The
distributions of o-hole angle against normalised contact distance for chalcogen bonding to the different types of terminal
oxide are presented in Figure 4.50, and those same distributions colour coded by the valency of each type of oxide is
shown in Figure 4.51. The mean averages of the geometric measurements for chalcogen bonding contacts to each type
of terminal oxide are listed in Table 4.41. The trend in the number of contacts for each of the different types of oxides is
the same as seen with the analogous halogen bonding contacts in Figure 4.45 & Table 4.39.

The distributions of o-hole angle against normalised contact distance for chalcogen bonding contacts to nitrogen oxides
and sulfur oxides in Figure 4.50 are somewhat similar. The main difference is that the closest contacts involve sulfur
oxides and these include the very close sulfur contacts with o-hole angles near linearity and the closest tellurium contacts
with o-hole angles around 160°. As seen in oxide valencies in the analogous halogen bonding contacts (see Figure 4.46),
the contacts to nitrogen and sulfur oxides show similar trends in the valencies of the oxides, shown in Figure 4.51. The
nitrogen oxides involved in chalcogen bonding are predominantly trivalent, with some contacts involving divalent nitrosyl
moieties with little directionality with respect to the o-hole angle. The chalcogen bonding contacts to sulfur oxides are
predominantly tetravalent, with some tri- and divalent oxides occupying similar distributions of o-hole angle and normalised
contact distances.

For the chalcogen bonding contacts to halogen, metal, and phosphorus oxides, they occupy similar distributions, with
the selenium contacts to metal oxides showing some clear relationship between o-hole angles nearer linearity and shorter
normalised contact distances. The chalcogen bonding contacts to halogen and phosphorus oxides involve exclusively
tetravalent oxides, with Figure 4.52 showing primarily perchlorate ions involved in the chalcogen bonding contacts to
halogen oxides. The chalcogen bonds to metal oxides generally involve a wider variety of metal oxide valence, shown in
Figure 4.51, with the closest contacts with o-hole angles nearing linearity comprising of tetravalent metal oxides, that

Figure 4.52 reveals to be rhenium.
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Figure 4.50: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of chalcogen bonding contacts to various oxides
found in crystal structures in the CSD. Points colour coded by donor atom
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Figure 4.51: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of chalcogen bonding contacts to various oxides
found in crystal structures in the CSD. Points colour coded by valency of oxide element
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chalcogen bonding contacts to halogen oxides (left), and metal oxides(right) found in crystal structures in the CSD. Points
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Table 4.41: Summary of geometric characteristics of chalcogen bonding contacts to different classes of oxides

Mean

Mean ) Mean
Functional Group  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C.ontact o-hole Angle/ Angle/ °©
Distance
Oxides 4811 3.201 0.971 152 123
Nitrogen Oxide 1827 3.316 0.978 152 122
Sulfur Oxide 1562 3.258 0.962 155 126
Halogen Oxide 864 3.321 0.981 151 120
Metal Oxide 434 3.248 0.960 150 120
Phosphorus Oxide 124 3.278 0.967 154 127

4.5.3 Pn --- Oxide Oxygen Contacts

The least numerous of the o-hole interactions to terminal oxide Lewis bases involve pnictogen bonding, see Table 4.37.
The distribution of o-hole angle against normalised contact distance for pnictogen bonding contacts to oxides is shown in
Figure 4.53. A much broader form of the characteristic "wedge" shape for these plots is seen, with the range of o-hole
angles increasing from 145-180° at the shortest of normalised contact distances, to 130-180° at 0.9 normalised contact
distance. The distribution seems to mainly involve a relationship between the normalised contact distance and the identity
of the pnictogen donor species, with antimony contacts being the closest, followed by bismuth and then arsenic and
phosphorus contacts being fairly similar to eachother.

The mean averages of the geometric measurements for pnictogen bonding contacts to terminal oxide Lewis bases is listed
in Table 4.42. The trend in average normalised contact distance with respect to the identity of the pnictogen atom is Sb
< Bi < As < P. The average o-hole angles varies little between pnictogen species, with phosphorus contacts having the
largest o-hole angles. There seems to be no relationship between the identity of the pnictogen bond donor atom and the
lone-pair angle, with little variation in the lone-pair angles.

The distribution of lone-pair angle against normalised contact distance for pnictogen bonding contacts to oxides is shown
in Figure 4.54. The range in lone-pair angle among the smallest normalised contact distances is 120-170° whereas there

is a much broader range as the normalised contact distances get larger.
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Figure 4.53: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of

pnictogen bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom
type
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Figure 4.54: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
pnictogen bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom
type
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Table 4.42: Summary of geometric characteristics of pnictogen bonding contacts to oxide oxygens

Mean

Mean _ Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Pn 394 3.293 0.927 157 127
Bi 43 3.551 0.879 155 123
Sb 69 3.333 0.840 156 126
As 92 3.218 0.952 155 120
P 190 3.257 0.958 159 131

When comparing the pnictogen bonding contacts to different type of terminal oxide Lewis base, the different distributions

of o-hole angles against normalised contact distance for each oxide type is shown in Figure 4.55 and the mean averages

for the geometric measurements are shown in Table 4.52. The majority of the contacts involve pnictogen bonding to

sulfur oxides, that the same distributions colour coded by oxide valency in Figure 4.56 show to be tetravalent.

distributions of o-hole angle against normalised contact distance that show the most typical "wedge" shape involve metal

oxides and phosphorus oxides. The metal oxides involved are nearly exclusively pentavalent, as shown in Figure 4.56, and

the distributions colour coded by metal oxide shown in Figure 4.57 reveal that these are pentavalent oxides of vanadium and

molydenum. The pnictogen bonding contacts to phoshorus oxides involve exclusively tetravalent phosphorus. Pnictogen

bonding contacts to nitrogen oxides and halogen oxides are much less common and show little in the way of directionality

with respect to the o-hole angle.
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Figure 4.55: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of pnictogen bonding contacts to various oxides
found in crystal structures in the CSD. Points colour coded by oxide type
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Figure 4.57: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
pnictogen bonding contacts to halogen oxides (left), and metal oxides(right) found in crystal structures in the CSD. Points
colour coded by halogen oxide atom, or metal oxide atom

Table 4.43: Summary of geometric characteristics of pnictogen bonding contacts to different classes of oxides

Mean Meap Mean
Functional Group  Contacts Contact Normalised h IMzanI o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Oxides 394 3.293 0.927 157 127
Sulfur Oxide 275 3.276 0.919 157 129
Metal Oxide 82 3.338 0.941 154 119
Phosphorus Oxide 16 3.223 0.934 165 134
Nitrogen Oxide 14 3.400 0.981 156 117
Halogen Oxide 7 3.400 0.956 166 129

454 Tt --- Oxide Oxygen Contacts

Table 4.37 shows that tetrel bonding contacts to terminal oxide Lewis bases are only slightly more numerous than the
analogous pnictogen bonding contacts.

The distribution of o-hole angle against normalised contact distance of pnictogen bonding contacts to terminal oxides
is displaying in Figure 4.58. There exists a population of tin contacts with normalised contact distances ranging from
0.6-0.8 that have o-hole angles near linearity. Silicon contacts seem to be biased towards o-hole angles near linearity, but
generally adopt normalised contact distances greater than the sum of van der Waals radii (d,orm = 1.0). Lead contacts
to terminal oxides are generally very close, with normalised contact distances as low as 0.7, yet adopt a range of o-hole
angles from 130-180°. This population of lead contacts is also co-located with a distribution of mainly germanium and
tin contacts, but also a small number of silicon contacts. This population of off-linear contacts means the aforementioned
"wedge"-shaped distribution is not seen in this plot, this suggests that there could be other effects that are causing the
close approach of predominantly lead atoms to oxide oxygens.

The mean averages of the geometric measurements of tetrel bonding contacts to terminal oxide Lewis bases is listed in

Table 4.44. The average normalised contact distances decrease with increasing size of tetrel atom, following the trend Pb
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< Sn < Ge < Si. This is in contrast to what would be expected from a polarisability standpoint, with tin having a greater
polarisability than lead (see Table 1.4), which is a major predictor for strong o-hole interactions. Average o-hole angles
that approach linearity are only seen in contacts involving tin and silicon, with average o-hole angles of 162° and 168°,
respectively. The expected lone-pair angle of around 120° is seen with contacts involving germanium and tin, whereas
silicon contacts adopt larger lone-pair angles, and lead contacts adopting smaller lone-pair angles.

The distribution of lone-pair angle against normalised contact distance of pnictogen bonding contacts to terminal oxides
is shown in Figure 4.59. There is a clear preference for the closest contacts (dy,0rm = 0.6) for lone-pair angles of 120° yet

for greater normalised contact distances the directionality is lost.
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Figure 4.58: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
tetrel bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom type
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Figure 4.59: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
tetrel bonding contacts to oxide oxygens found in crystal structures in the CSD. Points colour coded by donor atom type
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Table 4.44: Summary of geometric characteristics of tetrel bonding contacts to oxide oxygens

Mean Mear\ Mean
Donor  Contacts Contact Normalised h IMzanI o Lone-Pair
Distance/ A Contact o-hole Angle/ Angle/ °
Distance
Tt 450 3.503 0.911 160 126
Pb 133 3.334 0.813 149 106
Sn 81 3.285 0.838 162 125
Ge 35 3.491 0.921 155 126
Si 201 3.705 1.004 168 139

The distributions of o-hole angle against normalised contact distance of tetrel bonding contacts to different types of
terminal oxides is shown in Figure 4.60. The mean averages of the geometric measurements for tetrel bonding contacts
to different types of terminal oxides is listed in Table 4.45.

Tetrel bonding contacts to sulfur oxides make up the majority of the tetrel bonding contacts to oxides. These contacts
to sulfur oxides along with tetrel bonding contacts to nitrogen oxides encompass the majority of the near linear contacts
involving tin and silicon mentioned prior. The contacts to sulfur oxides contain close contacts that deviate substantially
from linearity, which contains a variety of different tetrel atoms, whereas the close contacts to nitrogen oxides with o-hole
angles that deviate from linearity comprise entirely of lead contacts. The very short and highly linear contacts mentioned
above correspond to tetrel bonding contacts to nitrogen oxides, more specifically from the work of Bryce and co-workers
about the use of tetrel bonding of triphenyltin chloride to aromatic N-oxides in cocrystal engineering1%®

The valencies of the sulfur oxides and nitrogen oxides involved in tetrel bonding contacts are shown in the same distributions
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of o-hole angle against normalised contact distance in Figure 4.61. The sulfur oxides are nearly entirely tetravalent, with
a small number of trivalent sulfur oxides that include the two closest contacts within the plot. The nitrogen oxides are
mainly trivalent, with two long contacts that involve divalent nitrogen which correspond to nitrosyl ligands.

For the tetrel bonding contacts to halogen oxides the distribution of o-hole angle against normalised contact distance
colour coded by oxide valency (see Figure 4.61) and colour coded by halogen oxide (see Figure 4.62) reveals that these
contacts exclusively involve perchlorate moieties. These tetrel bonding contacts to perchlorates are dominated by close
lead contacts with little directionality with respect to the o-hole angle, showing o-hole angles that deviate substantially
from linearity. Tetrel bonding contacts to metal oxides and phosphorus oxides are much less numerous, and show little
relationship between the o-hole angle and shorter normalised contact distance, other than a single very close tin contact
with a near linear o-hole angle. This close tin contact to a phosphorus oxide corresponds to the crystal of 1-phenyl-1-oxo-4-

methyl-4-chloro-1\% 4-phosphastanninane which forms an inversion dimer of two Sn - -- O tetrel bonds, see Figure B.21%.

154



GaT

180

170

160

=
w
o

=
N
o

Ohole Angle/ °©

130

120

110

180

170

160

=
wu
o

=
N
o

Ohole Angle/ °

130

120

110

Sulfur Oxide

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

Metal Oxide

.'.

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

Si

Ge
Sn
Pb

Si

Ge
Sn
Pb

180

170

160

=
w
o

=
N
o

Ohole Angle/ °©

130

120

110

180

170

160

=
wu
o

=
N
o

Ohote Angle/ °

130

120

110

Nitrogen Oxide

o;
.. ®e .’5!.'
oo..cu. hd .'.
‘.‘ oo .:.
. coe °° ¢ °
s.:"o o ©
o.o""" oo S
.
° ’%0 * ° . .o

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

Phosphorus Oxide

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

Si

Ge
Sn
Pb

Si

Ge
Sn
Pb

180

170

160

)
(8]
o

Ohole Angle/ °
=
D
o

130

120

110

Halogen Oxide

.
.5. ¢ b
o ° °®
.
- I
... . [}
[
° ‘.': o * %

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

Si

Sn
Pb

Figure 4.60: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of tetrel bonding contacts to various oxides found
in crystal structures in the CSD. Points colour coded by oxide type
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Figure 4.61: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of tetrel bonding contacts to various oxides found
in crystal structures in the CSD. Points colour coded by valency of oxide element
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Figure 4.62: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
tetrel bonding contacts to halogen oxides (left), and metal oxides(right) found in crystal structures in the CSD. Points
colour coded by halogen oxide atom, or metal oxide atom

Table 4.45: Summary of geometric characteristics of tetrel bonding contacts to different classes of oxides

Mean

Mean ) Mean
Functional Group  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C_ontact o-hole Angle/ Angle/ °
Distance
Oxides 450 3.503 0.911 160 126
Sulfur Oxide 237 3.521 0.934 164 134
Nitrogen Oxide 145 3.488 0.889 156 116
Halogen Oxide 46 3.363 0.827 154 108
Metal Oxide 13 3.747 1.001 153 132
Phosphorus Oxide 9 3.637 0.981 164 153
4.5.5 Prevalence of 0, --- Oxide Oxygen Contacts

The prevalence of o-hole interactions to terminal oxide Lewis bases is detailed in Table 4.46. The prevalence of o-hole
interactions to oxides is considerably higher then the prevalence of o-hole interactions to organic carbonyl and divalent
oxygen o-hole acceptors (see Table 4.10 &Table 4.28) and generally have higher prevalence than the o-hole interactions

to any of the hybridisations of nitrogen (see Table 3.6, Table 3.16, & Table 3.27).

Table 4.46: Overall summary of the prevalence of contacts indicating o-hole interactions to terminal oxide moieties
compared to the number of unique crystal structures found in the CSD that contain the necessary moieties.

o-hole Interaction Type  Structures with Moieties ~ Structures with Contact(s) Prevalence

Halogen-bonding 18716 5488 29.32%
Chalcogen-bonding 7796 2521 32.34%
Pnictogen-bonding 727 197 27.10%

Tetrel-bonding 2465 248 10.06%

The prevalence of halogen bonding to oxide Lewis bases, divided into each of the halogen bond donor atoms is shown in
Table 4.47. The prevalence of the halogen bond increases with more polarisable halogen bond donor atoms, following the
trend Cl < Br < I. The prevalence of chlorine and bromine halogen bonds to oxides are somewhat comparable, whereas

the prevalence of iodine halogen bonds to oxide o-hole acceptors is over 50%. This high prevalence along with the close
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contacts with near linear o-hole angles involving iodine shown in the distributions of o-hole angle against normalised contact
distance in Figure 4.43, suggests that iodine halogen bonding to terminal oxide moieties is a useful halogen bonding motif.
The prevalence of halogen bonding to oxide Lewis bases, divided into each of different types of terminal oxide is shown in
Table 4.48. The two types of oxide that are involved in halogen bonds with prevalences notably higher than the overall

average are nitrogen oxides and halogen oxides, with prevalences of 38.75% and 34.68%, respectively.

Table 4.47: Summary of the prevalence of halogen bonding contacts to oxide oxygens compared to the number of unique
crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

X 18716 5488 29.32%
I 1502 753 50.13%
Br 5394 1591 29.50%
Cl 12378 3180 25.69%

Table 4.48: Summary of the prevalence of halogen bonding contacts to various classes of oxide compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Oxides 18716 5488 29.32%
Sulfur Oxide 8825 2134 24.18%
Nitrogen Oxide 6753 2617 38.75%
Halogen Oxide 966 335 34.68%
Metal Oxide 1174 246 20.95%
Phosphorus Oxide 1633 187 11.45%
Other 29 6 20.69%

Table 4.46 shows that chalcogen bonds to terminal oxide Lewis bases have the highest prevalence of the o-hole interactions
to oxides. The prevalence of chalcogen bonding to oxide Lewis bases, divided into each of the chalcogen bond donor atoms
is shown in Table 4.49. Sulfur dominates the crystals containing the required chalcogen bond donor and oxide moieties
and those that contain chalcogen bonding. Selenium contacts, while much less common has a comparable prevalence
to sulfur contacts, but is much lower in prevalence than the tellurium contacts. It is important to note that the high
prevalence of tellurium contacts is out of a very small number of crystal structures containing the necessary moieties
(45). The prevalence of chalcogen bonding to oxide Lewis bases, divided into each of different types of terminal oxide is
shown in Table 4.50. The standout in terms of prevalence are chalcogen bonds to halogen oxides, which is unusual as the
distributions of o-hole angle against normalised contact distance for chalcogen bonding to halogen oxides (see Figure 4.50)
shows generally longer contacts with little relationship between o-hole angles approaching linearity and shorter normalised

contact distances.
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Table 4.49: Summary of the prevalence of chalcogen bonding contacts to oxide oxygens compared to the number of unique
crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Ch 7796 2521 32.34%
Te 45 26 57.78%
Se 455 160 35.16%
S 7317 2342 32.01%

Table 4.50: Summary of the prevalence of chalcogen bonding contacts to various classes of oxide compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Oxides 7796 2521 32.34%
Nitrogen Oxide 3058 993 32.47%
Sulfur Oxide 3438 974 28.33%
Halogen Oxide 565 328 58.05%
Metal Oxide 457 152 33.26%
Phosphorus Oxide 497 92 18.51%
Other 9 5 55.56%

Table 4.46 shows that pnictogen bonds to terminal oxide Lewis bases have the comparable prevalence to halogen and
chalcogen bonds to oxides, despite being much less numerous. The prevalence pnictogen bonding contacts to oxide o-hole
acceptors with respect to the different pnictogen species is shown in Table 4.51, and with respect to the different types of
oxide in Table 4.52. Other than phosphorus contacts to oxides, the heavier pnictogen bond donors have higher prevalence
than the overall average, yet are prevalences from a small pool of structures containing the required moieties. The standout
terminal oxide o-hole acceptors are metal and sulfur oxides, with prevalences of 26.52% and 33.26%, respectively. This
high prevalence of pnictogen bonds to oxides out of a small number of structures, along with the close contacts shown in
the distributions of o-hole angle against normalised contact distance shown in Figure 4.53 suggest that pnictogen bonding

to oxides are proof-of-concept structures or the interactions occur coincidentally.
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Table 4.51: Summary of the prevalence of pnictogen bonding contacts to oxide oxygens compared to the number of unique
crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Pn 727 197 27.10%
Bi 43 29 67.44%
Sb 71 30 42.25%
As 110 39 35.45%
P 507 100 19.72%

Table 4.52: Summary of the prevalence of pnictogen bonding contacts to various classes of oxide compared to the number
of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties  Structures with Contact(s) Prevalence

Oxides 727 197 27.10%
Metal Oxide 132 35 26.52%
Sulfur Oxide 427 142 33.26%
Nitrogen Oxide 60 8 13.33%
Phosphorus Oxide 96 8 8.33%
Halogen Oxide 17 5 29.41%

Other 1 0 N/A

Tetrel bonds to terminal oxide o-hole acceptors prove to be the least prevalent out of the o-hole interactions to oxides,
see Table 4.46. The prevalence of tetrel bonds to terminal oxide Lewis bases with respect to the different tetrel species is
shown in Table 4.53, and with respect to the different types of terminal oxide in Table 4.54.

This low overall prevalence can be attributed to the large number of silicon containing structures and those containing
tetrel bonds, which dominate. Germanium tetrel bonds to oxides are much the same as the overall average prevalence,
while tin and lead contacts have considerably higher prevalence, with 38.89% and 71.43%, respectively. It is important to
note that, other than silicon containing crystals, there are a very small number of crystal structures containing the required
tetrel bond donor and terminal oxide o-hole acceptor moieties, which makes the values less reliable to compare against
more numerous o-hole interaction motifs. Of the prevalences of tetrel bonds to different types of oxide in Table 4.54 the
standout are tetrel bonds to halogen oxides with a prevalence of 42.86%.

This high prevalence along with the close lead contacts to halogen oxides seen in the distributions of o-hole angle against
normalised contact distance in Figure 4.60 suggests that there are consistently used motifs that results in an attractive
interaction between lead centres and oxide moieties. The substantial deviation from linearity of the o-hole angles suggests
other factors than tetrel bonding could be involved, and on inspection of crystal structures containing these lead contacts

to perchlorates, they seem to mainly involve tetravalent Pb?T species that adopt hemidirected geometries rather than
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tetrahedral, suggesting the ionic interaction is perturbing the tetrel bonds. An example of this type of geometry can be
seen in Figure 4.68.

Table 4.53: Summary of the prevalence of tetrel bonding contacts to oxide oxygens compared to the number of unique
crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Tt 2465 248 10.06%
Pb 42 30 71.43%
Sn 126 49 38.89%
Ge 147 16 10.88%
Si 2168 153 7.06%

Table 4.54: Summary of the prevalence of tetrel bonding contacts to various classes of oxide compared to the number of
unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Oxides 2465 248 10.06%
Metal Oxide 513 10 1.95%
Sulfur Oxide 1262 148 11.73%
Nitrogen Oxide 548 68 12.41%
Phosphorus Oxide 173 8 4.62%
Halogen Oxide 28 12 42.86%

Other 15 3 20.00%

4.5.6 Notable Oxide Functional Groups

Over the course of Section 4.5, there have been contacts found within the CSD that show notably strong o-hole interaction
character, with very close contacts and o-hole angles near linearity. For halogen bonding contacts, the shortest contacts
with the largest o-hole angles correspond to interactions with nitrogen oxides. These contacts mostly involve aromatic
N-oxides such as pyridine N-oxide paired with strong halogen bond donors such as N-halosuccinamides or I, to produce
a very strong halogen bond. An example shown in Figure 4.63 of CSD refcode ZUYZOK corresponds to complex of
N-iodosuccinamide with 4-phenylpyridine N-oxide, as part of a study by Rissanen and co-workers into very strong halogen
bonds!%’. Significantly strong halogen bonding contacts are also formed with sulfur oxides, with the strongest involving
tetravalent sulfur oxide anions such as sulfonates or sulfates, an example of which is shown in Figure 4.64 of CSD refcode
GEPFUF. This work by Huber et al. relates to the field of anion recognition, in this case using haloimidazolium salts and

198

the acceptor is trifluoromethanesulfonate also known as triflate*®. These haloimidazolium functional groups have seen

widespread use in anion recognition, and are examples of charge-assisted halogen bonds, being also responsible for close

contacts to other anions such as phosphate and even perrhenate 99200
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Figure 4.63: An example of a crystal structure with a halogen bonding contact involving N-iodosuccinimide and 4-
phenylpyridine 1-oxide as the halogen bond acceptor. Distance given in Angstrom. CSD refcode: ZUYZOK

Figure 4.64: An example of a crystal structure with a halogen bonding contact involving iodoimidazolium and triflate as
a halogen bond acceptor. Distance given in Angstrom. CSD refcode: GEPFUF

Similar approaches to anion recognition have been applied using chalcogen bond donors, for example to recognise and
precipitate perrhenate and pertechnetate ions (ReO; and TcO47)2%. An example of this is shown in Figure 4.65 which
features a complex of a selenodiazolium cation and a technetate anion forming a charge-assisted chalcogen bond (CSD
refcode YEJYUL). The close tellurium contacts to sulfur oxides that show o-hole angles of around 160° primarily involve

novel tellurium dications, with their behaviour being similar to N-heterocyclic carbenes by having a formally empty p-orbital
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and a lone-pair. An example of this is shown in Figure 4.66 of a complex of one of these dicationic tellurium species with

triflate202,

Figure 4.65: An example of a crystal structure with a chalcogen bonding contact involving 3-
(chloromethyl)[1,2,4]selenadiazolo[4,5-a]pyridin-4-ium and a pertechnetate anion as a halogen bond acceptor. CSD
refcode: YEJYUL

Figure 4.66: An example of a crystal structure with a chalcogen bonding contact involving (1,4-dicyclohexyl-1,4-diazabuta-
1,3-diene)-tellurium(ll) and a triflate anion as a halogen bond acceptor. CSD refcode: LAKDIM

Pnictogen bonding contacts show an interesting number of contacts to metal oxides, which correspond to an unusual set

of structures featuring clusters of pnictogen polyoxovanadates. These are a type of polyoxometalate (POM) which are of
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notable interest in supramolecular and materials chemistry, among other fields, owing to their interesting electronic and
magnetic properties?%2% . An example of this is the structure of an antimony derivative of the [V13042] family of POMs

shown in Figure 4.67 (CSD Refcode: PEKGES)2°®. This POM, and others like it show molecular magnetic behaviour,

207

potentially allowing advances in future battery technology and materials

Figure 4.67: An example of a crystal structure with a pnictogen bonding contact involving an antimony derivative of
[V1g042] polyoxometallate, where the antimony moiety is the pnictogen bond donor and the O=V moiety is the o-hole
acceptor. CSD refcode: PEKGES

Following from the close tetrel bonding complexes involving lead and halogen oxides what have o-hole angles that deviate
from linearity mentioned in Section 4.5.5, these can be attributed to macrocyclic lead compounds, with a range of aims such
as a fluorescence behaviour or as precursor/template for further macrocycles2%®2%9. An example involving this interaction
the Pb(ll)-azamacrocycle with a perchlorate anion (CSD refcode QANDER) shown in Figure 4.68, which notably is a

potential explosive?1?.
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Figure 4.68: An example of a crystal structure with a tetrel bonding contact involving a lead macrocycle with hemidirected
Pb coordination geometry and perchlorate. CSD refcode: QANDER

4.6 Metal Carbonyls

The research into metal carbonyls is a key part in the field of organometallic chemistry, displaying a wide variety of
function and use. Carbonyls act as a m-acceptor ligand, thus the identity of the metal, its oxidation state, and remaining
coordination sphere should impact the carbonyl's ability to act as an acceptor for o-hole interactions. Another factor that
can effect the Lewis basicity of a carbonyl ligand is back donation from the d-orbitals of the metal into the m*-orbitals of
the carbonyl ligand, which weakens the C-O bond. Carbonyls not only exist in a terminal M-C=0 bonding mode, but can
also bridge two or three metal centres, leading to increased oxygen basicity 2.

Halogen and hydrogen bonding contacts have been observed in crystal structures of metal carbonyls, including both finite

and extended network assemblies!41212,

The work of Brammer et al. indicates that the approach of the halogen or
hydrogen donor atom have X/H --- O=C angles, referred to the lone-pair angles in this manuscript, closer to 90°, which
they attribute to the involvement of the m-system of the carbonyl acting as the acceptor. In this work the different
bridging modes of metal carbonyls and how it related to o-hole interactions are explored, but these systems are much
less common, so the majority of the focus is placed on terminal metal carbonyls. Within the terminal metal carbonyl
species, the identity of and the number of bonded substituents on the metal are investigated to see if any trends arise
in Lewis basicity. It is important to note that the number of bonded substituents is not an exact substitute for valency,
with hapticity being treated by the CSD as multiple bonds rather than as one. An example of this is a cyclopentadienyl

ligand with n® hapticity would be counted as 5 bonds, so the iron in a ferrocene molecule would have 10 bonds. This

makes any trends associated with the number of connected atoms to the metal centre as defined by the CSD less reliable,
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due to it not being a like-for-like with coordination number and is not a descriptor of geometry. An overall summary of
the geometric observables of contacts indicative of o-hole interactions to metal carbonyl oxygen moieties is tabulated in

Table 4.55.

Table 4.55: Overall geometric summary of the contacts indicating o-hole interactions to terminal oxide oxygen moieties

o-hole No Not/::lri]sed Mean Mean .
Interaction Type Contacts Contact o-hole Lone-Pair
) Angle/ ° Angle/ °
Distance
Halogen-bonding 2790 1.005 144 113
Chalcogen-bonding 888 1.003 148 116
Pnictogen-bonding 70 0.999 152 126
Tetrel-bonding 231 1.006 168 135

4.6.1 X --- Metal Carbonyl Oxygen Contacts

The most numerous of the contacts shown in Table 4.55, halogen bonding contacts to metal carbonyl oxygens have an
average normalised contact distance greater than 1.0, the smallest average o-hole angle, and the smallest average lone-pair
angle compared to the other o-hole interactions to metal carbonyls.

The distribution of o-hole angle against normalised contact distance for halogen bonding contacts to metal carbonyl
moieties is shown in Figure 4.69 and the mean averages of the geometric measurements of the contacts shown in Table 4.56
& Table 4.57. There are very few contacts with normalised contact distances less than 0.9, and very little relationship
between shorter normalised contact distances and o-hole angles closer to linearity. There are some notable chlorine contacts
with normalised contact distances less than 0.9, but with o-hole angles that deviate substantially from linearity. These
contacts correspond to two instances of dichloromethane and one instance of chloroform as solvent within metal carbonyl
crystal structures, which mean the o-hole angle of these contacts are more easily perturbed from linearity to satisfy crystal
packing requirements. The majority of the contacts in Figure 4.69 correspond to terminal carbonyl ligands, but with a
small number of di- and tri-bridging metal carbonyls which seem to show a more notable relationship between o-hole
angles closer to linearity and shorter normalised contact distances. The mean averages of the geometric measurements
of halogen bonding contacts to metal carbonyl moieties shows very little change in average normalised contact distance,
average o-hole angle, and average lone-pair angle with respect to changing halogen bond donor species.

The distribution of lone-pair angle against normalised contact distance for halogen bonding contacts to metal carbonyl
moieties is shown in Figure 4.70. There is some bias towards the halogen bonding contacts approaching at lone-pair angles

nearer 90° rather than the expected 120° in agreement with Brammer et al.'#!

. The aforementioned very close chlorine
contacts adopt lone-pair angles very close to 90° suggesting alignment with the m-system of the carbonyl ligand rather
than the lone-pair.

The effect that the nature of the metal species and its bonding environment has on terminal metal carbonyls can be

seen in the distributions of o-hole angle against normalised contact distance in Figure 4.71 and the mean averages of the
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geometric measurements in Table 4.58. There is a wide variety of different metals and coordination spheres, with the
most frequently occurring contacts involving ruthenium, iron, and rhenium. The majority of the metal carbonyls feature
a metal with six bonded substituents, suggesting them to be predominantly octahedral. The shortest average normalised

halogen bonding contacts to carbonyl ligands involve those bound to rhenium and molybdenum, with average normalised

contact distances of 0.997 and 0.995 respectively.
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Figure 4.69: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the CSD.
Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)

180

180

Metal Carbonyl
e Terminal
o Dibridging
e Tri-bridging

80

0.6 0.9 1.0

Distance

0.6 10

0.7 0.8 0.7 0.8 0.9
Normalised Contact Normalised Contact Distance

Figure 4.70: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
halogen bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the CSD.
Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)
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Figure 4.71: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
halogen bonding contacts to terminal metal carbonyls found in crystal structures in the CSD. Points colour coded by the
metal that the carbonyl is coordinated to (left) and the number of substituents coordinated to the metal (right).
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Table 4.56: Summary of geometric characteristics of halogen bonding contacts to metal carbonyl oxygens

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
X 2790 3.343 1.005 144 113
I 49 3.526 0.996 147 116
Br 217 3.359 1.000 148 115
Cl 2524 3.339 1.006 144 112

Table 4.57: Summary of geometric characteristics of halogen bonding contacts to terminal, di-bridging, and tri-bridging
metal carbonyls

Mean

Mean ) M Mean
Functional Group Contacts Contact Normalised hol Zanl o Lone-Pair
Distance/ A Contact o-hole Angle/ Angle/ °
Distance
Metal Carbonyls 2790 3.343 1.005 144 113
Terminal 2712 3.343 1.005 144 112
Di-bridging 70 3.355 1.010 145 119
Tri-bridging 8 3.241 0.976 140 122

Table 4.58: Summary of geometric characteristics of halogen bonding contacts to different terminal metal carbonyls

Mean

Mean ) Mean
Functional Group Contacts Contact Normalised h II\/I;anI o Lone-Pair
Distance/ A C.ontact o-hole Angle/ Angle/ °©
Distance

Metal Carbonyls 2712 3.343 1.005 144 112
Ru-Carbonyl 488 3.346 1.007 143 113
Fe-Carbonyl 468 3.359 1.009 144 112
Re-Carbonyl 422 3.319 0.997 146 111
Os-Carbonyl 318 3.351 1.009 141 110
Mn-Carbonyl 248 3.365 1.007 146 111
W-Carbonyl 212 3.343 1.005 145 114
Mo-Carbonyl 177 3.310 0.995 146 114
Cr-Carbonyl 136 3.334 1.002 147 114
Co-Carbonyl 101 3.356 1.009 145 117
Rh-Carbonyl 61 3.346 1.006 139 121
Ir-Carbonyl 55 3.328 1.002 142 116
Pt-Carbonyl 14 3.369 1.015 142 117
Ni-Carbonyl 5 3.418 1.030 134 114
Tc-Carbonyl 5 3.370 1.015 137 121
Cu-Carbonyl 2 3.444 1.037 136 113
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4.6.2 Ch --- Metal Carbonyl Oxygen Contacts

Table 4.55 shows chalcogen bonding contacts to metal carbonyls are considerably less numerous than the analogous
halogen bonding contacts.

The distribution of o-hole angle against normalised contact distance of chalcogen bonding contacts to metal carbonyls
is shown in Figure 4.72 and the mean averages of the geometric measurements of the contacts shown in Table 4.59 &
Table 4.60. There are a very small number of selenium and tellurium contacts in comparison to the sulfur contacts to metal
carbonyls. There are very few contacts with normalised contact distances less than 0.9, and very little relationship between
shorter normalised contact distances and o-hole angles closer to linearity. The majority of the contacts in Figure 4.72
correspond to terminal carbonyl ligands and a small number of di-bridging metal carbonyls which do not seem to show
any relationship between o-hole angle and normalised contact distance.

The distribution of lone-pair angle against normalised contact distance for chalcogen bonding contacts to metal carbonyl
moieties is shown in Figure 4.73. There is some bias towards the chalcogen bonding contacts approaching at lone-pair
angles nearer 90° rather than the expected 120°. Once again there is a plethora of metal carbonyl species involved in
these contacts. The most numerous metal carbonyl species are those bound to rhenium and tungsten, and the most
common coordination sphere of the metal centre is 6 bonds, as shown in Figure 4.74. This is likely a reflection of the use

of octahedral tungsten and rhenium carbonyls as organometallic precursors?13214,
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Figure 4.72: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the
CSD. Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)
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Figure 4.73: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
chalcogen bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the
CSD. Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)
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Figure 4.74: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
chalcogen bonding contacts to terminal metal carbonyls found in crystal structures in the CSD. Points colour coded by
the metal that the carbonyl is coordinated to (left) and the number of substituents coordinated to the metal (right).

Table 4.59: Summary of geometric characteristics of chalcogen bonding contacts to metal carbonyl oxygens

M Mean M
ean _ ean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C_ontact o-hole Angle/ Angle/ °
Distance
Ch 888 3.401 1.003 148 116
Te 4 3.628 1.040 134 118
Se 13 3.381 1.018 148 126
S 871 3.400 1.003 149 116

Table 4.60: Summary of geometric characteristics of chalcogen bonding contacts to terminal, di-bridging, and tri-bridging
metal carbonyls

Mean Mearl Mean
Functional Group Contacts Contact Normalised Mean o Lone-Pair
Distance/ A Contact o-hole Angle/ Angle/ °
Distance
Metal Carbonyls 888 3.401 1.003 148 116
Terminal 883 3.402 1.004 148 116
Di-bridging 5 3.302 0.974 151 136
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Table 4.61: Summary of geometric characteristics of chalcogen bonding contacts to different terminal metal carbonyls

Mean Mear.1 Mean

Functional Group Contacts Contact Normalised Mean o Lone-Pair

Distance/ A C.ontact o-hole Angle/ Angle/ °©

Distance

Metal Carbonyls 883 3.402 1.004 148 116
Re-Carbonyl 173 3.378 0.997 149 113
W-Carbonyl 140 3.413 1.007 147 114
Cr-Carbonyl 114 3.399 1.003 148 117
Fe-Carbonyl 114 3.432 1.012 147 118
Os-Carbonyl 106 3.397 1.002 151 113
Mn-Carbonyl 62 3.408 1.005 149 111
Co-Carbonyl 57 3.405 1.004 147 118
Ru-Carbonyl 56 3.386 0.999 147 126
Mo-Carbonyl 54 3.402 1.004 151 118
Rh-Carbonyl 2 3.484 1.028 158 100
Tc-Carbonyl 2 3.328 0.982 141 105
Ir-Carbonyl 1 3.380 0.997 171 156
Nb-Carbonyl 1 3.365 0.992 117 145
Pt-Carbonyl 1 3.410 1.006 143 142

4.6.3 Pn --- Metal Carbonyl Oxygen Contacts

Table 4.55 shows pnictogen bonding contacts to metal carbonyls the least numerous of the o-hole interactions to carbonyl
ligands.

The distribution of o-hole angle against normalised contact distance of pnictogen bonding contacts to metal carbonyls
is shown in Figure 4.75 and the mean averages of the geometric measurements of the contacts shown in Table 4.62 &
Table 4.63. These pnictogen bonding contacts are predominantly phosphorus contacts to metal carbonyls. There are
very few contacts with normalised contact distances less than 0.9, and very little relationship between shorter normalised
contact distances and o-hole angles closer to linearity. The majority of the contacts in Figure 4.75 correspond to terminal
carbonyl ligands and a singular contact to a di-bridging metal carbonyl ligand shows little to no relationship between o-hole
angle and normalised contact distance. There are a small number of antimony and bismuth contacts that have normalised
contact distances less than 0.9 with o-hole angles approaching linearity.

The distribution of lone-pair angle against normalised contact distance for pnictogen bonding contacts to metal carbonyl
moieties is shown in Figure 4.76. There are a small number of antimony and bismuth contacts that have normalised
contact distances less than 0.9 and lone-pair angles around 120°. This suggests the greater likelihood of the lone-pair
acting as the carbonyl ligands Lewis basic site over the m-system. The closest contacts with o-hole angles approaching
linearity involve carbonyl ligands bound to molybdenum and tungsten, with the molybenum containing 7 bonds in its

coordination sphere, while the tungsten carbonyls contain six or eight bonds in its coordination sphere.
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Figure 4.75: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
pnictogen bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the
CSD. Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)

140

LP Angle/ °

S
8

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

.
@
&

140

LP Angle/ °

5
8

Metal Carbonyl
e Terminal
e Di-bridging

0.6 0.7 0.8 0.9 1.0
Normalised Contact Distance

Figure 4.76: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
pnictogen bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the
CSD. Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)
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Figure 4.77: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
pnictogen bonding contacts to terminal metal carbonyls found in crystal structures in the CSD. Points colour coded by
the metal that the carbonyl is coordinated to (left) and the number of substituents coordinated to the metal (right).
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Table 4.62: Summary of geometric characteristics of pnictogen bonding contacts to metal carbonyl oxygens

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Pn 70 3.505 0.999 152 126
Bi 3 3.868 0.957 171 100
Sb 11 3.726 0.939 153 103
As 3 3.337 0.987 150 127
P 53 3.448 1.014 151 132

Table 4.63: Summary of geometric characteristics of pnictogen bonding contacts to different terminal metal carbonyls

Mean Mear'1 Mean
Functional Group Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C.ontact o-hole Angle/ Angle/ °
Distance
Metal Carbonyls 69 3.505 0.998 152 125
Cr-Carbonyl 22 3.542 1.005 144 119
W-Carbonyl 17 3.507 1.003 155 131
Fe-Carbonyl 9 3.419 1.007 161 122
Mo-Carbonyl 7 3.563 0.958 162 123
Os-Carbonyl 5 3.432 1.009 153 140
Re-Carbonyl 5 3.417 1.005 150 127
Mn-Carbonyl 2 3.570 0.966 156 133
Ru-Carbonyl 1 3.827 0.964 139 111
Tc-Carbonyl 1 3.372 0.992 159 138

4.6.4 Tt --- Metal Carbonyl Oxygen Contacts

Table 4.55 shows tetrel bonding contacts to metal carbonyls are much less numerous than the analogous halogen or
chalcogen bonding contacts, yet are more numerous than the analogous pnictogen bonding contacts.

The distribution of o-hole angle against normalised contact distance of tetrel bonding contacts to metal carbonyls is
shown in Figure 4.78 and the mean averages of the geometric measurements of the contacts shown in Table 4.64 &
Table 4.65. Interestingly, the tetrel bonding contacts to metal carbonyl ligands show the most pronounced relationship
between shorter normalised contact distances and o-hole angles that approach linearity. The overall average o-hole angle
for tetrel bonding contacts to metal carbonyl ligands is 168°. The majority of the closest contacts involve tin contacts,
but also some germanium and silicon contacts. The contacts in Figure 4.78 correspond to terminal carbonyl ligands and
a singular contact to a di-bridging metal carbonyl ligand with a long contact with a o-hole angle very near linearity.

The distribution of lone-pair angle against normalised contact distance for tetrel bonding contacts to metal carbonyl
moieties is shown in Figure 4.79. There is a slight preference for the shortest tetrel bonding contacts to adopt lone-pair

angles near 120°, get also with angles nearer linearity. This suggests the greater likelihood of the lone-pair acting as

173



the carbonyl ligands Lewis basic site over the w-system. The tetrel bonding contacts to different metal carbonyl species,
shown in Figure 4.80 and Table 4.65, involve mainly carbonyl ligands bound to tungsten, with a notable number bound to
chromium, iron, and molybdenum. The contacts to metal carbonyls with an average normalised contact distance shorter

than the sum of van der Waals radii involve carbonyl ligands bound to iron and manganese.
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Figure 4.78: Scatter plots showing the distribution of normalised contact distance with respect to the o-hole angle of
tetrel bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the CSD.
Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)
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Figure 4.79: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
tetrel bonding contacts to terminal, di-bridging, and tri-bridging metal carbonyls found in crystal structures in the CSD.
Points colour coded by donor atom type (left), and the bridging mode of the carbonyl (right)
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Figure 4.80: Scatter plots showing the distribution of normalised contact distance with respect to the lone-pair angle of
tetrel bonding contacts to terminal metal carbonyls found in crystal structures in the CSD. Points colour coded by the
metal that the carbonyl is coordinated to (left) and the number of substituents coordinated to the metal (right).
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Table 4.64: Summary of geometric characteristics of tetrel bonding contacts to metal carbonyl oxygens

Mean Meah Mean
Donor  Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C'ontact o-hole Angle/ Angle/ °
Distance
Tt 231 3.769 1.006 168 135
Pb 3 3.827 0.933 159 130
Sn 49 3.769 0.961 162 137
Ge 10 3.817 1.007 156 127
Si 169 3.766 1.020 171 134

Table 4.65: Summary of geometric characteristics of tetrel bonding contacts to different terminal metal carbonyls

Mean

Mean ) Mean
Functional Group Contacts Contact Normalised Mean o Lone-Pair
Distance/ A C.ontact o-hole Angle/ Angle/ °
Distance
Metal Carbonyls 230 3.770 1.006 168 135
W-Carbonyl 63 3.779 1.005 169 134
Cr-Carbonyl 35 3.783 1.019 169 131
Fe-Carbonyl 35 3.753 0.982 163 139
Mo-Carbonyl 31 3.765 1.002 169 132
Co-Carbonyl 19 3.786 1.026 167 135
Ru-Carbonyl 15 3.783 1.021 173 138
Re-Carbonyl 14 3.748 1.016 169 134
Mn-Carbonyl 7 3.669 0.970 168 144
Os-Carbonyl 5 3.783 1.025 173 144
Rh-Carbonyl 1 3.783 1.025 173 107

4.6.5 Prevalence of 0y, --- Metal Carbonyl Oxygen Contacts

Due to the extremely low number of o-hole interactions to di- and tri-bridging metal carbonyls, the prevalence of o-hole
interactions will only be considered relative to structures containing terminal metal carbonyl ligands. The prevalence of
o-hole interactions to metal carbonyl o-hole acceptors is detailed in Table 4.66. The prevalence of halogen and chalcogen
bonding to metal carbonyl o-hole acceptors is very high, even greater than the analogous contacts to terminal oxide
o-hole acceptors (see Table 4.46). The prevalence of pnictogen and tetrel bonding to metal carbonyl o-hole acceptors is
somewhat lower, with both around 8.8%.

Table 4.66: Overall summary of the prevalence of contacts indicating o-hole interactions to metal carbonyl moieties
compared to the number of unique crystal structures found in the CSD that contain the necessary moieties.

o-hole Interaction Type  Structures with Moieties ~ Structures with Contact(s) Prevalence
Halogen-bonding 4085 1677 41.05%
Chalcogen-bonding 1398 537 38.41%
Pnictogen-bonding 552 49 8.88%
Tetrel-bonding 2056 182 8.85%
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Halogen bonding contacts show a trend in prevalence in Table 4.67 that is the inverse of the polarisability of the halogen
element, being | < Br < Cl. This could be related to the common use of chlorinated solvents in organometallic chemistry,
which are used to co-crystalise the metal carbonyl compound. The prevalence of halogen bonding to different metal
carbonyl species is shown in Table 4.68. The most notable prevalence is seen with halogen bonds to carbonyl ligands
bound to osmium, with a prevalence of 54.30%. For only a few metals does the prevalence of halogen-bond formation

deviate substantially below the average prevalence of 41.05%

Table 4.67: Summary of the prevalence of halogen bonding contacts to terminal metal carbonyl oxygens compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

X 4085 1677 41.05%

I 123 34 27.64%
Br 316 121 38.29%
Cl 3682 1526 41.44%

Table 4.68: Summary of the prevalence of halogen bonding contacts to different terminal metal carbonyls compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties  Structures with Contact(s) Prevalence

Metal Carbonyl 4085 1677 41.05%
Ru-Carbonyl 799 303 37.92%
Fe-Carbonyl 748 300 40.11%
Re-Carbonyl 519 258 49.71%
Os-Carbonyl 291 158 54.30%
Mn-Carbonyl 291 135 46.39%
W-Carbonyl 421 145 34.44%
Mo-Carbonyl 348 130 37.36%
Cr-Carbonyl 190 92 48.42%
Co-Carbonyl 174 66 37.93%
Rh-Carbonyl 235 47 20.00%
Ir-Carbonyl 222 44 19.82%
Pt-Carbonyl 34 13 38.24%
Ni-Carbonyl 12 2 16.67%
Tc-Carbonyl 9 5 55.56%
Cu-Carbonyl 12 2 16.67%

Other 14 0 N/A

The prevalence of chalcogen bonding to metal carbonyl Lewis bases, shown in Table 4.69, is dominated by sulfur. While

making up the vast majority of the crystals containing the required moieties, and those showing chalcogen bonding

176



interactions, those involving sulfur show a very high prevalence. Chalcogen bonds involving carbonyl ligands bound to
osmium show a prevalence greater than 50% that is notably above the overall average prevalence of chalcogen bonding
to metal carbonyls. Chalcogen bonds involving carbonyl ligands bound to chromium also show a signficant prevalence of

47.58%, seen in Table 4.70.

Table 4.69: Summary of the prevalence of chalcogen bonding contacts to terminal metal carbonyl oxygens compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Ch 1398 537 38.41%
Te 19 3 15.79%
Se 67 11 16.42%
S 1313 523 39.83%

Table 4.70: Summary of the prevalence of chalcogen bonding contacts to different terminal metal carbonyls compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties  Structures with Contact(s) Prevalence

Metal Carbonyl 1398 537 38.41%
Re-Carbonyl 231 98 42.42%
W-Carbonyl 208 83 39.90%
Fe-Carbonyl 280 81 28.93%
Cr-Carbonyl 124 59 47.58%
Os-Carbonyl 106 58 54.72%
Mn-Carbonyl 140 46 32.86%
Co-Carbonyl 78 34 43.59%
Ru-Carbonyl 114 33 28.95%
Mo-Carbonyl 101 38 37.62%
Rh-Carbonyl 19 2 10.53%
Tc-Carbonyl 2 2 100.00%
Ir-Carbonyl 14 1 7.14%
Nb-Carbonyl 1 1 100.00%
Pt-Carbonyl 1 1 100.00%

Other 6 0 N/A

Among pnictogen and tetrel bonds to metal carbonyls, already noted as having low overall prevalence (see Table 4.66).
Of these o-hole interactions, those involving antimony and tin have notably higher prevalence, albeit with only 10s of
observations. The scarcity of data makes trends with respect to the polarisability of the o-hole donor atom difficult to
analyse. In terms of the metal carbonyl species, see Table 4.72 and Table 4.74, for both pnictogen and tetrel bonding

contacts tungsten and rhenium carbonyls are the most prevalent, along with pnictogen contacts to osmium carbonyls
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having notable prevalence.

Table 4.71: Summary of the prevalence of pnictogen bonding contacts to terminal metal carbonyl oxygens compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Donor ~ Structures with Moieties  Structures with Contact(s) Prevalence

Pn 552 49 8.88%
Bi 3 3 100.00%
Sb 18 8 44.44%
As 31 2 6.45%
P 501 36 7.19%

Table 4.72: Summary of the prevalence of pnictogen bonding contacts to different terminal metal carbonyls compared to
the number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Metal Carbonyl 552 49 8.88%
Cr-Carbonyl 87 13 14.94%
W-Carbonyl 142 12 8.45%
Fe-Carbonyl 106 5 4.72%
Mo-Carbonyl 65 6 9.23%
Re-Carbonyl 23 5 21.74%
Os-Carbonyl 30 4 13.33%
Mn-Carbonyl 30 2 6.67%
Ru-Carbonyl 13 1 7.69%
Tc-Carbonyl 3 1 33.33%

Other 61 0 N/A

Table 4.73: Summary of the prevalence of tetrel bonding contacts to terminal metal carbonyl oxygens compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Donor  Structures with Moieties  Structures with Contact(s) Prevalence

Tt 2056 182 8.85%
Pb 2 1 50.00%
Sn 82 29 35.37%
Ge 45 38 17.78%
Si 1942 144 7.42%
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Table 4.74: Summary of the prevalence of tetrel bonding contacts to different terminal metal carbonyls compared to the
number of unique crystal structures found in the CSD that contain the necessary moieties

Functional Group  Structures with Moieties ~ Structures with Contact(s) Prevalence

Metal Carbonyl 2056 182 8.85%
W-Carbonyl 422 55 13.03%
Cr-Carbonyl 311 27 8.68%
Fe-Carbonyl 500 26 5.20%
Mo-Carbonyl 202 20 9.90%
Co-Carbonyl 206 16 7.77%
Ru-Carbonyl 183 14 7.65%
Re-Carbonyl 56 12 21.43%
Mn-Carbonyl 64 6 9.38%
Os-Carbonyl 70 5 7.14%
Rh-Carbonyl 28 1 3.57%

Other 84 0 N/A

4.6.6 Notable Metal Carbonyl Functional Groups

As the o-hole interactions to metal carbonyl ligands involve generally longer contacts with o-hole angles that deviate
substantially from linearity, there are few structures found within this CSD search that stand out. The recurrence of metal
carbonyls such as those of rhenium, tungsten, and iron are due to their use in a wide variety of reactions and are readily
commercially available, for example bromopentacarbonylrhenium(l), which is a useful precursor to rhenium complexes.

The crystal structure of [Re(17°-C5H41)(CO)3] (CSD refcode DUKREH) is reported as having "strong I...O interactions"
(see Figure 4.81). This structure involves rhenium with three carbonyl groups and then a 1 iodocyclopentadienyl ligand

and is from the work of Romanov et al. with the aim of producing starting materials for new compound discovery?*°.
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Figure 4.81: An example of a crystal structure with a halogen bonding contact [Re(7°-C5H41)(CO)3] with a halogen bond
between the iodocyclopentadienyl ligand and the carbonyl bound to the rhenium. Distance given in Angstrém. CSD
refcode: DUKREH

A notable chalcogen bonding structure involving a rhenium carbonyl moiety is shown in Figure 4.82 of CSD refcode
EXUWOK. This chalcogen contact has a normalised contact distance of 0.885, and is possibly enhanced by a very weak
C-H hydrogen bond, between the carbonyl oxygen and the hydrogen on the benzyl moiety (2.619 A - 0.970 normalised
contact distance). This work by Gerber and co-workers involving benzothiazoles and their complexes with rhenium carbonyl

cores, which is of interest for the synthesis of new Re and Tc radiotherapy and radioimaging agents?.
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Figure 4.82: An example of a crystal structure of (bis(2-(1,3-Benzothiazol-2-yl)ethyl) sulfide)-bromo-tricarbonyl-rhenium
with a chalcogen bonding contact between sulfur and the metal carbonyl oxygen. Distance given in Angstrom. CSD
refcode: EXUWOK

While pnictogen contacts are very scarce, an interesting structure is seen in CSD refcode LAJGAIO1 which involves a
rhenium tris(2-pyridyl)phosphine scorpionate complex which shows a relatively close contact involving phosphorus which
has a o-hole angle of around 160°, which is characteristic of pnictogen bonding. However, these contacts are still rather
long, with a normalised contact distance of 0.980, and are likely enhanced by weak C—H hydrogen bonding between the
carbonyl and the pyridyl hydrogen (2.767 A - 1.024 normalised contact distance). These scorpionate complexes, especially
Re(l) species such as this have interest in catalysic, polymer, and pharmaceutical fields, with this complex exhibiting

thermochromic luminescence, and the structure is shown in Figure 4.8327.
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Figure 4.83: An example of a crystal structure with rhenium tris(2-pyridyl)phosphine scorpionate complex pnictogen
bonding contacts between the phoshorus and the metal carbonyls. Distance given in Angstrém. CSD refcode: LAJGAIO1

An interesting tetrel bonding complex involving a supramolecular complex containing both tin tetrel bond donor moieties
and an iron tetracarbonyl moiety is shown in Figure 4.84 of CSD refcode RELXAH. This structure is from the work of
Sita and coworkers on a main group cluster with potential to aid the synthesis of other transition metal and main group

oxo complexes, such as the polyoxometallates(POM)s mentioned in Section 4.5.62%8.

Figure 4.84: An example of a crystal structure of a tin polyoxometallate derivative bound to an iron carbonyl complex
with a tetrel bonding contact between the tin and the carbonyl ligand. CSD refcode: RELXAH
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4.7 Summary

Oxygen acting as an acceptor for o-hole interactions shows a great deal more variety and complexity than nitrogen-based
o-hole acceptors. There is a great deal of impact that changes to both the immediate oxygen environment, and to the
wider molecular system, have on the Lewis basicity of the oxygen lone-pairs. Overall, the contacts indicating o-hole
interactions within these crystal structures longer and have o-hole angles that deviate further from linearity than the
analogous contacts involving nitrogen Lewis bases. This is contrasted by a much greater number of contacts within the
CSD between the o-hole donor and these acceptor oxygen moieties. The most frequently occurring contacts follow the
trend of organic carbonyls ~ divalent oxygens > oxides > metal carbonyls and the same trend is followed in terms of
increasing o-hole angles.

Organic carbonyl oxygens show a great deal of variety with regards to the different carbonyl functional groups that can be
found within the CSD. These different substituents, however, only slightly affects the geometry of the contacts, with the
averages of the geometric measurements being fairly consistent. The main noticeable effect seen is that when nitrogen is
incorporated into the carbonyl system, such as in amides, formamides, and ureas, there is a greater proportion of closer,
contacts seen with o-hole angles closer to linearity. Halogen bonding shows the greatest number of contacts to organic
carbonyls, but chalcogen bonding contacts show slightly more variety in carbonyl functional groups. Halogen, chalcogen,
and pnictogen bonding contacts tend to approach at the expected angle with respect to the lone-pair of 120°, but tetrel
bonds favouring an angle closer to 140°. There is little to no preference for these contacts approaching coplanar or
orthogonal to the plane of the carbonyl moiety. When the contacts distances are normalised with regards to the sum
of their van der Waals radii, pnictogen and tetrel bonding contacts, while less abundant, show a larger proportion of
contacts that are shorter than 0.8 normalised contact distance than halogen and chalcogen bonding contacts. These
pnictogen and tetrel contacts are much less prevalent than the halogen and chalcogen bonding species, with 20% of the
structures containing the required halogen and chalcogen bonding donor and acceptor moieties displaying one or more
o-hole interactions.

Divalent oxygen o-hole acceptors show an even greater degree of variety of functional groups than seen with organic
carbonyls, and a comparable number of contacts across the different o-hole donors. This added variety also shows a more
marked effect that the changing of the substituents around the oxygen has on its Lewis basicity. Alcohols and ethers are
among the most numerous contacts that show a notable proportion of close contacts that are a strong tendency towards
a linear o-hole angle. Alcohols, and more so water, show a notable number of very close contacts to chlorine that have
o-hole angles closer to 90° than 180°. This is due to the ability of chlorine to act as a hydrogen bond acceptor, and thus
these much stronger interactions are perturbing the weaker Cl --- O halogen bond. This behaviour is seen less commonly
with sulfur chalcogen bonds, which is a much weaker hydrogen bond acceptor, so there are fewer close contacts with
o-hole angle that deviate substantially from linearity, and none are seen with pnictogen and tetrel bonds to alcohols or
water which do not act as hydrogen bond acceptors. Furans where the two carbons (C-O-C) are both sp?-hybridised

participate as acceptors in o-hole interactions that are notably longer and have o-hole angles that deviate substantially
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from linearity. This suggests that the delocalised system decreases the Lewis basicity of the oxygen. Halogen bonding
contacts to divalent oxygen show a greater proportion of normalised contact distances less than 0.8 than the analogous
chalcogen bonding contacts. The analogous pnictogen and tetrel bonding contacts, while few in number, have a greater
proportion of normalised contact distances below this threhold. There is a very short bimodal distribution of antimony
pnictogen bonding contacts which correspond to multiple pnictogen bonds to the oxygens within a crown ether. Tin shows
some of the closest contacts, being o-hole angles that are near linear, to alcohol moieties, with lead contacts being closer
but having o-hole angles much further from linearity while maintaining lone-pair directionality. In contrast to organic
carbonyls, there is some bias towards the approach of the o-hole donor atom orthogonally to the plane of the acceptor
molecule, while still adopting lone-pair angles of around 120°. This is likely due to divalent oxygens being more sterically
crowded than carbonyls, due to carbonyl oxygens having an extra atom separation from the bulk of the molecule. The
prevalence of o-hole interactions to divalent oxygen Lewis bases are slightly lower than for organic carbonyls, with halogen
and chalcogen bonding contacts being found in 15% of structures containing the required halogen and chalcogen bond
donor and acceptor moieties, and much less for pnictogen and tetrel bonding contacts.

Oxide o-hole acceptor species are likely to be charged species, which is likely to have a considerable effect on the Lewis
basicity of the lone pairs on the oxygen. This is shown in the notably closer contacts seen compared to the organic
carbonyls and divalent oxygen species, with the distributions of o-hole angles against normalised contact distances being
more comparable to those seen in the nitrogen o-hole acceptors. For halogen bonding complexes, N-oxides such as
pyridine N-oxide are widely used with strong halogen bond donors such as N-iodosuccinamide, with normalised contact
distance as low as 0.65 and o-hole angles very close to linearity. While halogen bonding contacts to sulfur oxides are
more common than those to phoshorus oxides, the phosphorus contacts show o-hole angles closer to linearity among the
closest contacts. Halogen bonds to metal and halogen oxides are longer and have a much broader range of o-hole angles.
Chalcogen bonds to oxides are generally longer compared to the analogous halogen bonds and have o-hole angles that
deviate further from linearity. Chalcogen bonds to sulfur oxides show similar geometric characteristics as those as with
nitrogen oxides. Halogen and chalcogen bonds are found with some slightly closer and more linear contacts to perrhenate
and pertechnetate, along with other anions such as triflate, which is due to the application of these interactions in the field
of anion recognitions. Pnictogen bonding contacts to oxides have short normalised contact distances, but show reduced
directionality with respect to the o-hole angle, with a broad distribution of angles between 135-180°. Tetrel bonding
contacts to oxide o-hole acceptors show some of the closest and most linear interactions involving tin, while lead tetrel
bonds adopt o-hole angles further from 180°. Lone-pair angles among halogen and chalcogen bonds to oxides show strong
bias towards 120° for contacts below 0.75 normalised contact distance, whereas pnictogen and tetrel bonding contacts
only show this bias for contacts nearing 0.6 normalised contact distance, with a notable number of contacts with a bias
towards the linear approach of the donor to the oxygen. The prevalence of these o-hole interactions to oxide Lewis bases
are some of the highest seen involving oxygen Lewis bases, with between 27-32% prevalence shown for halogen, chalcogen,

and pnictogen bonds, while tetrel bonding has a lower prevalence of around 10%.
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Lastly, metal carbonyl oxygens are drastically reduced in their Lewis basicity, with the lone-pair angle distributions indicating
that o-hole donors interact with the 7-system of the carbonyl over the lone-pairs on the oxygen. For halogen, chalcogen,
and pnictogen bonds to metal carbonyl o-hole acceptors there are a small proportion of contacts with a normalised contact
distance shorter than 0.9. There is little relationship between the closer normalised contact distances and o-hole angles
nearer linearity for halogen, chalcogen, and pnictogen bonding contacts to metal carbonyls. The vast majority of the
structures involve terminal metal carbonyls, with only halogen bonding contacts showing a notable number of di-bridging
metal carbonyls, which do show a slight bias towards larger o-hole angles. This suggests that depleting the m-system of
the carbonyl increases the Lewis basicity of the oxygen lone-pairs. Tetrel bonding to metal carbonyl o-hole acceptors have
the largest average o-hole angle compared to the other o-hole interactions with metal carbonyls. This includes a notable
proportion of contacts with normalised contact distance less than 0.9. A commonly occuring metal carbonyl moiety that
acts as an acceptor for o-hole interactions are carbonyl ligands bound to rhenium. This is likely due to the commercially
available bromopentacarbonylrhenium(l) reagent that is used as a precursor to a wide range rhenium carbonyl complexes.
Overall, oxygen Lewis bases offer a highly synthetically accessible acceptor motif for o-hole interactions, with o-hole donors
able to approach from a wide range of directions with respect to the oxygen atom multiple lone-pairs present. In comparison
to nitrogen Lewis bases as o-hole acceptors, there is a much greater variety in functional groups and how this effects the
Lewis basicity of the moiety. Organic carbonyls offer consistent behaviour across the functional group range, with nitrogen
containing groups such as amides showing lightly increased Lewis basicity, and a reduced steric bulk than divalent oxygens,
which varies more in Lewis basicity with different substituents, but this also entails a increased variety of functional groups
available. Oxides are the most effective o-hole acceptor out of the oxygen Lewis bases, due to an abundance of anionic
species, forming contacts similar in strength to those seen with nitrogen Lewis bases. Halogen and chalcogen bonding
interactions to various oxides have been exploited for use in anion recognition, which explains its abundance of short
contacts. Metal carbonyls prove to be ineffective o-hole acceptors, except for a few notable exceptions involving tetrel
bonds, where there is interest in new materials involving tin and metal carbonyl species, but none recognised for their
tetrel bonding ability.

It is important to note that the large number of oxide Lewis bases that are anionic make them unsuitable as a direct
like-for-like comparison with the neutral nitrogen Lewis bases. Thus on comparison of the o-hole interactions to organic
carbonyl or divalent oxygen moieties with the analogous o-hole interactions with the various hybridisations of nitrogen
discussed in Chapter 3, more reliable contrast can be made. The mean averages of normalised contact distance and o-hole
angle of these contacts can be found for organic carbonyl and divalent oxygen moieties in Table 4.1 & Table 4.19, and for
the three hybridisations of nitrogen in Table 3.1, Table 3.11, &Section 3.5.

Generally the normalised contact distance of o-hole interactions to oxygen Lewis bases are larger than the analogous
interactions to nitrogen Lewis bases. For halogen and chalcogen bonding the average normalised contact distance for
contacts to each hybridisation of nitrogen are lower than that of the analogous contacts to oxygen Lewis bases and show

larger average o-hole angles. The pnictogen and tetrel bonding contacts to divalent oxygen and organic carbonyl Lewis
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bases have smaller average normalised contact distances than the analogous o-hole interactions to sp>-hybridised nitrogen,
but are longer than the average normalised contact distances of pnictogen and tetrel bonds to sp?- & sp-hybridised nitrogen.
The average o-hole angles of pnictogen and tetrel bonds are consistent between interactions with both oxygen and nitrogen
o-hole acceptors. From this one can conclude that oxygen Lewis bases present a wide range of potentially useful o-hole
acceptor moieties with huge scope for tuning the strength and geometry of the o-hole interactions. This character is
offset by the reduced strength of o-hole interactions involving oxygen Lewis base o-hole acceptors in comparison to those

involving nitrogen Lewis bases.
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Chapter 5

Machine Learning Prediction of o-hole

Interaction Energies

5.1 Overview

5.1.1 Introduction to Machine Learning in Chemistry

Machine learning (ML) is a form of artificial intelligence (Al), with the difference being that Al is more focused on the
ability of a computers to exhibit human-like behaviour and intelligence, whereas ML involves the application of statistical
algorithms to automatically improve at a task when provided with experience. Machine learning can be most simply
described by a oft-repeated quote from the computer scientist Tom M. Mitchell: "A computer program is said to learn
from experience E with respect to some class of tasks 7" and performance measure P if its performance at tasks in T', as
measured by P, improves with experience E2°." Using this analogy, to allow this ML model to learn, it must be trained
for its specific task.

The process of training involves providing the ML model with a dataset to extract insight from to improve its performance at
the task. There are various different approaches to training a model, which can be subdivided into supervised, unsupervised,
and reinforcement learning. Supervised learning approaches use a training dataset of example input features and the outputs
associated with these features. This allows the model to map the relationship between the input features and the outputs
in, for example, regression or classification algorithms. Unsupervised learning involves no input features, with no labels
associated, with the aim of the model being to find trends or commonalities within the dataset and execute a process
based on these groupings. Examples of unsupervised learning are algorithms for dimensionality reduction such as principal

component analysis??0.

Unsupervised learning is also a key tool in molecular simulation, showcased in a detailed review
by Glielmo et al.??! Reinforcement learning is the most different in its training approach, with these models acting as

a so-called "agent" that affects an "environment" to achieve a "goal", the decisions made by this agent are evaluated
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and rewarded or "punished" depending on its progress towards the goal. Reinforcement learning models are used in more
complex simulations or, for example, self-driving cars222-224.

ML has had a transformative impact on the chemical sciences, with use cases such as pharmaceutical drug discovery,
reaction optimisation, and enhancing computational chemistry calculations??>7227_ The field of ML approaches to chemistry
has seen a great deal of hype, yet also notable critique with regards to application??®. When presented with a task that,
if attempted using traditional approaches, would prove to be unfeasible in terms of time or expense, a machine learning
approach presents an attractive solution.

This work aims to produce a ML model that, when provided with a contact indicative of a o-hole interaction from the
CSD search results presented in Chapter 3, Chapter 4 and other searches, can extract features from this contact to rapidly
approximate the interaction energy between the o-hole donor and acceptor moieties. This will require a model dataset of
a diverse range of o-hole interactions, with geometric measurements and high-accuracy interaction energies. A suitable

ML model will need to be selected along with the most relevant descriptors for the model to employ in its prediction of

interaction energies.

5.1.2 General Considerations for ML Applications

In order to produce a model that provides accurate predictions to the task at hand, great care must be taken from a very
early stage, long before the model is constructed and trained. A ML model is only as good as the data it is trained on, thus
the first step is providing it with a dataset that is highly accurate and fully represents the task that the model is tasked to
solve. When constructing a ML model, one could be tempted to provide the model with as many variables in the training
set as possible, yet this is rarely beneficial in practice. Care should be taken so as not to introduce redundant variables
as this will reduce the model's ability to generalise, along with increasing complexity and thus computational cost. When
one trains a ML model, the dataset is split into a training set, and a testing set, the first of which is used to fit the model,
and the second is not "seen" by the model and so is used to test its performance. The size of split and stratification of
these sets are important to ensure that both sets are representative of eachother and the dataset as a whole, to prevent
the model being overfit to a small part of the dataset.

Another consideration to make is the training or fitting of the model, in other words the best possible match the model
makes to the data provided. Two common problems that can occur with this are underfitting and overfitting, which affects
the ability of the model to generalise when provided with new, unseen data. Underfitting occurs when the model lacks the
complexity to learn the important trends in relationships within the training data, meaning it performs poorly on both seen
and unseen data. Causes of underfitting can be from unsuitable model selection (e.g. linear model for nonlinear data),
insufficient training, or lack of feature completeness. Overfitting occurs when the model has learnt too much from the
data in the training set, incorporating trends found in noise or less relevant features. This results in very good performance
for the training set, yet poor performance on unseen data outside of its training set. This can be caused by poor choice

of model (e.g. a deep neural network for a linear relationship), over-training, feature complexity, or insufficient diversity
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in training data. Getting the "best" fit of a model, the goal of machine learning, is to find a balance so that the model
is complex enough to capture the desired trends in the data, while not being so sensitive as to capture irrelevant noise in

the data.

5.1.3 ML Approaches to Predicting Noncovalent Interactions

There have been a variety of reported approaches to rapidly estimate the interaction energy of a noncovalently interacting
molecules using more easily attainable data. There are the simple statistical models such as those of Legon and co-
workers mentioned in Section 1.5, but also some recent ML approaches for predicting interaction energies of noncovalent
interactions such as hydrogen bonding and halogen bonding89 9,

An approach from the Sherrill group is the CLIFF kernel model, which is a Component-based machine-Learned Intermolecular
Force Field??. Aimed for use in pharmaceutically relevant systems, it is trained on a very large generated database of
small drug like molecules and their dimers. The model is fit to match high-level symmetry-adapted perturbation theory
(SAPT) interaction energies and energetic contributions. So not only is the interaction energy determined, parameters for
electrostatics, exchange, dispersion, and induction are obtained, which gives insight into the nature of the interaction. This
model performs very well on a wide variety of validation sets, albeit with some drawbacks, such as inaccurate treatment
of exchange repulsion.

Machine learning predictions of hydrogen bonds have been made, such as free energies (AG) of hydrogen bond complexes
predicted using a Support Vector Machine (SVM) model by Glavatskikh et al. trained on a large dataset of hydrogen
bond complexes where the AG values were experimentally determined at 298 K in CCl;23°. The descriptors used in this
model were ISIDA (In Sllico design and Data Analysis) fragment descriptors, which represents subgraphs of the molecule

31 Another support vector model was produced by Bose et

and contain topological, atomic, and bonding information?
al. to predict interaction energies of rigid water clusters. This model uses geometric observations as descriptors, such as
the reciprocal of the interatomic distances and intermolecular distances, and is trained on two and three body classical
simulations of a water decamer?32.

The work of Devore and Shuford showcases several different approaches as a proof of concept for ML property determination
of halogen bonding?33. This work involved 1210 symmetrical substituted halobenzene/haloethynylbenzene halogen bond
donors and their complexes with ammonia. Three ML models were compared to first classify the halogen bond donors by
their principle halogen atom and then two different regression approaches were used to predict the potential of the o-hole
(Vs,maz), the binding energy (Ejing), and the X---N bond local force constant (k%...,y). The two regression models
involved a "data-based" approach and a molecular fingerprint approach. The "data-based" approach used DFT derived
features selected for the aforementioned classification model, while the molecular fingerprints used were generated from
simplified molecular-input line-entry system (SMILES) of the halogen bond donor?**. This study investigates a rather

small range of halogen bonding character, being limited to only ammonia as the acceptor and the halogen bond donors

all being halogenated benzene derivatives, but predicts binding energies comparable to those calculated using DFT.
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5.2 The SHEF1552 s-hole dataset

The work covered in Section 5.2 is included in the to-be-submitted manuscript "The SHEF1552 o-hole data set: Insights
into intermolecular interactions involving chalcogens, halogens, pnictogens, and tetrels. Harry W. Nash, J. Grant Hill," A
draft of this manuscript is provided in Appendix C.3.

Considering the existing datasets relevant to o-hole interactions: the most well known are subsets of the GMTKN55
benchmark database, the HAL59 set of halogenated dimers, and the PNICO23 set of pnictogen- - - pnictogen dimers?3%.
These two datasets do not exclusively contain o-hole interactions, but also includes various other noncovalent interactions.
The CHAL336 set prioritises chalcogen bonding interactions, but this not only includes o-hole but also the similar 7-hole
interactions?3®. A more recent dataset relevant to this work is the SH250x10 subset of the Non-Covalent Interactions Atlas
project, with is comprised of 250 complexes containing halogen, chalcogen, or pnictogen bonds?3”. The "x10" component
of the dataset name refers to a ten-point dissociation curve made around the equilibrium separation of each noncovalent
bond. The o-hole donor elements using in this dataset only include chlorine, bromine, iodine, sulfur, selenium, phosphorus,
and arsenic; which is more limited than the o-hole donor elements studied in this thesis. Another issue with the SH250x10
set is the inconsistency of acceptors used between the different classes of o-hole interactions, which makes comparison
between the classes of o-hole interactions within the set problematic. All of the datasets mentioned above were produced
to benchmark the accuracy of various DFT functionals and other quantum chemistry methods, not for training ML models.
With the aim of producing a training set for predicting o-hole interaction energies we constructed the Sigma-Hole Energies
and additional Factors (SHEF1552) dataset. This comprises of 1552 complexes constructed from 82 o-hole donors (21
X, 21 Ch, 20 Pn, 20 Tt) and 19 o-hole acceptors. The o-hole acceptors chosen were ammonia, phosphine, hydrogen
cyanide, acetone, thioacetone, trimethylamine, aniline, furan, pyridine, dioxane, water, acetonitrile, thiophene, imidazole,
trimethylphosphine, trimethylphosphine sulfide, trimethylphosphine oxide, nitromethane, and pyridine-N-oxide. This results
in a total of 1558 combinations (399 X-bonding, 399 Ch-bonding, 380 Pn-bonding, 380 Tt-bonding), but six structures
were removed after geometry optimisation due to the structures not adopting geometries consistent with o-hole interactions.
These complexes were chosen so as to cover a broad range of o-hole interaction types, interaction energies, o-hole angles,
and donor-acceptor distances, while also being representative of the structures found within the CSD searches such as
those in Chapter 3 and Chapter 4.

The SHEF1552 dataset was constructed so that the o-hole of the donor atom lines up with the lone-pair of the acceptor
atom, and then the resulting complexes were optimised using density functional theory with the M06-2X exchange correla-
tion functional, including the D3(0) dispersion correction, and the def2-TZVPD basis set118120238239  The optimisations

4240 The o-hole angle and normalised donor-

and DFT interaction energies were performed using ORCA version 5.0.
acceptor interatomic separation (analogous to the normalised contact distances mentioned in Chapter 3 and Chapter 4)
were obtained from these optimised complexes.

In order to calculate accurate interaction energies for these optimised complexes with a large number of electrons, a form

of localexplicitly correlated coupled cluster was utilised. Thus using the MOLPRO package of ab initio programs (version

190



2023.2), counterpoise-corrected interaction energies were calculated at the PNO-LCCSD(T*)-F12b level of theory?24!242,
As can be seen in Figure 5.1 the distribution of normalised donor-acceptor interatomic separation against the o-hole angle
is comparable to many of the analogous distributions from CSD data shown in Chapter 3 and Chapter 4. Halogen and
tetrel bonding complexes show the most linear o-hole angles, while pnictogen bonding complexes favour a o-hole angle
around 170°, and chalcogen bonding complexes have the broadest range in o-hole angles, see Table 1 of Appendix C.3.
The normalised distances of these complexes range from 0.6, denoting very strong complexes with significant covalent
character, and >1.0 which are weaker and likely dispersion dominated. The trends in interaction energies against o-hole
angle and normalised donor-acceptor interatomic separation are shown in Figure 5.2, drawing interesting parallels to the
trends in Figure 5.1. The strongest o-hole interactions are associated with near linear o-hole angles, but some of the
strongest pnictogen bonds have o-hole angles around 170°. At normalised donor-acceptor separations less than 0.8 there
are interaction energies that begin to get stronger (-15 kcal/mol) and then approaching 0.6 normalised separation the

interaction energies can reach up to -40 kcal/mol, giving further suggestion of covalent character.

191



180 A
170 A
o
S~
9@
(@)] J ]
c 160
©
@
@)
£ 1501 :
o]
14041 e Halogen-bonding .
® Chalcogen-bonding
® Pnictogen-bonding
® Tetrel-bonding
130 T T T T T T -

0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

dnorm

Figure 5.1: Distributions of o-hole angle against normalised donor-acceptor interatomic distances of the optimised o-hole
interacting complexes in the SHEF1552 dataset. The complexes were optimised at the M06-2X-D3(0)/def2-TZVPD level
of theory. Points colour coded by o-hole interaction type. Each interaction type is also shown as kernel density estimate
plots grouped by o-hole interaction type.
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Figure 5.2: Distributions of o-hole angle against interaction energy (left), and normalised donor-acceptor interatomic
distance against interaction energy(right) of the optimised o-hole interacting complexes in the SHEF1552 dataset. The
complexes were optimised at the M06-2X-D3(0)/def2-TZVPD level of theory, and interaction energies were calculated at
the PNO-LCCSD(T*)-F12b level of theory. Points colour coded by o-hole interaction type.

5.2.1 Train-Test Split

The training and test sets for these models comprise of a 75:25 split of the SHEF1552 dataset that is stratified by the type
of o-hole interaction. This ensures that there are proportional numbers of X/Ch/Pn/ Tt bonds in the train and test sets.
This results in a training set of 1164 complexes, comprising of 299 halogen bonding (106 Cl, 97 Br, 96 1), 297 chalcogen
bonding (92 S, 105 Se, 100 Te), 183 pnictogen bonding (68 P, 69 As, 76 Sb, 70 Bi), and 285 tetrel-bonding (72 Si, 71
Ge, 71 Sn, 71 Pb) complexes. The test set contains 388 structures, with 99 halogen bonding (27 CI, 35 Br, 37 1), 99
chalcogen bonding (38 S, 28 Se, 33 Te), 95 pnictogen bonding (25 P, 26 As, 19 Sb, 25 Bi), and 95 tetrel-bonding (23 Si,
24 Ge, 24 Sn, 24 Pb) complexes. The average geometric and energetic trends of the training and test sets are shown in

Table 5.1 and Table 5.2 respectively.

Table 5.1: Summary of the number of complexes and mean averages of interaction energies (F;,:), o-hole angle, and
normalised contact distances within the training set

o-hole Interaction Type No. Complexes E;,; / kcal/mol  o-hole Angle/ °  dyorm

Halogen-bonding 299 —4.032 177 0.871
Chalcogen-bonding 297 —5.172 172 0.889
Pnictogen-bonding 283 —8.730 171 0.800

Tetrel-bonding 285 —6.825 177 0.827

Table 5.2: Summary of the number of complexes and mean averages of interaction energies (E;,:), o-hole angle, and
normalised contact distances within the test set

o-hole Interaction Type No. Complexes E;,; / kcal/mol  o-hole Angle/ °  dyorm

Halogen-bonding 99 —3.758 177 0.874
Chalcogen-bonding 99 —4.257 173 0.901
Pnictogen-bonding 95 —7.354 170 0.819

Tetrel-bonding 95 —6.857 176 0.831
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The distributions of normalised contact distance and o-hole angle are compared between the training and test sets in
Figure 5.3 and Figure 5.4. The distributions of interaction energy against o-hole angle and normalised contact distance
are compared between the training and test sets in Figure 5.5 and Figure 5.6. Despite having one third as many structures
as the training set, the test set shows analogous character in its distributions. The main disparities between the test set
and the training set occur in the extrema of angles, normalised distances, and interaction energies, which contain the least
concentration of data points. For example, interaction energies stronger than —15 kcal/mol are few in number and thus
there will be differing sampling of the various o-hole interaction types within this range. Similar issues of sampling arise
in the normalised contact distances greater than 1.0 due to a scarcity of data points at this extreme.

Overall the test set is quantitatively comparable to the training set, with the mean averages of the geometric parameters
and interaction energies only varying by small amounts. The distributions of normalised contact distance and o-hole angle
in the training set are qualitatively comparable to the distributions from the CSD presented in Chapter 3 & Chapter 4. The
main difference present is the lack of interactions with d;,orm > 1.0 that have o-hole angles that deviate markedly from
linearity. This is due to the training set being made of gas-phase optimised molecular structures, as opposed to experimental

crystal structures where these longer range interactions are likely to be perturbed by other packing interactions.
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Figure 5.3: Distributions of o-hole angle against normalised donor-acceptor interatomic distances of the optimised o-hole
interacting complexes in the training set. The complexes were optimised at the M06-2X-D3(0)/def2-TZVPD level of

theory. Points colour coded by o-hole interaction type. Each interaction type is also shown as kernel density estimate
plots grouped by o-hole interaction type.
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Figure 5.4: Distributions of o-hole angle against normalised donor-acceptor interatomic distances of the optimised o-hole
interacting complexes in the test set. The complexes were optimised at the M06-2X-D3(0)/def2-TZVPD level of theory.

Points colour coded by o-hole interaction type. Each interaction type is also shown as kernel density estimate plots grouped
by o-hole interaction type.
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Figure 5.5: Distributions of o-hole angle against interaction energy (left), and normalised donor-acceptor interatomic
distance against interaction energy(right) of the optimised o-hole interacting complexes in training set. The complexes
were optimised at the M06-2X-D3(0)/def2-TZVPD level of theory, and interaction energies were calculated at the PNO-
LCCSD(T*)-F12b level of theory. Points colour coded by o-hole interaction type.
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Figure 5.6: Distributions of o-hole angle against interaction energy (left), and normalised donor-acceptor interatomic
distance against interaction energy(right) of the optimised o-hole interacting complexes in test set. The complexes
were optimised at the M06-2X-D3(0)/def2-TZVPD level of theory, and interaction energies were calculated at the PNO-
LCCSD(T*)-F12b level of theory. Points colour coded by o-hole interaction type.

Tt is also important to test the performance of those chosen DFT interaction energy calculation method, as this method
will be used to calculate interaction energies for structures from the CSD (see Section 5.5.2). The performance of M06-
2X(D3-ZERO)/def2-TZVPD against the benchmark LCCSD(T*)-F12b/cc-pVDZ-F12 interaction energies for the training
set and test set are tabulated in Table 5.3. Plots of these two interaction energy calculation methods for the training set
and test are shown in Figure 5.7 and Figure 5.8, respectively. The metrics of root mean squared deviation, coefficient
of determination, and Pearson correlation coefficient show good agreement between the two methods, showing that this
combination of exchange-correlation functional and basis set is a suitable method to validate the performance of a ML
model against for larger systems where the use of wavefunction-based methods such as LCCSD(T*)-F12b is unfeasible

due to computational cost.
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Table 5.3: Comparison of the DFT (M06-2X-D3(0)/def2-TZVPD) against the benchmark LCCSD(T*)-F12b interaction
energies in the training and test sets. Metrics include root mean square deviation (RMSD), mean average deviation (MAD),
standard deviation of errors (SD), coefficient of determiantion (R?), and Pearson correlation coefficient (p). Interaction
energies are in kcal/mol.

Set RMSD MAD S.D. R? p

Training  1.04 0.76 0.85 0.96 0.99
Test 1.02 0.74 086 0.95 0.99

RMSD: 1.044 kcal/mol R?: 0.957 p: 0.989
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Figure 5.7: Performance of M06-2X-D3(0) compared to LCCSD(T*)-F12b for calculating o-hole interaction energies in
the training set. Metrics include root mean squared deviation (RMSD), coefficient of determination (R?), and Pearson
correlation coefficient (p). Points are colour coded by o-hole interaction type over a line of y = .
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RMSD: 1.023 kcal/mol R?: 0.948 p: 0.987
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Figure 5.8: Performance of M06-2X-D3(0) compared to LCCSD(T*)-F12b for calculating o-hole interaction energies in the
test set. Metrics include root mean squared deviation (RMSD), coefficient of determination (R?), and Pearson correlation
coefficient (p). Points are colour coded by o-hole interaction type over a line of y = x.

5.3 Descriptors

In order to represent the o-hole interaction complexes and their makeup in a way that a machine learning model can
interpret and learn from, one needs to select features, or descriptors, to do so. For chemistry applications, one approach
to descriptors may be based on experimental or computed properties of the studied system, for example electronegativities
or dipole polarisabilities of elements. A different approach is to provide some sort of molecular representation in a format
that is readily machine-readable. This includes methods such as molecular graphs, where the molecule is constructed
from nodes (atoms) and edges (bonds) with further descriptors assigned to each, but using a graph format lends itself
to complex ML approaches such as graph neural networks. Arising from similar origins, an incredibly popular approach
to molecular representation is Simplified Molecular Input Line Entry System (SMILES) notation234. This is a text-
or string-based representation of a molecular system, where atomic symbols are used along with other alphanumeric
characters to represent bonding or hybridisation. Some example SMILES strings for simple molecules include: "C=C"
(ethene), "[CH2]=0" (formaldehyde), and "C1=CC=CC=C1" (benzene). Other similar string-based approaches include
InChl/InChiKey, DeepSMILES,and SELFIES243-2%5_ These methods of molecular representation derive geometries based

on graph connectivities and basic bonding rules associated with p-block elements, resulting in idealised conformations
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that are coherent for the majority of organic chemistry. However, there is no way of defining bond lengths or angles, so
one cannot describe molecules that deviate from ideal, and likewise cannot handle the complex bonding modes seen in
metal-organic chemistry.

Structures found within the CSD are experimentally determined and include a massive diversity of chemical bonding and
makeup, requiring molecular representation that is sensitive to non-ideal geometries and a wide range of chemistry. A useful
approach that is used in applications such as database substructure similarity searching involves a method of molecular

representation called molecular fingerprinting.

5.3.1 Molecular Fingerprints

Molecular fingerprints are a useful machine-readable format due to their vectorised nature, which captures the atomic
configuration within the molecule. There are various methods to convert a molecule into bit vector format, with most only
utilising the 2D graph of the molecule, but some methods can account for 3D structures. The main methods for creating
fingerprints are substructure key fingerprints, topological fingerprints, and circular fingerprints24°.

The bit vectors in substructure key fingerprints are determined by the presence of substructures within the molecule
corresponding to certain structural keys. The choice of these structural keys depends on the use case for the fingerprints,
as bits will not be encoded if the substructures are not present within the molecule and as such would not be represented.
Thus, the length of these bit vectors can vary based on the structural keys used along with their presence in the molecule
in question, which does not happen with other types of fingerprints. Examples of typically used substructure keys based
fingerprints include: Molecular Access System (MACCS), PubChem fingerprints, and Barnard Chemical Information Ltd.
(BCI) fingerprints247-249,

Topological fingerprints, or path-based fingerprints, encode bits based on fragmented paths along bonds within the
molecule, then hashing all of these paths to form the fingerprint. This means that all the fingerprints, regardless of
the molecule, are the same length and can be adjusted as needed. The process of hashing means that any single bit within
the fingerprint cannot be traced back to a single feature of the molecule, meaning they are not human-readable. These
fingerprints are typically vectors of 2048 bits, but can be longer in some cases and use different connectivity paths for the
bit encoding. Examples of such fingerprints include: the RDKit fingerprint, atom-pair fingerprint, and topological-torsion
fingerprint 250252

Lastly, circular fingerprints are a variant of hashed topological fingerprints, but rather than exploring paths within the
molecular graph, the environment of a given radius around each atom centre is encoded into the bit vector. This makes
these fingerprints unsuitable for substructure searching, but makes them ideal for similarity searching between full structures.
There are various types of circular fingerprint, such as Molprint2D or Functional-Class Fingerprints, but the archetypal
circular fingerprints are Extended-Connectivity Fingerprints, detailed below. An extensive overview and comparison of
many different molecular fingerprints can be found in a review on their use in similarity searching by Cereto-Massagué and

co-workers240.
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Extended Connectivity (Morgan) Fingerprints

Extended-Connectivity Fingerprints (ECFPs) were introduced by Rogers and Hahn, with the specific aim to capture
molecular features relevant to molecular activity?>3. This type of circular fingerprint rapidly calculates a hashed bit vector
that represents molecular structures by the circular topological neighbourhood of each atom centre. The features within
this bit vector act as representations of particular substructures within the molecule, which gives the advantage of allowing
the description of both the presence and absence of functionality. This form of molecular fingerprint has seen extensive
use in molecular similarity searching, especially in the context of high-throughput computational drug discovery?>*.

These fingerprints are sometimes referred to as Morgan fingerprints due to them being derived from a variation of the

Morgan algorithm?55.

The Morgan algorithm was designed for recognising isomorphic molecules, which are identical
molecules with differing atom numbering. This is an iterative process that starts with assigning numeric identifiers to each
atom, based on their inherent atomic properties. Then in the next iteration of the algorithm new identifiers are generated
based on the surrounding identifiers from the previous iteration. These iterations are repeated until every atom has a
unique identifier (symmetry allowing), with the final numbering scheme containing unique identifiers that are independent
of the original atom numbering.

The changes made to this approach in the ECFP algorithm are that it terminates within a set number of iterations rather
than until uniqueness, and replacing the computationally expensive recoding after each iteration to avoid mathematical
overflow or "collisions" (where two identical atom environments can result in the same identifier) with a fast-to-compute
hashing scheme. This hashing function converts the identifiers of the molecular fingerprint into a unique fixed length
numerical representation that is deterministic. This maintains a consistent format for the fingerprints, and enables their

storage and retrieval in a memory efficient manner.

The ECFP generation process can be summarised in a sequence of three steps:

1. Initial assignment stage - each atom is given an integer identifier generated by hashing properties e.g. atomic

number, mass, charge.

2. lterative neighbour dependent stage - each atom identifier is updated based on the identifiers of the nearest neigh-
bours, including whether it is a structural duplicate of other features. This step is repeated a specified number of

times.

3. Duplicate identifier removal stage - if the same feature occurs multiple times it is reduced to a single representative

in the final feature list.

The number of times the iterative stage is repeated effectively expands the size of the information about the surrounding
molecule that is encoded into each atom identifier. The standard number of iterations used for ECFPs is two, so each
atom identifier contains information of the molecular system two bonds away from the atom. These final atom identifiers

are then combined into a 2048 long vector, which forms the representation of the molecule.
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5.3.2 Dimensionality Reduction

Descriptors such as molecular fingerprints, which are very long vectors, are treated by many machine learning models
bitwise per feature. This means that using an ECFP of standard format would be treated as 2048 one-hot encoded
features, which is a huge number of features for an ML model and will likely contribute to overfitting via the introduction
of noise. Thus for the application of predicting interaction energies of o-hole interactions, the irrelevant components of
these fingerprints must be excluded to leave only the properties of the fingerprint relevant to the interaction. The approach
to this comes under the umbrella of dimensionality reduction, where data that contains lots of features is transformed from
this "high-dimensional" space into a smaller "low-dimensional" space while preserving important information. Along with
potentially improving the fitting of an ML model, dimensionality reduction also speeds up computation.

A common approach to dimensionality reduction is Principle Component Analysis (PCA), which interprets the covariance
of the features in the dataset?>®. Covariance is a representation of the relationship between two features, whether they
increase/decrease together or against each other or have no relationship. The covariance of all of the features with each

other is constructed into a covariance matrix C, shown in Equation (5.1).

1
n—1

C= xT'x (5.1)

Where X is the mean centred data matrix (mean-subtracted data), and X’ is the transpose of X (rows and columns
swapped), and n is the number of samples of each feature. X would have the dimensions a x b where a is the number
of observations, and b is the number of features. In the case of applying this to ECFPs the standard length of these
fingerprints are 2048 digits, this would define number of features b. The diagonal elements of C show the variance of
each feature, and the off-directional elements show the covariance between feature pairs. The covariance matrix C is then
framed as an eigenvalue problem [Equation (5.2)] where the eigenvectors v are the direction in which the data has the
greatest variance (the principal component) and the eigenvalues A are the magnitudes of the variance along those principal

components.

Cv=Xv (5.2)

These eigenvectors and eigenvalues are then sorted in descending order of eigenvalue, which allows the most principal
components to be selected. The total variance can be obtained from the sum of all eigenvalues, then the fraction of the
total variance for each principal component is given as an explained variance ratio. Thus, you can preserve the number of
principal components that are responsible for the desired proportion for total variance, for example the selected principal
components k that account for 95% of the total variance. Then the original centred data matrix X is projected onto the
matrix of selected principal components Vy, so the original data is now transformed to the lower dimensional space of the

selected principle components, as shown in Equation (5.3).
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Xp, = X -V, (5.3)

5.3.3 Descriptor Selection for o-hole Interaction Energy Prediction

Building on the concept of dimensionality reduction, different fingerprints were tested from those available in the RDKit
Python package, such as ECFPs, RDKit fingerprints, atom-pairs fingerprints, and topological torsion fingerprints. The
scikit-learn Python package's PCA function was used to map the original fingerprints to principal components accounting
for 99% of the variance, which massively reduces the size of the fingerprint, as shown in Figure 5.9 for the example of
ECFPs?>". To complement these reduced fingerprints, the o-hole angle and the normalised donor-acceptor interatomic
separation are also provided as descriptors to provide some representation of the geometric characteristics of the complexes.
It is important to note that the fingerprint will not contain any features that directly describe the o-hole interaction, but
will allow ML models to be able to find similarities between the complexes and predict an interaction energy. Similarly,
the o-hole and normalised distance descriptors will not give a full description of the geometric dependence of o-hole
interactions as they are all derived from optimised geometries. Full description of angular and distance distortion would
require the training set to include bond dissociation curves and angular scans to be calculated for all of the complexes in
the SHEF1552 set.

Each of the fingerprints was tested using a default XGBoost regression model to evaluate their performance®®®. The
metrics for the prediction of the models being root mean squared deviation (RMSD), coefficient of determination (R?),
and Pearson correlation coefficient (p). Across all of the metrics shown in Table 5.4, it can be seen that extended
connectivity fingerprints show the best performance, and as such was selected for use in the final model. Figure 5.11
compares the performance of this regression model using the different fingerprints against the PNO-LCCSD(T*)-F12b
counterpoise-corrected interaction energy ground-truth values from the test set, and further fingerprint comparisons can

be found in Appendix C.1.

Table 5.4: A comparison of root mean squared deviation (RMSD), coefficient of determination (R?), and Pearson cor-
relation coefficient (p) for different molecular fingerprints with a default XGBoost regression model for predicting o-hole
interaction energies.

Fingerprint RMSD / kcal/mol  R? p

ECFP 1.181 0.896 0.955
RDKit 1.248 0.885 0.951
AtomPair 1.202 0.890 0.955
TopologicalTorsion  1.570 0.825 0.920
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Figure 5.9: A plot of how each of the 97 principal components of the ECFP contribute to the cumulative explained variance
across the SHEF1552 data set. The original size of the fingerprint is 2048 characters, and the objective of the PCA was
to retain 99% of the variance in the fingerprints.

5.4 Models

It is clear that predicting o-hole interaction energies is a regression problem, but there are a great deal of different algorithms
to choose from to construct a model. The simplest and most widely used method of regression is linear regression, detailed
in Equation (5.4), where y is the dependent variable, X is the independent variable, (3, is the intercept, 31 is the gradient,
and € is the error term. To fit the linear model to the data, By and ; are varied to minimise the value of the error term

€, typically done through least-squares fitting method.

y=00+ X +e (5.4)

A different set of approaches to regression problems involves decision trees, in which the model learns a series of decision
rules based on the training data, then these rules are applied in prediction on unseen data. Each decision is made at
a "node" that splits the set which eventually leads to a larger dendritic structure, giving the tree nomenclature, with a
representation shown in Figure 5.10. The "branches" or subsection of the tree will eventually terminate into a "leaf" node
where no decision is made, which is the final result. The issue with decision trees is that they are unstable, meaning that

the sampling of the training data or the features used to make the decisions can produce drastically different results.

204



|

Decision Decision
Node Node
,f ¢ 4 ;
Leaf Node Leaf Node Leaf Node Decision
Node

[ )

Y Y
Leaf Node Leaf Node

Figure 5.10: A representation of a decision tree used in a machine learning model.

Due to this weakness, decision tree models are rarely used in isolation, and instead used in ensemble learning methods.
An example of this is a Random Forest model, where a collection of trees are independently trained?*®. The training for
each decision tree is done using bootstrapped sampling, randomly sampling subsets of the overall training data, along
with a random selection of features. Then the average prediction of the ensemble of trees (a forest), each of which has
been trained on a different sample of the training data and different features, is taken to be the overall prediction. This
mitigates the weakness of decision trees through the rationale that although one decision tree may be unreliable, the
aggregate collective decision of an ensemble of trees will be more reliable. Another popular form of decision tree based ML
model is gradient boosting, this also involves an ensemble of trees but works sequentially, rather than in parallel. New trees
are added to the model to mitigate the error of the tree that came before, until the overall error is within an acceptable
threshold. The sequential decision trees are trained on the "residuals" (errors) of the previous model, so it can determine
what is missing from the previous model. The term gradient boosting comes from the fact that the algorithm utilises the
gradient of the overall error function to make adjustments to the model to minimise this error, and the boosting comes
from the sequential addition of the decision trees. A widely used form of gradient boosting is the XGBoost model, which
stands for eXtreme Gradient Boosting and implements many beneficial regularisation, data-handling, and hyperparameter

features 28,
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5.4.1 Model Selection for o-hole Interaction Energy Prediction

The aforementioned regression models, linear regression, random forest regression, and XGBoost regression, were compared
utilising the descriptors selected in Section 5.3.3. The linear regression and random forest models were constructed using
the scikit-learn Python package, and the XGBoost regressor was constructed using the XGBoost Python package, with

all models kept at their default settings?>72%8,

All of the models were trained on the same 75:25 train-test split of the
SHEF1552 dataset detailed in Section 5.2.1.

The interaction energy predictions of these regression models were tested via three metrics; root mean squared deviation
(RMSD), coefficient of determination (R?), and Pearson correlation coefficient (p), which are presented in Table 5.5. From
this testing the XGBoost regression model was selected for the final model to predict o-hole interactions. The XGBoost

model’s performance for predicting interaction energies for the test set can be seen in the RMSD and correlation metrics

shown in Figure 5.11, and further model comparisons can be found in Appendix C.2.

Table 5.5: A comparison of root mean squared deviation (RMSD), coefficient of determination (R?), and Pearson corre-
lation coefficient (p) for different regression models using PCA-treated ECFPs for predicting o-hole interaction energies in
the test set.

Fingerprint RMSD/ kcal/mol  R? P

Linear 1.733 0.810 0.906
Random Forest 1.279 0.864 0.951
XGBoost 1.181 0.896 0.956
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RMSD: 1.181 kcal/mol R?: 0.896 p: 0.956
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Figure 5.11: Performance of an XGBoost regression model with PCA-treated ECFPs for predicting o-hole interaction
energies within the test set. Metrics include root mean squared deviation (RMSD), coefficient of determination (R2), and
Pearson correlation coefficient (p). Points are colour coded by o-hole interaction type over a line of y = .

5.5 The o-Hole Approximation Tool (¢HAT)

With the descriptors and model architecture determined, fine tuning of the model will maximise accuracy and prevent
overfitting. This is done via optimising the settings and configuration pertaining to the function of the model itself, also

called hyperparameters. Details for the cHAT model can be found in Appendix C.3.

5.5.1 Fitting & Hyperparameter Optimisation

Hyperparameter optimisation for the XGBoost regression model was done via Bayesian search cross-validation using the
scikit-optimize Python package?%°. The available hyperparameter space was defined, which can be found in Appendix C.3,
and was optimised for five iterations, three cross validation folds and a negative root mean squared error function. Bayesian
search cross validation is a highly efficient means of searching for the optimum hyperparameters for the model, with a
standard grid search being a expensive step, especially when evaluating a large parameter space. Bayesian optimisation
uses a Gaussian Process as a "surrogate" for the combinations of hyperparameters, giving a probabilistic model that gives
an uncertainty estimate to allow efficient exploration of the parameter space. The hyperparameter optimisation step took

1 minute and 45 seconds and the only manually specified parameter was the early stopping rounds parameter which was
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set to 4. The optimised hyperparameters are included in Appendix C.3.

The fitting of the optimised XGBoost model took 1.04 seconds, and terminated in 317 fitting cycles, also known as
epochs. The minimisation of the root-mean-square error of the training and test sets are plotted against the fitting cycles
in Figure 5.12. The training error and test error begin to plateau around 300 epochs and the small separation between
the two errors suggests the model is well fit. This results in a model, hereby referred to as the o-Hole Approximation
Tool (¢HAT), with a test RMSD of 1.03 kcal/mol which is very close to the standard 1 kcal/mol required for "chemical
accuracy" 2!, The oHAT predicted interaction energies compared to the DFT interaction energies from the test set, shown
in Figure 5.13, display notable agreement between the predicted and calculated interaction energies, but underbinding can
be seen in stronger interactions.

Table 5.6 presents a comparison summary for the performance of the cHAT model and DFT against the benchmark
interaction energies in the test set. The root-mean-squared deviation of the cHAT predicted interaction energies is very
comparable to that for the counterpoise-corrected M06-2X-D3(0)/def2-TZVPD interaction energies, having only 0.005
kcal/mol greater RMSD. Interestingly, the mean absolute deviation of the cHAT predicted interaction energies is slightly
smaller than for the DFT interaction energies, but the standard deviation of the errors is larger for the cHAT interaction
energies compared to the DFT interaction energies. In terms of R? and p DFT performs better than the cHAT model for
determining o-hole interaction energies.

Overall, while the RMSD, MAD, and SD of the errors is comparable, the cHAT model is marginally worse in terms of the
coefficient of determination and Pearson correlation coefficient when it comes to determining o-hole interaction energies
than DFT. This is not surprising given DFT is a fully fledged quantum chemistry calculation, whereas the cHAT model is a
low-cost ML model. Table 5.7 shows a comparison of the summary statistics of cHAT predicted, DFT, and the benchmark
calculated interaction energies of the test set structures. This shows good agreement between the predicted interaction
energies and the two methods of calculated interaction energies apart from the strongest o-hole interactions, where the
oHAT model drastically underestimates the interaction energies, as seen in the difference in minimum interaction energies
in Table 5.7 . In contrast the DFT approach slightly overestimates these strongest interaction energies, along with slightly

overbinding compared to LCCSD(T*)-F12b on average.

Table 5.6: Comparison of the performance of the cHAT model and DFT (M06-2X-D3(0)/def2-TZVPD) against the bench-
mark LCCSD(T*)-F12b interaction energies in the test set. Metrics include root mean square deviation (RMSD), mean
average deviation (MAD), standard deviation of errors (SD), coefficient of determination (R?), and Pearson correlation
coefficient (p). Interaction energies are in kcal/mol.

E;,: Determination RMSD MAD S.D. R? p

oHAT 1.03 0.68 1.03 0.92 0.97
DFT 1.02 0.74 086 095 0.99
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Table 5.7: Summary statistics of the interaction energies predicted by the cHAT model and calculated via DFT (MO06-
2X-D3(0)/def2-TZVPD) and LCCSD(T*)-F12b for the structures within the test set. Metrics include the mean, standard
deviation, minimum, and maximum interaction energies in kcal/mol.

FE;,; Determination Mean S.D. Min Max
ocHAT —5.56 3.62 —2395 —0.62
DFT —6.09 451 —34.45 -0.30

LCCSD(T*)-F12b  —5.53 4.01 —31.06 —0.70
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Figure 5.12: Plots of minimisation of the RMSE loss across the test and train sets as the cHAT model was fit over 317
epochs to predict o-hole interaction energies from the SHEF1552 set of sigma-hole complexes.
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Figure 5.13: Performance of the cHAT predicted o-hole interaction energies compared to the LCCSD(T*)-F12b benchmark
interaction energies in the test set. Metrics include root mean squared deviation (RMSD), coefficient of determination
(R?), and Pearson correlation coefficient (p). Points are colour coded by o-hole interaction type and plotted over a line
of y = x.

Feature Importance

In order to understand the main influences that the selected descriptors have on the performance of the cHAT model for
predicting o-hole interaction energies, one can interpret the feature importances. The various importance measurements
utilised within the XGBoost Python package are gain-based, cover-based, and split-based. The gain importance measure
relates to the average of the error reduction of the model when the feature is used to split the data, thus a feature with
a higher gain value would be a more important feature for increased prediction accuracy. The total gain is the feature's
gain measure summed across all of the decision trees in the XGBoost model, showing the overall importance of the feature
for reducing the error across the whole model, not just averaged over each decision tree. The cover importance measure
corresponds to the average number of decision tree samples that involve a split based on the feature, showing how widely a
feature is applied in model decisions. The total cover is the sum of the cover importance measures for each of the features,
showing the total predictions over the whole XGBoost model that are affected by the feature. The split-based importance
measure, more commonly referred to as weight, relates to the number of times a feature is used in all splits within all of
the XGBoost decision trees. Thus larger values for these importance metrics indicate a greater feature importance, but

from different perspectives.
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The various feature importance measurements for the cHAT model descriptors are shown in Table 5.8. The o-hole angle
and normalised contact distance features are examined singularly, whereas the fingerprint descriptor is interpreted both
as a sum and an average of the importance measures for the 97 components of the PCA-reduced extended-connectivity
fingerprints. In terms of the singular most important feature, the normalised contact distance has the greatest total gain,
being greater than all the other features combined, and is the single descriptor that is involved in the most splits and samples
across the cHAT model. The o-hole angle is similar or greater in importance to each individual fingerprint component
feature, yet much less important than the normalised contact distance. The overall summed importance of the fingerprint
descriptors is a major contributor to the cHAT models predictive capability, which is encouraging as this is the means of
encoding the molecular structure and suggests that this significantly affects the interaction energy predictions. One cannot
consider the importance of each element of the PCA-reduced ECFP individually, as they possess no human interpretable
meaning, given they are dimensionally reduced hashed bit vectors, there is no complete way of reverse-engineering the

chemical significance of a fingerprint element.

Table 5.8: Feature importances (dimensionless) of the descriptors used in the cHAT model to predict o-hole interaction
energies. The Fingerprint descriptor represents the importance values for the 97 components of the PCA-reduced extended-
connectivity fingerprint.

Feature Gain  Total Gain  Cover  Total Cover Weight
o-hole Angle 6.4 476.6 222.7 16703.0 75.0
Normalised Contact Distance  65.9 34263.1 451.2 234632.0 520.0
Fingerprint (Sum) 585.0  24034.6  23671.1  832107.0  3320.0
Fingerprint (Average) 6.0 247.8 244.0 8578.4 342

5.5.2 Validation Performance

The aim of constructing the cHAT model is to predict interaction energies between the o-hole donor and acceptor moieties
within the CSD, such as those discussed in Chapter 3 and Chapter 4. There are a few potential issues with this, mainly
that the optimal geometry of a gas phase complex will differ from the optimal geometry of the same complex in solid
state, due to other packing interactions perturbing the system.

It is also not possible to resolve a single interaction from the greater crystal lattice, with there being multiple noncovalent
interactions involved, such as dispersion, hydrogen bonding, w-7 interactions and Coulombic forces. Attempts to isolate
individual interactions have been made using electron density approaches, yet require electronic structure calculations along
with associated costs, such as the PIXEL method?%2. The approach used in this work is to take a molecular 'cutout’ of
the crystal around the contact indicating a o-hole interaction and use this to calculate an interaction energy which will
subsequently be used to validate the performance of the cHAT model on unseen data that is significantly different to its

training set.
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Molecular Cutouts of Crystals

There are a variety of approaches to simplifying a large chemical system for the calculation of chemical or physical properties.
These "fragmentation" or "partitioning" methods allow the computational investigation into systems that would otherwise

unfeasible, such as complex proteins, crystal structures, and materials?%3

. The majority of these approaches are energy
or electron density based, for example the Additive Fuzzy Density Fragmentation (AFDF) method 204205206267 = The
AFDF method utilises a custom-made database of fragment electron densities, reflecting the system to be fragmented.
This allows the calculation of electronic charge distributions within a larger molecule from these pre-calculated "fuzzy"
fragment electron densities. These methods require datasets containing regularised systems, meaning the molecules need
to be comprised of known functional groups. As the structures contained within the CSD are immeasurably diverse, one
would need an equally diverse database of fragment electron densities.

Other approaches involve the cleaving of specific bonds within the system, for example the Molecular Fractionation with
Conjugate Caps (MFCC) method of Zhang and co-workers2%825%  This approach is designed for accurate calculations of
protein-molecule interactions, and is fractionated based on the peptide N-C bonds within the polypeptide chains. This
approach is very effective but relies on the regular nature of proteins as the peptide bonding motif is conserved among
all polypeptides. Developments on this methodology apply it to more complex organic systems, such as the methodology
of Deev and Collins®®. This works by fragmenting the system based on single bonds between organic functional groups,
with the size of the fractions dictated by a 'level’ system which extends how many bonds away the cleavage will occur.
These cleaved atoms are capped with hydrogen atoms to saturate the valencies resulting from the broken bonds. This
methodology was tested for the use in calculating nonbonded interactions within 96 organic molecule crystal structures
obtained from the CSD?71. Readers interested in more information on molecular fragmentation are directed to the thorough
review on energy-based methods by Collins and Bettens?72,

Due to the lack of consistency between structures found within the CSD, and with an aim to minimise the need for
electronic structure calculations, a broadly applicable generalised approach to fragmentation must be implemented. This
is achieved by the use of the CSD Python API's Crystal Module, where one can obtain the packing shell of crystal returned
as a ".mol2" file of geometric Cartesian coordinates®”. In order to locate the longest of the o-hole contacts within the
packing shell, a packing shell size of 30 (contains 30 molecules) was selected. From this packing shell the intermolecular
distances between potential o-hole donor and acceptor atoms were measured to find the one matching the contact found
in the corresponding CSD search. This allows the atomic indices within the geometry files of the o-hole donor and acceptor
atoms to be defined, which the cutout will be constructed upon. The cutout is made using a graph theory approach, with
the molecule first being loaded into RDKit and then used to construct two Networkx (version 3.1) directed graphs, one
originating from the donor atom, and the other from the acceptor atom?259273_ Each graph proceeds out five bonds from
the origin atom and returns the indices of these atoms. These indices are then extracted from the geometry file of the
packing shell and written to a new .xyz geometry file. The motivation for the five bond limit to the cutout is to describe a

substituted halobenzene moiety, illustrated in Figure 5.14, as it is a commonly used as a halogen bond donor. The cutout
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at this stage will likely contain atoms with unsaturated valencies, unless the crystal is made of small molecules, and as
such OpenBabel (version 3.1.0) is utilised to add hydrogen atoms to the terminal nodes of the cutout graphs to satisfy

the valency?™*. An example molecular cutout construction of CSD Refcode WUNFET is detailed in Figure 5.15.

4R R3

Sas

4R R3

Figure 5.14: Example of the molecular graph that defines the o-hole donor component of the molecular cutout of a crystal.
The graph aims to retain a substituted halobenzene moiety, so includes the atoms five bonds away from the donor atom X.
Another graph of the same construction is made, originating from the acceptor atom, and the atoms of these two graphs
are combined into the molecular cutout, which is written to a new geometry file. Subscripts denote how many bonds away

from the donor atom X each atom is.
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Figure 5.15: Illustration of the molecular cutout process for CSD Refcode WUNFET. i) Part of packing shell containing 30 molecules ii) Uncapped cutout iii) Capped
cutout



The structures selected for this validation set are the hits resulting from the halogen bonding to sp3-hybridised nitrogen
query, as detailed in Section 3.2, as they tend to show strong contacts that have o-hole angles close to linearity. These
short, linear contacts, along with the nature of halogens and the sp>-hybridised nitrogen acceptor, mean there are less
likely to be other interactions in the vicinity of the donor/acceptor atoms that could contaminate the o-hole interactions.
There are several potential problems with this molecular cutout scheme, mainly owing to the diverse variety of chemistry
available in the CSD that cannot be interpreted by cheminformatics tools such as RDKit and OpenBabel. Due to exotic
bonding modes and/or transition metals, sometimes a valid molecule object cannot be constructed within these tools, may
be constructed erroneously, or have valencies that cannot be saturated with hydrogens by OpenBabel. This leads to a
moderate failure rate in achieving calculated interaction energies for these molecular cutouts, with 517 cutout structures
(from a search of an older version of the CSD 2023.2.1).

These 517 cutouts undergo the same counterpoise corrected M06-2X-D3(0)/def2-TZVPD interaction energy calculations
as the SHEF1552 data set. These 517 cutouts resulted in 346 valid DFT calculated interaction energies. The coupled
cluster interaction energies are unable to be calculated on these cutouts as their much greater size would be prohibitively
expensive, with the largest cutout containing 88 atoms compared to the largest structures in the SHEF1552 set containing
38 atoms. The cutouts are also used to calculate ECFPs, which are treated with the same PCA routine as in the training
set. This, combined with the o-hole angle and normalised contact distance is provided to the cHAT model to predict
interaction energies for each cutout. Structures are removed if the EFCP was not able to be initialised with the molecule,
and if secondary interactions are found within the cutout. This was determined via a Python script written to identify any
intermolecular distances, not including those between the o-hole donor and acceptor, that are shorter than the sum of van
der Waals radii. This process results in 309 valid cutouts with both a calculated and predicted interaction energy, along

with ECFPs, which make up the validation set.

Results

The determination of descriptors and prediction of interaction energy for the 309 molecular cutouts took 0.4 seconds
using a single 3.8 GHz core of a AMD RYZEN 7 5700G, which is negligible in comparison to calculating DFT interaction
energies. The overall performance of the cHAT model on the molcular cutout validation set is shown in Figure 5.16 as a
scatterplot of predicted vs benchmark o-hole interaction energies, with the RMSD of the predictions being roughly twice
as large as that for the test set shown in Figure 5.13.

The summary statistics presented in Table 5.9 shows that the cHAT predicted interaction energies are generally larger
in magnitude compared to the DFT calculated interaction energies for the cutouts in the validation set. Interestingly,
sign of the errors is reversed at either extremes of interaction energies, with the strongest DFT interaction energies
being underestimated, and the weakest DFT interaction energies being overestimated. This is analogous to the summary
statistical comparison of the cHAT model and DFT interaction energies seen in the test set, see Table 5.7, in which DFT

shows notable overbinding in comparison to benchmark LCCSD(T*)-F12b interaction energies.
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Table 5.9: Summary statistics of the interaction energies predicted by the cHAT model and calculated via DFT (M06-2X-
D3(0)/def2-TZVPD) for the 309 molecular cutouts of CSD structures showing halogen bonding to sp3-hybridised nitrogen.
Metrics include the mean, standard deviation, minimum, and maximum interaction energies in kcal/mol.

E;,: Determination Mean S.D. Min Max

oHAT -6.87 3.6 -20.10 -1.84
DFT -7.27 443 -2531 -0.16

A comparison of the model's performance based on the identity of the halogen acting as the o-hole donor is shown in
Table 5.10. The best performance is seen in the bromine halogen bonding species, with an RMSD of 1.550 kcal/mol
which is well below the overall model RMSD, and R? and p values nearing 1.0. The performance with iodine halogen
bond donors shows the worst RMSD, with a value of 2.257 kcal/mol, and as the most numerous halogen bond donor
in the set it makes up the majority of the overall model RMSD of 2.018 kcal/mol. The coefficient of determination of
the iodine complexes is less than half that of the bromine complexes, but still shows a notably high Pearson correlation
coefficient. The worst overall performance is seen with the chlorine complexes, despite having a comparable RMSD to
the bromine complexes, the Pearson correlation coefficient is nearer zero and the R? value is negative in value, showing
that the performance is worse than simply predicting the mean of the interaction energy. This suggests that the bromine
containing molecular cutouts from the CSD are more comparable to the training set and are thus described well, and
while the model is capturing some of the underlying trends in the iodine contacts, there is some deficiencies in either the
descriptors or training set.

The ocHAT model is not able to describe the underlying relationships within the chlorine containing molecular cutouts,
suggesting that these contacts differ in character to those indicative of a o-hole interaction. This difference in character
is also seen in the DFT calculated interaction energies, when one compares the summary statistics of the cHAT predicted
and DFT calculated interaction energies shown in Table 5.11 & Table 5.12. For other halogen bonding contacts, a shorter
normalised contact distance and a o-hole angle nearer linearity would indicate a stronger interaction energy. The chlorine
contacts in the validation set however, have consistent interaction energies regardless of the normalised contact distance
or o-hole angle, shown in both the cHAT predicted and DFT calculated interaction energies. These interactions are the
weakest, and thus show the largest relative error, along with little directionality with respect to the o-hole angle. This,
along with the poor R? and p values with respect to the sHAT model for chlorine interactions, see Table 5.11, suggests
these contacts are dissimilar to the chlorine halogen bonds found in the SHEF1552 set. This all gives evidence to the
possibility that these chlorine contacts are unlikely to be caused by a o-hole interaction and are likely to be caused by

other packing factors within the crystal.
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Figure 5.16: Performance of the cHAT predicted interaction energies against DFT (M06-2x(D3(0))/def2-TZVPD) inter-
action energies of the 309 molecular cutouts showing halogen bonding to sp3-hybridised nitrogen. Metrics include root
mean squared deviation (RMSD), coefficient of determination (R?), and Pearson correlation coefficient (p). Points are
colour coded by halogen bond donor atom and plotted over a line of y = .

Table 5.10: A comparison of root mean squared deviation (RMSD), mean absolute deviation (MAD), standard deviation
of errors (SD), minimum and maximum errors, coefficient of determination (R2), and Pearson correlation coefficient (p)
for the cHAT model o-hole interaction energy performance against DFT (M06-2X-D3(0)/def2-TZVPD) calculated values
for the validation set. The 309 molecular cutouts showing halogen bonding to sp-hybridised nitrogen that make up the
validation set are subdivided by the different halogen bond donor atoms. Metrics represented with energies in kcal /mol.

Halogen No. Structures RMSD MAD SD Min  Max R? )
Cl 50 1.61 1.32 130 -3.63 201 -3.27 0.22
Br 71 1.55 1.13 152 -324 6.61 090 0.95

188 2.26 168 201 -10.17 869 042 0.84

Table 5.11: Summary statistics of the interaction energies predicted by the cHAT model for the 309 molecular cutouts
of CSD structures showing halogen bonding to sp>-hybridised nitrogen separated by halogen species. Metrics include the
mean, standard deviation, minimum, and maximum interaction energies in kcal /mol.

Halogen Mean S.D. Min Max
Cl -352 079 -581 -1.97
Br -6.55 4.87 -20.10 -1.84

I -7.89 298 -20.97 -2.71
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Table 5.12: Summary statistics of the DFT (M06-2X-D3(0)/def2-TZVPD) calculated interaction energies for the 309
molecular cutouts of CSD structures showing halogen bonding to sp>-hybridised nitrogen separated by halogen species.
Metrics include the mean, standard deviation, minimum, and maximum interaction energies in kcal/mol.

Halogen Mean S.D. Min Max

Cl -255 121 -530 -1.97
Br -6.21 497 -2229 -1.34
I -8.93 3.67 -2531 -1.21

With regards to the normalised contact distance, plotted alongside interaction energies in Figure 5.17, the grouping
of points is much closer in the predicted energies (left) compared to the calculated interaction energies (right). The
normalised contact distance is the most important singular descriptor in the cHAT model, as shown in Table 5.8, and
this close grouping of predicted interaction energies as a function of this descriptor suggests that the model is potentially
overfit to the normalised contact distance.

The performance of the cHAT model relative to the identity of the halogen donor atom shown in Table 5.11 compared to
the DFT interaction energies relative to the identity of the halogen donor atom in Table 5.12 proves to be an interesting
comparison. The chlorine interaction energies have small standard deviations in both the predicted and DFT calculated
interaction energies (0.787 and 1.214 kcal/mol, respectively). The trend in bromine DFT calculated interaction energies
with normalised contact distance is mirrored very closely in the predicted interaction energies. There is some agreement
between the predicted and DFT calculated interaction energies for the iodine complexes, with similar mean interaction
energies between predicted and DFT calculated interaction energies, yet there is the greatest change in standard deviation
between them. In the right panel of Figure 5.17 these deviations can be seen in the plots of normalised contact distance
against interaction energy are mainly found in the 0.7-0.9 range of normalised contact distance.

The trends in the interaction energies with the o-hole angle, plotted in Figure 5.18, show that once again chlorine complexes
differ little in interaction energies over a wide range of o-hole angles (111-175°). One would expect halogen bonding systems
that have o-hole angles closer to 180° to be more strongly interacting than a system with a o-hole angle closer to 90°.
This gives more evidence to the notion that these contacts are unlikely to be attributable to o-hole interactions, and are
likely close contacts due to other crystalline packing effects. Thus it makes it unsurprising that a model trained on o-hole
interactions would be unsuited to predicting these interaction energies. The distributions of interaction energies against
o-hole angle and normalised contact distance shown in Figure 5.18 & Figure 5.17 show that the geometric trends for
bromine and iodine contacts are replicated rather well between predicted and calculated interaction energies. A notable
issue is that there are no predicted interaction energies significantly stronger than -20 kcal /mol, suggesting a deficiency of
very strong halogen bonding interactions within the training set. This is somewhat true, with the SHEF1552 set containing

only two halogen bonding structures with LCCSD(T*)-F12b interaction energies stronger than -15 kcal/mol.
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Figure 5.17: oHAT predicted interaction energies (left) vs DFT (M06-2X-D3(0)/def2-TZVPD) interaction energies (right)
against normalised contact distance for the 309 molecular cutouts showing halogen bonding to sp3-hybridised nitrogen.
Points colour coded by halogen bond donor atom.
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Figure 5.18: oHAT predicted interaction energies (left) vs DFT (M06-2X-D3(0)/def2-TZVPD) interaction energies (right)
against o-hole angle for the 309 molecular cutouts showing halogen bonding to sp3-hybridised nitrogen. Points colour
coded by halogen bond donor atom.

When examining the outlier structures where the absolute error of the predicted interaction energy is greater than 1.5
times the interquartile range, shown in Table 5.13, it can be seen that the majority of these structures contain iodine
o-hole donors. Upon inspection of the structures, they fall into two distinct groupings, one containing "cage"-like o-
hole acceptors such as DABCO for example CSD Refcode HEKZOO, IBOZO0S, IBOZUY, UZUNEL?">277_ The other
containing multiple halogen bonding interactions to large nitrogen heterocycles such as trans-decahydrotetraazapyrene
shown in CSD Refcode LORQUG?2™®. This group also contains the structures WULPUR, WUNDUH, WUNFOD, and
WUNGOE, which are structures engineered to exhibit multipoint halogen bonds?”?. This indicates areas in the training
set that can be improved upon, as analogous Lewis bases are not present in the training set. The interaction associated
with CSD refcode HMTNTI has a DFT interaction energy that is weaker than the cHAT predicted interaction energy,
on inspection this is due to an error in the ORCA input where the geometry of the acceptor was not input, and as such is
not a representative calculation for the system?3°. Other sources error include structures like BEYQAX, where hydrogens

281

were erroneously omitted from the structure and coincidentally resulted in a neutral calculation The structure of

NERFID, which is of a halogen bond between diiodotetrafluorobenzene and a morpholine derivative, looks to be enhanced
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in calculated interaction energy by a weak hydrogen bond to one of the fluorines, which can be seen in Figure B.52%2.

Table 5.13: Summary of geometric measurements, cHAT predicted and DFT(M06-2X-D3(0)/def2-TZVPD) calculated
interaction energies in kcal/mol of outlier structures from the 309 molecular cutouts showing halogen bonding to sp-
hybridised nitrogen making up the validation set.

Refcode Donor  o-hole Angle/° Normalised Contact Distance  FE;,,:(cHAT)  E;,:(DFT)

BEYQAX Br 164 0.988 —2.96 —-9.57
HEKZOO I 178 0.656 —14.86 —18.97
HMTNTI I 175 0.669 —14.71 —4.54
IBOZOS I 179 0.640 —18.37 —23.60
IBOZUY I 175 0.658 —13.70 —22.40
LORQUG I 172 0.804 —5.62 —10.26
LORQUG [ 171 0.808 —5.81 —10.22
LORQUG I 174 0.818 —4.94 —10.09
LORQUG I 171 0.821 —4.96 —9.85
LORQUG I 175 0.841 —4.80 —-9.57
LORQUG I 174 0.845 —4.88 —9.42
NERFID I 167 0.794 —6.41 —10.62
UZUNEL I 174 0.614 —20.10 —25.31
WULPUR I 172 0.806 —6.22 —10.52
WULPUR I 167 0.821 —5.38 —10.51
WUNDUH I 167 0.803 —6.96 —10.98
WUNFOD [ 171 0.830 —5.88 —9.72
WUNGOE I 169 0.843 —5.36 -9.29

5.6 Summary

In this work the cHAT (o-Hole Approximation Tool) model is presented; a simple, low-cost machine learning model was
constructed and trained on the SHEF1552 data set of o-hole interactions which, on the test set, performs comparably
to density functional theory calculations. This model utilises the o-hole angle, the normalised o-hole donor-acceptor
interatomic separation, and an extended connectivity molecular fingerprint of the complex which is treated with principle
component analysis to reduce dimensionality. To apply this model to predicting interaction energies within close contacts
found within the CSD indicative of o-hole interactions, the first two descriptors are readily retrieved. The molecular
fingerprints of these cutouts prove to be more challenging, as it can be difficult for cheminformatics software to be able to
interpret the wide variety of bonding environments found in the CSD. These fingerprints were determined from molecular
cutouts taken from the packing shells of the crystals containing the contact. The cutout was taken five bonds out from
each of the donor and acceptor atoms and the valencies of the terminal atoms were saturated with hydrogens. The cHAT
model predictions of interaction energies for molecular cutouts taken from the halogen bonding searches to sp3-hybridised
nitrogen have an RMSD of 2.018 kcal/mol. While larger than the 1.028 kcal/mol RMSD of the cHAT predicted interaction
energies for the training set, the systems are much more varied within the validation set. It is also important to note that
the RMSD for the validation is with respect to DFT rather than LCCSD(T*)-F12b benchmark interaction energies for the
test set. The performance of the cHAT model on the bromine containing complexes is by far the best, followed by iodine

contacts, and the chlorine containing structures are very poorly described by the model. This poor performance on the
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chlorine containing structures is indicated by the calculated interaction energies of the structures, which does not show
typical geometric relationship with the interaction energy that is characteristic of halogen bonding. The lower performance
on the iodine containing structures can be explained by Lewis bases that are markedly different from those found in the
training set.

Overall this proves to be an effective method of approximating o-hole interaction energies incredibly quickly. The most
time consuming step in determining interaction energies in crystal structures found in the CSD is generating the molecular
cutouts, which took around 1 minute for 517 structures, in comparison to the prediction of interaction energies from the

resulting 309 cutouts which took less than one second.
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Chapter 6

Conclusions & Future Work

6.1 Conclusions
To conclude this thesis, the aims stated in Section 1.6 are reiterated below:

1. Identify relevant donor and acceptor moieties associated with o-hole interactions. Define geometric and other

constraints to enable identification of o-hole interactions in crystal structures present in the CSD.

2. Use the CSD to determine geometric characteristics and trends for o-hole interactions as a function of donor and

acceptor characteristics to provide insight into the nature of the interactions.

3. Fit a predictive model for o-hole interaction energies based on quantum-chemical calculations to enable rapid
estimation of these energies with good accuracy. Apply this energy estimation to o-hole interaction motifs found in

the CSD.

In Chapters 2, 3, and 4, a methodology for searching the Cambridge Structural Database for close contacts within crystals
indicative of o-hole interactions involving nitrogen and oxygen Lewis bases is presented. This approach utilises ConQuest
query files to define the donor and acceptor moieties and associated geometric definitions and measurements combined with
the CSD Python API to automate, process, and present the results. This methodology is applicable to each new update
of the CSD, so can automatically recognise new structures deposited into the CSD that match the criteria defined in the
queries and post-processing. This approach, including the queries, along with the associated criteria in post-processing,
clearly satisfy the first aim of this work.

Chapter 3 details the geometric trends found within contacts indicating o-hole interactions to nitrogen Lewis bases. In
order to form the closest contacts with o-hole angles approaching linearity, one needs to complement a higher valency
o-hole donor moiety with a nitrogen Lewis base that has greater s-character, and vice versa. The shortest halogen bonding
contacts with o-hole angles approaching linearity are formed with sp3-hybridised nitrogen Lewis base, and on average show

longer contacts with Lewis bases of increased p-character. Chalcogen bonding contacts are dominated by sp?-hybridised
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systems, both in donor and acceptor moieties, but show similar geometric characteristics between contacts involving sp?-
hybridised and sp-hybridised nitrogen. Pnictogen and tetrel bonding contacts, while rare, have the closest contacts with
sp-hybridised nitrogen, along with o-hole angles approaching linearity. This means that sp>-hybridised nitrogen Lewis
bases are ideal acceptors for forming very strong halogen bonding complexes, but less useful for participating in pnictogen
or tetrel bonding. Lewis bases with an sp?-hybridised nitrogen are more easily able to minimise steric effects due to their
planar nature, and so are able to participate in a wide range of o-hole interactions, while retaining a similar strength
of interaction compared to sp3-hybridised nitrogen Lewis bases. Although many o-hole interactions with sp-hybridised
nitrogen Lewis bases as acceptors are somewhat weak, owing to their contracted lone-pair, the linear nature of these,
primarily cyano groups allows them favourable approach to sterically crowded binding sites. This makes them ideally
suited to the task of acting as an acceptor for pnictogen and tetrel bond donors. In addition, cyano groups coordinated
to metal centres indicate a strengthening impact on o-hole interactions, highlighting a potential new avenue of research
that extends prior work focussing on halogen boning involving cyanometallates?®.

Nitrogen also plays a key role as an electron withdrawing group for classes of o-hole donors such as N-iodosuccinimide
or selenazole derivatives, which make up some of the strongest o-hole interactions identified in this work. In some cases,
interactions involving these moieties can begin to approach the extreme of what one may consider to be noncovalent
interactions. Other than nitrogen, a variety of elements are covalently bonded to o-hole donors, the most common being
carbon. It is clear that the hybridisation of such carbon atoms have an impact on the strength of the o-hole interaction.
Hybridisation with greater s-character for these carbons atom elicits a increased electron-withdrawing effect, resulting in
stronger sigma-hole interactions, as inferred by their associated geometric characteristics.

Chapter 4 details the geometric trends found within contacts indicating o-hole interactions to oxygen Lewis bases. To
enable more detailed chemical interpretation, in this study, these o-hole acceptors comprise of organic carbonyl, divalent
oxygen (R-O-R), oxide (O-R), and metal carbonyl moieties. Other than the oxide Lewis bases, some of which are part
of anionic moieties, the neutral oxygen Lewis bases are generally poorer og-hole acceptors than the nitrogen Lewis bases.
Organic carbonyls participate in marginally stronger o-hole interactions than divalent oxygens, yet divalent oxygens are more
tunable, with the varying of the R-O-R substituents affecting the Lewis basicity much more than varying the R-(C=0)-R
substituents. Coordination of a carbonyl ligand to a metal shows a deactivating effect, with the contacts generally being
longer and showing little to no relationship between shorter normalised contact distances and o-hole angles approaching
linearity. This is, however, consistent with analogous CSD analysis of hydrogen bonding in metallic carbonyls such as that
by Desiraju and co-workers'®. These investigations into the geometric characteristics for o-hole interactions with nitrogen
and oxygen o-hole acceptors achieve the second aim of this work.

Of the results presented in Chapter 3 & Chapter 4, the reader might notice the lack of inclusion of the lightest halogen
(F), chalcogen (O), pnictogen (N), and tetrel (C) atoms in the data. As mentioned previously, these atoms are very poor
o-hole donors, due to their small size and low polarisability, and thus are not considered. A strong argument can be made

from the results of this work that the analogous elements in the third period of the Periodic Table; Cl, S, P, and Si, are also
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very poor o-hole donors. Of the contacts involving these atoms, those involving chlorine and sulfur are in great number,
yet only a very small number show contact distances notably shorter than the sum of vdW radii and with little directionality
with respect to the o-hole angle. The less numerous phosphorus and silicon contacts are generally even longer, with a large
proportion of contacts being greater than the sum of vdW radii, but show larger o-hole angles than the equivalent halogens
and chalcogens. As o-hole interactions do not just cease to interact at a separation equal to the sum of van der Waals
radii, these longer interactions cannot be discounted, yet the greater tendency towards linearity with respect to the o-hole
angle, and greater polarisability of Si/P compared to S/Cl gives weight to these longer pnictogen and tetrel contacts being
caused by o-hole interactions. There are reported cases of chlorine and sulfur contacts to N/O that are deemed to be
significantly strong, such as in the work summarised in Robin Taylor's Ry values, yet these cases are much less commonly

S143_ It is with these factors in mind that one

occurring, and require stronger electron withdrawing substituents on the Cl/
might conclude that chlorine and sulfur are not typical o-hole donors, and should not be considered in further searches of
the CSD for o-hole interactions. On a similar, yet converse note, the contacts involving the heaviest elements, Pb and Bi,
show short contacts yet there are questions as to whether they can be attributed to o-hole interactions. These contact
have little directionality with respect to the o-hole angle, indicating that these interactions may be due to other causes.
As these are large metals, and that several of the Pb structures involve hemidirecting geometries, it might suggest that
these contacts could be considered from a coordination standpoint, which posits an interesting area of future study.

Chapter 5 concerns the construction of a machine learning model to rapidly predict the energies of o-hole interactions,
with the aim of applying it to structures found from searches of the CSD. The o-Hole Approximation Tool (cHAT) is
an XGBoost regression model that uses the o-hole angle, normalised contact distance, and a PCA-reduced extended
connectivity fingerprint as descriptors. This model was trained on a 75:25 train-test split of the SHEF1552 data set of
high accuracy computationally calculated o-hole interactions. The cHAT model performs comparably to density functional
theory calculations on the test set, with an RMSD of 1.03 kcal/mol while taking negligible time to compute. To validate
the performance of the cHAT model on experimentally derived structures found within the CSD, molecular cutouts must
be taken from the crystal to create a molecular complex that can be treated with DFT to calculate interaction energies.
The selected validation set was the examples of halogen bonding to sp3-hybridised nitrogen acceptors identified in CSD
searches Chapter 3. The terminal atoms of these halogen bonding cutouts were capped with hydrogen atoms to saturate
valencies and their interaction energies were calculated using counterpoise corrected M06-2X(D3ZERQO)/def2-TZVPD.
The descriptors from these cutouts were then calculated and used with the cHAT model to predict interaction energies.
The predicted interaction energies from the cHAT model on the validation set has an RMSD of 2.02 kcal/mol, with
varying levels of performance for each of the halogen donor atoms. The model performs best on the bromine-containing
structures within the validation set, whereas the iodine-containing structures indicate some potential improvements to be
made to the training set. The chlorine-containing structures are very poorly described by the cHAT model, but their weak
interaction energies and lack of directionality with respect to the o-hole angle suggest that these contacts are more likely

to be caused by other packing effects than a halogen bond. This poor fit for chlorine contacts with the cHAT model gives
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further suggestion that chlorine is an ineffective o-hole donor. This approach proves to be a suitably accurate, low-cost

means of predicting o-hole interaction energies, completing the third aim of this work.

6.2 Future Work

CSD searches have been performed for o-hole interactions to sulfur, phosphorus, and halogens acting as acceptor moieties
but are not included in this thesis for brevity. It is hoped that these results will be analysed and interpreted with the
same rigour and presented in future publications. These acceptor moieties require additional processing to investigate
the interplay between their Lewis basicity and ability to act as o-hole donors. An avenue of further study could be to
investigate differing valencies of o-hole donors, as this thesis only concerns o-hole donors at saturated valencies.Another
possibility could be to probe o-hole interactions to 7-systems and anions, would provide a more comprehensive description
of the nature of sigma-hole interactions, but would considerably broaden the scope of the investigation. The results of
all of these searches of the CSD could be then compiled into a subset of the CSD, analogous to the MOF subset which
contains porous metal organic frameworks 4.

It is apparent from the machine learning work covered in Chapter 5 that some improvements could be made. In terms
of validation, the cHAT model was only tested using halogen bonding structures obtained from the CSD, but the model
is intended to predict chalcogen, pnictogen, and tetrel bonds also. Building on this more cutouts from a range of o-
hole donors and acceptors should be obtained, along with filtering out contacts that are more likely attributed to other
effects that o-hole interactions, to probe the cHAT for weaknesses. Some additional donor and acceptor moieties could be
implemented into the training set to produce more strongly interacting complexes, which are rather sparse in the SHEF1552
data set. Any further descriptor-based improvements made to the cHAT model would likely require the development of
a specialised molecular fingerprint that could encode the noncovalent interaction along with the molecular entities. An
alternative to this would be a much more complex architecture such as a message-passing graph neural network which
would utilise the molecular graphs of the complexes directly, along with describing the noncovalent interaction?®3. We
believe that the implementation of the cHAT model into the CSD software package would be of significant benefit to the
analysis of crystal structures within a visualisation program such as Mercury. The cHAT model could also be adapted
architecturally to be a classification model, where instead of predicting an interaction energy the model could be used to
recognise if a contact found in CSD searches such as those reported in this work can be primarily attributed to a o-hole
interaction. It could enlighten the user to potentially unnoticed o-hole interactions within the structure, and inform them

of its contribution to the overall lattice energy.
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Appendix A

CSD Geometric Data

A.1 Nitrogen Heterocycle Queries

In order to determine the different trends in the geometric measurements of o-hole interactions to cyclic sp?>-hybridised
nitrogen Lewis bases, more specialised queries are needed. Combined with the donor moieties shown in Figure 2.1, the sp*-
hybridised nitrogen moiety shown in Figure 3.1 is adapted into various different cycles from 3-membered to 12-membered
cycles. An example of this is represented in Figure A.1 for a query pertaining to 6 membered heterocycles, where the
nitrogen can only be bonded to two substituents, and all R atoms in the cycle must be cyclic, the bond types (see

Section 2.1.1) can be any of single, double, aromatic, or delocalised.

Figure A.1: A representation of the query construction for 6 membered nitrogen heterocycles where the sp?-hybridised
nitrogen acts as a o-hole acceptor. R=H, C, N, O, Si, P, S, F, Cl, Br, I, Se, Te, B.
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A.2 Effect of Donor Electron-Withdrawing Group Continued
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Figure A.2: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp>-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element
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Figure A.3: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by electron-
withdrawing element
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Figure A.4: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to sp3-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element
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Figure A.5: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to sp?-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element
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Figure A.6: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
chalcogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element
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Figure A.7: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
phictogen bonding contacts to sp>-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element
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Figure A.8: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
pnictogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element
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Figure A.9: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
pnictogen bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by
electron-withdrawing element
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Figure A.10: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
tetrel bonding contacts to sp3-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by electron-

withdrawing element
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Figure A.11: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
tetrel bonding contacts to sp?-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by electron-

withdrawing element
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Figure A.12: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of

tetrel bonding contacts to sp-hybridised nitrogen found in crystal structures in the CSD. Points colour coded by electron-
withdrawing element
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Figure A.13: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp>-hybridised nitrogen showing how the distribution changes with halogen bond donors
containing a sp-hybridised carbon EWG (top), a sp-hybridised carbon EWG (middle), and a sp®-hybridised carbon EWG
(bottom). Points colour coded by donor atom
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Figure A.14: Scatter plot showing the distribution of normalised contact distance with respect to the o-hole angle of
halogen bonding contacts to sp-hybridised nitrogen showing how the distribution changes with halogen bond donors
containing a sp-hybridised carbon EWG (top), a sp*-hybridised carbon EWG (middle), and a sp3-hybridised carbon EWG
(bottom). Points colour coded by donor atom
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Appendix B

Crystal Structures

Figure B.1: An example of the crystal structure of (R,R)-(5R)-2-Methyl-5-(1-methyl-2,2-dichloro-3-
oxocyclobutanyl)cyclohex-2-enone with two contacts that fall into the criteria for halogen bonding. The o-hole
angle of the Cl-- - O contact with d=2.703 is 150.31° and the o-hole angle of the ClI--- O contact with d=2.556 is 114.26°.

Distance given in Angstrém. CSD refcode: NAFBUR
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Figure B.2: An example of the crystal structure of 4-Chloro-4-methyl-1-oxo-1-phenyl-115,4-phosphastanninane with a tetrel
bonding contact forming an inversion dimer between the Sn and O. Distance given in Angstrém. CSD refcode: HAPLUF

Figure B.3: An example of the crystal structure of diiodine and DABCO with a halogen bonding contact between the |
and N. Distance given in Angstrém. CSD refcode: HEKZOO

237



313 % 30371 fpggq

PP

Figure B.4: An example of the co-crystal of 1,3 5-trifluoro-2,4,6-tris(3,4,5-trifluoro-2,6-diiodophenyl)benzene and
bis(hexahydro-1H,4H,7H-3a,6a,9a-triazaphenalene with six |- - - N halogen bonding contacts. Distance given in Angstrom.
CSD refcode: LORQUG

i 2936

Figure B.5: An example of a molecular cutout taken of the crystal structure of N-[2-(morpholin-4-yl)ethyl]thian-4-imine
1,2,4,5-tetrafluoro-3,6-diiodobenzene which exhibits a | - -- N halogen bond, along with a potential weak H - -- F hydrogen
bond. Distance given in Angstrém. CSD refcode: NERFID
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Appendix C

ML Work Appendices

C.1 Fingerprint Performance

RMSD: 1.248 kcal/mol R?: 0.885 p: 0.951
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Figure C.1: Performance of PCA-treated RDKit fingerprint for predicting o-hole interaction energies using a default
XGBoost regression model. Metrics include root mean squared deviation (RMSD), coefficient of determination (R?), and
Pearson correlation coefficient (p). Points are colour coded by o-hole interaction type over a line of y = z.
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RMSD: 1.202 kcal/mol R%: 0.89 p: 0.955
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Figure C.2: Performance of PCA-treated atom pairs fingerprint for predicting o-hole interaction energies using a default
XGBoost regression model. Metrics include root mean squared deviation (RMSD), coefficient of determination (R?), and
Pearson correlation coefficient (p). Points are colour coded by o-hole interaction type over a line of y = .
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RMSD: 1.57 kcal/mol R?: 0.825 p: 0.92
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Figure C.3: Performance of PCA-treated topoligcal torsion fingerprint for predicting o-hole interaction energies using a
default XGBoost regression model. Metrics include root mean squared deviation (RMSD), coefficient of determination
(R?), and Pearson correlation coefficient (p). Points are colour coded by o-hole interaction type over a line of y = .
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C.2 Random Forest & Linear Regression Performance

RMSD: 1.279 kcal/mol R%: 0.864 p: 0.951
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Figure C.4: Performance of a random forest regression model with PCA-treated ECFPs for predicting o-hole interaction
energies within the test set. Metrics include root mean squared deviation (RMSD), coefficient of determination (R?), and
Pearson correlation coefficient (p). Points are colour coded by o-hole interaction type over a line of y = z.
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RMSD: 1.733 kcal/mol R%: 0.81 p: 0.906
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Figure C.5: Performance of a linear regression model with PCA-treated ECFPs for predicting o-hole interaction energies
within the test set. Metrics include root mean squared deviation (RMSD), coefficient of determination (R2), and Pearson
correlation coefficient (p). Points are colour coded by o-hole interaction type over a line of y = x.

C.3 oHAT Model Details

Listing C.1: Available hyperparameter space used with the BayesSearchCV function of scikit-learn to optimise the hyper-

parameters for the XGBoost regression model

=1

learning_rate

params

Real (0.01, 1.0, ’'log—uniform’),

’ '

n_estimators

Integer (50, 1000),

"max_depth': Integer (1, 20),

"min_child_weight ': Integer (0, 50),

"subsample ': Real (0.5, 1.0),
"colsample_bytree ': Real (0.5, 1.0),

'gamma’': Real (0, 1.0, 'uniform’'),
"reg_alpha ': Real(le—5, 100, 'log—uniform'),

"reg_lambda

"scale_pos_weight ":

Real(le—5, 100,

Real(le—6, 100,

"log—uniform '),

"log—uniform '),
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"base_score ': Real(0.01, 1.0, 'uniform'),

"booster ': Categorical ([ gbtree’, 'gblinear ', 'dart']),
"n_jobs ': Integer (1, 10),

"random_state ': Integer (1, 1000),

"objective ': Categorical ([ 'reg:squarederror ']),
"max_delta_step ': Integer (0, 10),

"min_child_weight ': Integer (1, 10),

"missing ': Real(0, 1.0, 'uniform’),

"tree_method ': Categorical ([ auto’, 'exact', 'approx', 'hist']),

"verbosity ': Integer (0, 3)

Listing C.2: cHAT XGBoost regression model optimised hyperparameters

XGBRegressor(base_score=0.8142720284737898, booster='gbtree ',
colsample_bylevel=1, colsample_bynode=1,
colsample_bytree=0.799023538756064, enable_categorical=False,
gamma=0.8027647811563106, gpu_id=—1, importance_type=None,
interaction_constraints="", learning_rate=0.1111999664226395,
max_delta_step=1, max_depth=15, min_child_weight=9,

missing =0.9119288615068837, monotone_constraints="()",
n_estimators=417, n_jobs=4, num_parallel_tree=1, predictor="auto ',
random_state=611, reg_alpha=1.5275834840558614e—05,
reg_lambda=56.61143126682765,
scale_pos_weight=0.0037062124362106682, subsample=0.65704380873298,

tree_method="auto', validate_parameters=1, verbosity=2)
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The SHEF1552 o-hole data set: Insights into intermolecular interactions involving

halogens, chalcogens, pnictogens, and tetrels

Harry W. Nash! and J. Grant Hill:22)

D School of Mathematical and Physical Sciences, University of Sheffield,
Sheffield S3 THF, U.K.

2 Centre for Machine Intelligence, University of Sheffield, Sheffield S10 2TN,
U.K.

The SHEF1552 data set presented here is a database of 1552 intermolecular o-hole
interactions encompassing halogen-, chalcogen-, pnictogen-, and tetrel-bonds. Each
o-hole donor molecule interacts with the same set of 19 Lewis base molecules, with
explicitly correlated coupled cluster interaction energies and symmetry-adapted per-
turbation theory (SAPT) analysis computed for each complex. Detailed analysis of
both geometric and energetic properties of the complexes allow trends to be iden-
tified. This includes that pnictogen-bonds typically have the strongest interactions,
followed by tetrel-, chalcogen- and halogen-bonds. While halogen-, chalcogen- and
tetrel-bonds all demonstrate a relationship where shorter intermolecular distances
require o-hole angles close to 180°, pnictogen-bonds display no clear relationship be-
tween these geometrical parameters. Using a cut-off for intermolecular interactions
where the intermolecular distance must be shorter than the sum of the van der Waals
radii would exclude approximately 5% of the structures in this data set, yet the ma-
jority of these longer-range interactions have an interaction energy stronger than —2
kcal mol~!, indicating such cut-offs are too crude. SAPT analysis confirms that the
underlying nature of the interactions is a subtle interplay of the different components.
However, the strongest interactions are dominated by the electrostatic component,

while the weakest can be classified as dispersion-dominated.
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I. INTRODUCTION

The concept of the o-hole and the role it plays in the understanding of noncovalent in-
teractions has affected the field profoundly,’® sparking huge interest and prompting many
discussions on terminology and the use of simple models.” ** A o-hole is a region of lower
electron density that is found along the extension of a covalent bond,'? usually resulting
in a region of positive potential. This allows for simple visual analysis of molecular elec-
trostatic potential maps to be used to rationalize the interaction between, for example, a
dihalogen and ammonia, in a way that can be followed at the undergraduate level.® An ex-
ample molecular electrostatic potential for GeCN(Me); is shown in Figure 1, where the most
positive region is clearly found along the extension of the cyano—Ge o-bond. Further details
on the o-hole and electrostatic potentials in noncovalent interactions have been addressed
in a large number of articles and reviews, and this information is not repeated here. Rather

the interested reader is referred to Refs.*® and the references therein.
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FIG. 1: Computed electrostatic potential (a.u.) on the 0.02 a.u. density isosurface of
GeCN(Me)s. The cyano group is positioned to the rear of the molecule and the central Ge
atom is visible as a sphere through the partially transparent surface. The blue disc-like
area of positive potential along the extension of the cyano—Ge bond indicates the location

of the o-hole.

Perhaps the most well-established category of o-hole interaction is the halogen bond,'®
which the International Union of Pure and Applied Chemistry (IUPAC) define as: “A halogen
bond occurs when there is evidence of a net attractive interaction between an electrophilic

region associated with a halogen atom in a molecular entity and a nucleophilic region in



another, or the same, molecular entity.””

To establish a terminology to be used herein,
the halogen atom can be referred to as the o-hole donor, while the atom or region acting
as a nucleophile is the o-hole acceptor. We treat the atom/region being located within a
molecular entity as being implied. Other groups of elements are known to act as donors
in o-hole interactions,'% including chalcogens,!! pnictogens,'? and tetrels,!” amongst others.
We note that two recent perspectives have suggested that the naming of these interactions by
their Periodic Table group and/or element is excessive, with simpler nomenclature such as o-
hole interactions preferred.!®* While we agree with the principles driving such suggestions,

in the present case classifying the interactions into Periodic Table groups enables trends,

similarities, and divisions to be uncovered.

The IUPAC definition of the halogen bond also lists several features, including that the
forces involved in the underlying nature of the interaction are “primarily electrostatic, but
polarization, charge transfer and dispersion contributions all play an important role.”® This
definition also notes that the relative contribution of these terms differ between halogen
bonds. As accurately describing all of these contributions is challenging for the majority of
quantum chemical methods, and combining this with the strong interest in o-hole interac-
tions from both computational and experimental groups, it is perhaps unsurprising that a
number of computational data sets have been published that provide optimized geometries
and calculated interaction energies for o-hole interactions. In the majority of cases these data
sets are primarily targeted at benchmarking how well approximate computational chemistry

methods describe the interactions.

To briefly introduce some of these existing data sets: The GMTKNbH5 benchmark
database contains two relevant subsets;'® the PNICO23 set of pnictogen- - - pnictogen non-
covalent interactions, which is based on the complexes investigated by Setiawan et al.,!? and
the HALS9 set of noncovalent interactions involving halogenated molecules, which is based
on an amalgamation of the XB51 and X40 data sets.??! We note that these PNICO23
and HALS9 sets include a variety of intermolecular interactions, not just those typically
classified as o-hole interactions. Bauza et al. have proposed a set of 30 halogen, chalcogen
and pnictogen bonding complexes with both neutral and anionic o-hole acceptors, where
the donors are typically highly fluorinated.?? Alkorta and Legon have also used a set of 132
intermolecular complexes to define a range of “reduced electrophilicities” of Lewis acids,?3

although these complexes included interactions involving alkali-metals and coinage-metals,



in addition to hydrogen bonds and halogen bonds. Meanwhile, the CHAL336 data set is
focused on chalcogen bonding interactions and includes examples with either o-holes or the
somewhat related 7-holes.?* We note that the computational chemistry method benchmark-
ing exercise conducted on CHAL336 concluded that the popular BSLYP and MP2 methods
were not recommended for this type of interaction.

More recently, the SH250x 10 data set of o-hole interactions has been added to the wider
Non-Covalent Interactions Atlas project.?> This data set contains 250 complexes bound by
halogen, chalcogen or pnictogen bonds, each providing a series of ten points along the re-
spective dissociation curve. The o-hole donor atoms are taken from the third and fourth
period of the p-block of the Periodic Table, plus iodine, and combined with a variety of
acceptors. It is important to note that the set of acceptors used across the halogen, chalco-
gen and pnictogen bonding complexes is not consistent, meaning that direct comparisons
cannot always be drawn. The data set has been used to benchmark the performance of a
large number of DF'T functionals, however, it has demonstrated that modern semi-empirical
quantum chemistry methods require re-parameterization to correctly describe the whole
breadth of o-hole interactions. The importance of reusing quantum chemistry benchmark
sets, including those dedicated to intermolecular interactions, in the development of force
fields for molecular simulations has also been recently highlighted.?

Here we present the Sigma-Hole Energies and additional Factors data set of 1552 inter-
molecular complexes, denoted SHEF 1552, which encompasses halogen, chalcogen, pnictogen

and tetrel bonding. There are two major foci of the data set:

1. Discovery of insights into o-hole interactions in terms of geometric and energetic prop-

erties, and the underlying nature of the interaction.
2. Relevance to both theoretical and experimental chemists/material scientists.

These points inform the choice of complexes investigated and are prioritized over, for exam-
ple, the benchmarking of quantum chemical methods. The same set of acceptor molecules
are paired with each donor molecule so that comparisons can be drawn between classes of in-
teraction (halogen bond, chalcogen bond, etc.) and within each of those classes. The lightest
elements from each class, that is, those from the second period of the Periodic Table, are not
included as o-hole donor atoms as they typically only form very weak interactions. In terms

of the heavy elements from the sixth period, we only consider complexes where Pb or Bi act
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as the donor atom. Both Po and At are highly radioactive and, while there may be some
interest in the hypothetical complexes they may form, they are excluded here as they are
less relevant to experimental studies. Similarly, we avoid adding large numbers of fluorine
substituents to the donor molecules. It is well-known that these strong electron withdraw-
ing groups enhance o-hole interactions, but synthesis of such highly fluorinated compounds
for experimental studies poses substantial experimental challenges and such species are less
representative of those involved in interactions found in, for example, the Cambridge Struc-
tural Database (CSD). A more detailed specification of the complexes included in the data
set is presented in Section IT A and in the Supporting Information. Section II B details the
computational methods used to determine the interaction energies of the complexes, while
Section III presents an analysis of the results of the calculations on the complexes in the

data set.

II. METHODS

A. Data set construction

With the aim of ensuring the data set is relevant to both experimental chemistry and
computational studies, the choice of o-hole donor molecules was partly informed by our
experience of CSD searches for o-hole interactions. Small neutral molecules that represent
commonly-found motifs within the CSD searches were selected, with each of seven halogen-
bonding donor motifs appearing three times (one each for Cl, Br and I), each of seven
chalcogen-bonding donor motifs three times (S, Se and Te), each of five pnictogen-bonding
donor motifs four times (P, As, Sb and Bi), and each of five tetrel-bonding donor motifs
four times (Si, Ge, Sn and Pb). This resulted in a total of 82 o-hole donor molecules (21
halogen-bonding, 21 chalcogen-bonding, 20 pnictogen-bonding, and 20 tetrel-bonding), with
a full list of the molecules presented in Tables S1-S4 in the Supporting Information. All of
these o-hole donor molecules are then paired with a Lewis base / o-hole acceptor, such that
each donor is paired with each possible acceptor. The 19 Lewis bases selected are: ammonia;
phosphine; hydrogen cyanide; acetone; thioacetone; trimethylamine; aniline; furan; pyridine;
dioxane; water; acetonitrile; thiophene; imidazole; trimethylphosphine; trimethylphosphine

sulfide; trimethylphosphine oxide; nitromethane; pyridine-N-oxide. Permuting over all of



these possibilities results in a total of 1558 complexes, comprised of 399 halogen bonding
complexes, 399 chalcogen, 380 pnictogen, and 380 tetrel. After analysis of the optimized
geometries, six of the complexes were removed as their structures did not appear to be
consistent with o-hole interactions. Further details are provided in Section III.

Each o-hole donor molecule was constructed such that the extension of the o-hole is
aligned along the z-axis in the negative direction, while each acceptor/Lewis base was sim-
ilarly constructed with the extension of the lone pair along the z-axis, but in the positive
direction. The individual donor and acceptor geometries can then be concatenated such
that the o-hole and lone pair are aligned along the same axis. Although it is conceivable
that this may not lead to the global minimum energy geometry for the resulting complex,
it does meet the present objective of locating a o-hole interaction. The initial separation
of the o-hole donor atom and the acceptor atom was set to 85% of the sum of the van der
Waals radii of these interacting atoms.

The geometry of each o-hole complex was subsequently optimized using the M06-2X ex-
change correlation functional with the D3 dispersion correction [zero damping, D3(0)],2%28
and the def2-TZVPD basis set.??3° This polarized triple-zeta basis includes additional dif-
fuse functions and small-core, relativistic effective core-potentials (ECPs) that replace 28
electrons for Sn, Sb, Te, and I, and 60 electrons for Pb and Bi.3%32 All geometry optimiza-
tions were carried out in ORCA version 5.0.4,3% with tight SCF conversion criteria and the
defgrid3 integration grid.?® Density fitting was used in the evaluation of the Coulomb in-
tegrals, using the ‘universal’ def2 auxiliary Coulomb basis.>* The M06-2X-D3(0) functional
ranked as the third best exchange correlation functional for intermolecular interactions in
the benchmarking of the GMTKN55 database.!® It also avoids the computationally expen-
sive nonlocal van der Waals correction of the highest ranking functional. The M06-2X-D3(0)
functional performed well for the SH250 data set,?® where the root-mean-square error in the
interaction energy relative to high-accuracy ab initio data was close to the best performing
double hybrid functionals, and also in a test of various methods for computing the strength
of halogen bond interactions.?

The nature of each stationary point located was ascertained by calculating the harmonic
vibrational frequencies at the same level of theory. If any imaginary frequencies were found,
the structure was distorted along the associated normal mode(s) using a Python script that

makes use of the cclib (version 1.8.1) library to parse ORCA output.?3” The resulting
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structures were then re-optimized. The optimized geometries are provided as a compressed
archive of XYZ format files. After several cycles of geometry optimization, frequency analysis
and normal-mode distortion, 30 structures still possessed low frequency imaginary modes,
generally associated with propeller-like rotation of, for example, methyl groups not directly
involved in the intermolecular interaction. As such, these structures were retained in the
database and are listed in Table S5.

Two of the most important geometric properties are the intermolecular distance between
the donor and acceptor atoms, and the angle between the two molecules within the complex.
Herein, the o-hole angle, 6, is defined as the angle formed by R-D- - - A, where D is the o-hole
donor atom, R forms a o-bond to D such that the o-hole is found along the extension of
this bond, and A is the o-hole acceptor atom. This angle is illustrated with the example of
the NC(Me)3Sn- - - NHj tetrel-bonding complex in Figure 2. The deviation from linearity of

a given o-hole interaction could be expressed as (180 — 6)°.

FIG. 2: Definition of the o-hole angle (#) of R-D--- A, where D is the o-hole donor atom
and A is the acceptor atom. The complex shown is NC(Me)3;Sn- - - NHj.

Normalized contact distances are often used in the analysis of interactions within crystal
structures as they account for the inherent size of the atoms involved in terms of their van der
Waals radii,?®3? allowing better comparison of geometries across interactions with different
atom types. In the present work we use an analogous dimensionless, normalized distance,

dnorm, calculated as:
d

dnorm =
vdW vdW
rH TR

where d is the internuclear distance between the o-hole donor and acceptors atoms, and W

7



and r¥®W are the van der Waals radii of the donor and acceptor atoms, respectively. The

radii tabulated by Alvarez are used throughout.?® Both the o-hole angle and dpom, along
with interaction energies and other useful information, are provided for all complexes within

a comma separated values (CSV) file as part of the Supporting Information.

B. Interaction energies

No attempt was made to incorporate the effects of spin-orbit coupling into the calculation
of interaction energies or within geometry optimizations. Although “correcting” the inter-
action energies may be possible by using some form of composite computational scheme,
accounting for this within the geometries of all complexes contained within this data set, at
a suitable level of theory, is far beyond current, pragmatic computational power. This will
affect the results of complexes containing heavier elements, although a recent study of chalco-
gen bonding suggests this would lead to a relatively small, though non-trivial, reduction in

the strength of interaction.!

1. Density functional theory

Interaction energies at the optimized geometries were determined at the M06-2X-D3(0)
level using the same basis sets, settings and software as for the geometry optimizations. In
this supramolecular approach to interaction energies, the individual molecules were fixed in
their interacting geometries and the counterpoise (CP) correction was used to account for

basis set superposition error.*?

2. Coupled cluster theory

The explicitly correlated local coupled cluster methodology was also used to produce in-
teraction energies at the DFT optimized geometries. More specifically, the PNO-LCCSD(T)-
F12b method that uses pair natural orbitals was used,***> where the local correlation ap-
proach addresses the steep scaling of coupled cluster methods, and explicit correlation (F12)
both accelerates convergence with respect to basis set size and partly corrects the errors
introduced by the domain approximation in local correlation.?® The use of approximation

b in these F12 calculations is implicit herein. For elements from the first two rows of the



Periodic Table, the aug-cc-pVDZ-F12 basis set was used,*”*® while cc-pVDZ-F12 was used
for hydrogen to prevent the basis set becoming linearly dependent. The aug-cc-pVDZ-PP-
F12 basis set was used for the heavier p-block elements,***® with the ECP10MDF ECP for
4p elements, ECP28MDF for 5p, and ECP60MDF for 6p.3132°152 Herein, this mixed basis
set shall be referred to as aVDZ-F12. It is notable that although this PNO-LCCSD(T)-
F12/aVDZ-F12 level of theory only employs a double-zeta basis set, for the S66 benchmark

53,54

set of Rezac, Riley and Hobza, it produces interaction energies with a root-mean-square

deviation (RMSD) of only 0.05 kcal mol™! and a maximum deviation of 0.11 kcal mol~!,5
making it an accurate and efficient choice for the relatively large number of complexes in
the present investigation. All coupled cluster calculations were carried out in the Molpro

package of ab initio programs, version 2023.2.56:57

F12 calculations require three different types of auxiliary basis set (ABS) for integral eval-
uations. In the following, the Molpro notation for ABSs is used, where text after a forward
slash denotes the context of the type of intergrals approximated. The density-fitted Hartree-
Fock calculations used the aug-cc-pV(T+d)Z/JKFit ABS for lighter elements,”®® and def2-
AQZVPP /JKFit for 4p, 5p, and 6p elements.®® In both cases, the exponents of the additional
diffuse functions were determined by an even-tempered extension. The complementary aux-

61 and

iliary basis set (CABS) singles correction was added to the Hartree-Fock energies,
this was evaluated using the cc-pVDZ-F12+ /OptRI ABS for lighter elements,%? and aug-cc-
pVDZ-PP-F12/OptRI for the heavier p-block.”® These CABS singles corrections were evalu-
ated without local approximations. All of the remaining two-electron integrals in the PNO-
LCCSD(T)-F12 calculations used the aug-cc-pVDZ(-PP)-F12/MP2Fit ABSs,*% with local
density fitting.*>%* For the lighter elements, the aug-cc-pVDZ-F12/MP2Fit sets were pro-
duced by even-tempered extension of the cc-pVDZ-F12/MP2Fit sets with additional diffuse
functions, and further details are provided as Supporting Information, along with the result-
ing exponents. The resolution-of-the-identity (RI) ABS used for the many-electron integrals
that arise in F12 theory was the union of the orbital basis with aug-cc-pV(T+d)Z/JKFit for
the lighter elements and def2-AQZVPP /JKFit for the heavier p-block. For ease of reference,

Table S6 details which basis sets, orbital and auxiliary, are used for each element.

As the perturbative triples in PNO-LCCSD(T)-F12 are not directly affected by the ex-
plicit correlation, their convergence with respect to basis set size can be significantly slower

than the singles and doubles. To address this, the triples contribution was scaled by the
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ratio between the MP2-F12 correlation energy and the conventional MP2 correlation energy,
which is commonly known as the (T*) energy.%® To retain size consistency, the scaling factor
was determined for each dimer complex and then held fixed for the respective monomers.%
Tight domains, as defined by Ma and Werner,*® are used in the PNO-LCCSD(T)-F12 cal-
culations, along with the 3*A(FIX) Ansatz and F12b approximation.67:68

In the context of halogen and chalcogen bonding, it has been shown that (n — 1)d sub-
valence correlation is important for the calculation of accurate interaction energies with the
heavier p-block elements.*%9 Herein, all coupled cluster calculations include the (n — 1)d
electrons in the correlation treatment, and the aug-cc-pVDZ-PP-F12 basis set does include
functions specifically designed for this form of correlation. To provide a balance between
valence-valence, core-valence and core-core correlation, pair specific geminal exponents are
used in the F12 treatment for complexes containing the heavy p-block elements.”™ A geminal
exponent of 1.0 a, ! was used for the valence-valence pairs, and 1.4 ag ! for all other pairs.”

Interaction energies at the following levels of theory, both with and without CP correction,
are extracted from the explicitly correlated local coupled cluster calculations: Hartree-Fock

with the CABS singles correction (HF+CABS), LMP2-F12, PNO-LCCSD(T)-F12b [further
abbreviated as LCCSD(T)-F12|, and PNO-LCCSD(T*)-F12b [LCCSD(T*)-F12].

3.  Symmetry-adapted perturbation theory

Additional insights into the underlying nature of intermolecular interactions can be ob-
tained through symmetry-adapted perturbation theory (SAPT).™ SAPT?2 calculations were
carried out using the PSI4 program package version 1.8.2,3 with the def2-TZVPD basis set
for all heavy atoms, and def2-TZVP for hydrogens. For the complexes CgHsI--- NCCHj
and MesN(Me),Sh- - - dioxane the diffuse functions caused SCF convergence problems re-
lated to linear dependency, hence the def2-TZVP basis was used for all atoms for these two
complexes. Density fitting in the HF parts of the calculation use the def2-QZVPP /JKFit
ABS,% while the density fitting of the intramonomer correlation corrections use the def2-
TZVP(D)/MP2Fit ABS.™ 7" The individual SAPT terms are grouped into an electrostatic
component (FEepe.), an exchange component (FEeye), an induction component (Ej,q4), and a
dispersion component (Eqisp) as detailed in the so-called “chemist’s grouping” of Hohenstein

and Sherrill.”®

10



III. RESULTS AND DISCUSSION

A. Geometrical Parameters

Analysis of the optimized geometries revealed that five structures had o-hole angles that
were surprisingly small (< 150°), and one structure had an exceptionally long normalized
distance (dyorm = 1.21). Visual inspection of the geometries indicated that these complexes
were not interacting via a o-hole and, after attempts to re-optimize the geometries led to
the same minima, these complexes were removed from the data set. Further information
on the composition and geometrical parameters of these complexes can be found in Table
S7. An additional two complexes were found to have repulsive interaction energies at the
CP-MO06-2X-D3(0)/def2-TZVPD level of theory; the CH3Cl---NCH interaction energy is
+0.21 kecal mol™! and CH3Cl--- OoNMe is +0.16 kcal mol™*. At the CP-LCCSD(T*)-F12
level, the CH3Cl- - - OoNMe interaction becomes very weakly attractive at —0.14 kcal mol ™!,
while CH3Cl- - - NCH remains slightly repulsive at +0.09 kcal mol~!. For the latter case,
constrained potential energy scans along the internuclear distance coordinate indicate that
there is some form of meta-stable minimum at the geometry presented within the data set.
As the data set should contain examples of o-hole interactions that span as full a range of

interaction strengths as practicable, the decision was taken to retain both of these complexes.

Figure 3 shows dnom and the o-hole angle of all complexes in the data set, along with
kernel density estimate plots of the distributions grouped by interaction type. To provide
numerical detail on these distributions, Table I presents a statistical summary of d, o, and
the o-hole angles as the mean, standard deviation (S.D.), minimum value (Min), maximum
value (Max), first quartile (Q1), and third quartile (Q3). In terms of general trends in
normalized distances, pnictogen interactions are slightly shorter than tetrel interactions,
while halogen and chalcogen interactions have similar average distances that are slightly
longer still. Tetrel and pnictogen interactions have broader distributions of d,pm, With some
bimodal character visible, but from the Min. and Max. normalized distances in Table I it
can be seen that all four classes of interaction span a relatively wide and comparable range
of values. In terms of o-hole angle, tetrel- and halogen-bond interactions tend to be the
closest to linearity, while chalcogen-bond interactions clearly display a broader distribution

of angles. Pnictogen-bond interactions show a more clearly defined peak than those of
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FIG. 3: Normalized distance (dporm) and o-hole angle from M06-2X-D3(0)/def2-TZVPD
optimized geometries for the 1552 complexes in the data set. Also shown are kernel density
estimate plots of the distribution of the normalized distances and o-hole angles grouped by

interaction type.

chalcogen-bonds, but with an average value of 170.6° there is a greater deviation from

linearity than for halogen- or tetrel-bonds.

Although the geometries in this SHEF1552 data set are computational gas-phase struc-
tures, it is also possible to explore how representative they are of o-hole interactions found
more widely. To address this, searches of the Crystal Structure Database [CSD, database
version 5.46 (November 2024)] 8! from the Cambridge Crystallographic Data Centre have
been carried out. The queries were constructed to find o-hole interactions to so-called “diva-
lent oxygens”, which take the form R—O—R’ and describe a wide range of potential o-hole
acceptors, including ethers, alcohols, water, furans, esters and so on. A close contact is
defined in the query as any distance between the o-hole donor atom and the oxygen atom
that is less than the sum of the van der Waals radii plus 0.2 A. Further details of the CSD
search construction are provided in the Supporting Information. The search results in a
total of 14,264 “hits”, which are visualized in terms of d, ., and o-hole angle in Figure S2.
Figure S2(a) shows that these experimental structures have a wide range of o-hole angles,

and that the majority occur at large values of d,omm, suggesting some of these structures
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TABLE I: Summary statistics of the normalized distances (dporm) and o-hole angles (in

degrees) from M06-2X-D3(0)/def2-TZVPD optimized geometries grouped by interaction

type.
dnorm Tetrel Pnictogen Chalcogen Halogen
Mean 0.8277 0.8049 0.8923  0.8718
S.D. 0.1129 0.1114 0.0632  0.0650
Min 0.6145 0.5925 0.7120  0.6161
Max 1.0882 1.0922 1.1409  1.1167
Q1 0.7337 0.7163 0.8556  0.8337
Q3 0.9212 0.8797 0.9355  0.9120

o-hole angle Tetrel Pnictogen Chalcogen Halogen

Mean 176.4  170.6 172.2 176.9
S.D. 3.8 2.9 5.9 4.3

Min 156.4  162.0 151.9 151.9
Max 180.0  179.3 180.0 180.0
Q1 175.5  168.7 168.1 175.7
Q3 1789  172.2 176.5 179.9

are likely to have the required atoms within relatively close proximity, but not necessarily
engaged in a o-hole interaction. To aid comparison of the SHEF1552 structures with those
from the CSD search, we subsequently apply a relatively aggressive filter that retains only
hits with a o-hole angle greater than or equal to 150°, and those with a dpom of less than
or equal to 0.93, which results in 1,541 structures from the CSD. A scatterplot of d,om and
o-hole angle for this revised set of CSD hits is also provided as Figure S2(b).

Although constraining the CSD search to hits with d,ormm < 0.93 undoubtably discards
a number of o-hole interactions, it is also clear that it removes many structures with large
normalized distances between the atoms, and helps to remove many structures where the
equivalent of the o-hole angle is far from linearity. That the number of structures is similar
for both this set of experimental CSD structures and SHEF1552 also facilitates the com-

parison between them. Figures 4 and 5 plot the distributions of d,,.m and o-hole angles,
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respectively, as ridge plots with a separate “ridge” for each o-hole interaction type. Each
Figure includes a set of ridge plots for both the SHEF1552 data set and the filtered CSD
search results, and it should be noted that because the CSD hits contain significantly more
halogen- and chalcogen-bond interactions than pnictogen- and tetrel-bond, the SHEF1552

and CSD plots do not use the same normalization.

(a) SHEF1552

Halogen

Chalcogen

Pnictogen

05 06 07 08 0.9 1.0 1.1
dnorm

(b) CSD

Halogen

Chalcogen

Pnictogen

Tetrel -

0.5 0.6 0.7 0.8 0.9 1.0 11
Anorm

FIG. 4: Kernel density estimate plots, per interaction type, of the distribution of
normalized distances (dyorm) found in: (a) the SHEF1552 data set of computational
gas-phase structures, (b) a subset of the CSD search results for o-hole interactions with

divalent oxygen as the acceptor atom on the Lewis base.

The distributions of d, o, shown in Figure 4 demonstrate that the structures in SHEF1552
span a slightly wider range of normalized intermolecular distances than the crystal struc-
tures, but there are still strong similarities between the two. For example, the clearly
bimodal distribution of distances for pnictogen and tetrel interactions are evident in both
cases, and the peak with a lower d, ., has the larger density. In both cases the distributions

for halogen and chalcogen interactions are much sharper with just a single obvious maxi-
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mum. While the SHEF1552 distributions are significantly wider, it is important to recall
that the CSD structures were constrained to those with dporm < 0.93, which limits how wide

the distributions can be.

(a) SHEF1552
Halogen
Chalcogen
Pnictogen
Tetrel
——
140 145 150 155 160 165 170 175 180 185
o-hole angle/®
(b) CSD

Halogen

Chalcogen

Pnictogen

Tetrel

140 145 150 155 160 165 170 175 180 185
o-hole angle/®

FIG. 5: Kernel density estimate plots, per interaction type, of the distribution of o-hole
angles found in: (a) the SHEF1552 data set of computational gas-phase structures, (b) a
subset of the CSD search results for o-hole interactions with divalent oxygen as the

acceptor atom on the Lewis base.

In contrast to the dy., distributions, Figure 5 shows that the CSD structures have
consistently wider distributions of o-hole angles than those in SHEF1552, with the latter
being closer to 180°. There are still similarities between the two sets of distributions, with
the relative ordering of the distribution maximum for each interaction type following the
same order (pnictogen < chalcogen < tetrel < halogen). It is also notable that pnictogen-
bond interactions have relatively narrow distributions in both cases. Bearing in mind this is
a comparison between computational gas-phase and experimental crystal structures, Figures

4 and 5 combined provide some confidence that the structures in SHEF1552 are relevant to
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experimental chemists in addition to theoreticians.

A commonly used criterion for the presence of an intermolecular interaction or noncova-
lent “bond” is that the distance between the two atoms involved is less than the sum of their
van der Waals radii, such that d,omm < 1.0. In Figure 3 it can be clearly seen that a signifi-
cant number (~5%) of the complexes in the data set have a dporm > 1.0, yet many of these
structures have o-hole angles that are still close to 180° and, as discussed below, some have
appreciable interaction energies that can be in excess of 5 kcal mol~!. The use of dyopy < 1.0
as some form of “cut-off” for intermolecular interactions is known to be problematic,?0:82:83
and in this data set would exclude a total of 82 possible o-hole interactions, hence these
structures are retained.

Figure 6 shows scatter plots of normalized distance and o-hole angle for each type of
interaction (halogen, chalcogen, pnictogen or tetrel), with each interaction type further sub-
divided by each donor atom. As may have been anticipated from Table I, the scatter plots
clearly illustrate that each interaction type behaves somewhat differently, even though the
same set of o-hole acceptors are used throughout. For halogen, chalcogen and tetrel inter-
actions, the scatter plots follow a similar “wedge”-shaped trend, where at short normalized
distances the o-hole angles are close to 180° (upper left of the plots). At longer distances
the points then form an approximately diagonal “front”, such that each normalized distance
appears to have a minimum o-hole angle, and this minimum angle decreases as dom in-
creases. These fronts are shown as dashed grey lines in Figure 6 and have been constructed
entirely “by eye” in a qualitative fashion, similar to the work of Ostras et al. for a set of
halogen bonding interactions to phosphine oxides.?* In the present case, the gradient and
positioning of this front varies between the types of o-hole interaction and there are a small
number of outliers. By contrast, a definitive relationship between d,,., and o-hole angle
for pnictogen-bond interactions in Figure 6 is more difficult to discern. The majority of
observations do, however, resemble the majority of those found for tetrel-bond interactions,
albeit with slightly smaller o-hole angles. The pnictogen interactions where P or As are the
o-hole donor atom do, however, form two groups that are visible as a bimodal distribution;
shorter and longer interactions in terms of dyopy.

Although the fronts highlighted in Figure 6 are mostly to guide the eye towards a qual-
itative relationship between d,o, and the minimum o-hole angle, they may also be useful

in identifying points of interest. For example, in the halogen interactions there is an inter-
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FIG. 6: Normalized distance (dyom) and o-hole angle (0) from
M06-2X-D3(0)/def2-TZVPD optimized geometries subdivided into halogen, chalcogen,
pnictogen and tetrel interaction types. Each of these interaction types are also shown as

kernel density estimate plots grouped by o-hole donor atom.

action involving bromine that sits significantly to the left of the diagonal front, which may
indicate an interaction that is stronger than expected. This point corresponds to the com-
plex between bromosuccinimide and trimethylphosphine, which will be further discussed in
the subsection IIT B on Interaction Energies. The somewhat arbitrary diagonal front for the

chalcogen interactions also indicates that there may be area of interesting chemical space
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that the data set does not fully explore. The upper left of the scatter plot has an area to
the right of the diagonal front where no interactions are found. This suggests it may be
possible to engineer chalcogen interactions that have shorter distances (while possessing a
o-hole angle close to linearity) than those from this data set, although such a qualitative
picture provides no information on the exact nature of o-hole donor and acceptor required
to do so. Nor does it account for any additional factors, for example, steric effects, that may

prevent interactions in this region.

The subdivisions of the plots in Figure 6 into o-hole donor atom types provides insights
into how the trends vary within a specific group of the Periodic Table. Summary statistics of
these interactions in the SHEF1552 data set organised by o-hole donor atom are presented in
Tables S8 and S9. Starting with halogen-bond interactions, it is clear that those with iodine
as the donor atom produce the shortest (normalized) intermolecular distances, and also the
closest to linearity, which can be seen in the standard deviation/peak height of the o-hole
angle distribution. The distribution of bromine- and chlorine-based interaction distances are
relatively similar, although the chlorine distribution has a longer tail corresponding to more
interactions with a large dyomm. The distribution of o-hole angles for bromine- and chlorine-
interactions are also similar, with bromine being slightly closer to linearity. These trends
are consistent with the halogen-bond strength following the polarizability of the halogen

atom;!* 8" Cl < Br < L.

The trends for the chalcogen-bond interactions are somewhat analogous to those for
the halogens. The most polarizable element, tellerium, has the shorter d,o., values, while
selenium and sulfur interactions have similar distributions. All three chalcogens show a
somewhat bimodal distribution of o-hole angles, leading to the widest spread of angles
across all classes of interaction considered. In terms of normalized distance, the pnictogen
interactions clearly form two groups, with phosphorous and arsenic possessing very similar
distributions, and antimony and bismuth also having similar distributions, albeit at shorter
normalized distances than those of the lighter pnictogens. The pnictogen o-hole angles follow
a general trend of Bi &~ Sb < As < P, but all of the distributions have long tails. Finally, for
tetrel interactions, the scatter plot indicates that the shortest interactions are those involving
Sn, followed by Pb, which does match the trend in polarizabilities (Sn = 53 a.u., Pb = 47
a.1.)%, but the dyom mean value for lead over the whole set is slightly shorter (0.7387) than

that of tin (0.7503). The interactions involving germanium are somewhat longer, with silicon
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longer again, which does match the trend one may expect from polarizability alone. The
o-hole angle distributions for the tetrels are very similar for all four donor atoms, although

the directionality (o-hole angle closer to 180°) does follow the trend in polarizability.

B. Interaction Energies

Whereas the normalized intermolecular distance provides an indirect guide to the strength
of an intermolecular interaction, the computed interaction energy provides both a quantitive
measure of the strength and reveals the relationship between the geometrical parameters and
the strength of the interaction. Figure 7 plots the relationship between the CP-corrected
LCCSD(T*)-F12 interaction energy and both dpom |[panel (a)] and the o-hole angle [panel
(b)]. As mentioned above, this coupled cluster method and basis set produced an RMSD of
0.05 keal mol~* for the energies of the S66 set of intermolecular interactions,® and although
the absolute performance on the systems considered within the SHEF1552 data set may
vary, this level of accuracy for general intermolecular interactions lends extra confidence to

its use in producing “benchmark” o-hole interaction energies.
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FIG. 7: Counterpoise-corrected LCCSD(T*)-F12 interaction energies plotted against: (a)
normalized distance (dyorm); (b) o-hole angle. All geometries were optimized at the
M06-2X-D3(0)/def2-TZVPD level of theory. Also shown are kernel density estimate plots
of the distributions grouped by interaction type.
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The relationship between interaction energy and dyomm presented in Figure 7(a) shows
that, unsurprisingly, there is a general trend that shorter normalized distances lead to
stronger interactions. However, the overall distribution adopts a wedge- or boomerang-
like shape whereby at longer distance the interaction energies gradually become stronger
as dyorm decreases, but below a normalized distance of approximately 0.8 the strength of
the interaction increases significantly more rapidly. More specifically, of the 1098 complexes
with dyorm = 0.8, 1088 (99%) of those have an interaction energy greater (i.e., weaker) than
or equal to —10 kcal mol™!. Meanwhile, 216 of the 454 complexes (~48%) with normalized
distances shorter than 0.8 have interactions that are stronger than —10 kcal mol™!. Mean
interaction strengths follow the trend halogen-bonds < chalcogen-bonds < tetrel-bonds <
pnictogen-bonds, with numerical values of these and other summary statistics reported in
Table S10. It is worth noting that if one used only the average normalized distance to judge
the strength of interaction, it would appear that halogen-bond interactions are stronger than

chalcogen-bonds, which is inverted relative to the mean of the interaction energies.

Figure 7(b) displays the variation of interaction energy with o-hole angle. If the
pnictogen-bond interactions are excluded (see Figure S3 for a version of this plot with-
out any pnictogen-bond interactions), then once again the scatter plot shows a wedge-like
distribution, with smaller o-hole angles corresponding to weaker interactions whereas the
stronger interactions tend to be close to linear in terms of this angle. As shown in Table I,
the pnictogen-bond interactions tend to have a narrow distribution of o-hole angles centered
around 170.6° and there is seemingly little dependence of the interaction energy on o-hole
angle for this type of interaction. The trends in the o-hole angle distribution for each inter-
action type can be qualitatively rationalized using VSEPR-type arguments by considering
the o-hole interaction as incipient formation of a new o-bond. Halogen-bond interactions
have a narrow distribution of angles that are close to 180°, which is due to the o-hole being
located along the elongation of the o-bond that the halogen atom is engaged in, and the
Lewis base typically aligns along this same axis (termed the o-hole axis herein).!15:86:89
Similarly, tetrel-bond interactions also have a narrow distributions of angles close to 180°.
In this case the o-hole axis will be an extension of the bond to the most electron withdrawing
substituent attached to the tetrel center and, assuming sp® hybridization and a tetrahedral
geometry, the three remaining substituents provide an additional steric factor that also

favors o-hole angles close to 180°.
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Chalcogen-bond interactions exhibit a wide o-hole angle distribution [Figure 7(b)]. This
can be rationalised by considering the steric effect and the possibility of secondary inter-
actions arising from the chalcogen substituent not positioned along the o-hole axis. All
chalcogens in the data set are divalent. For a trivalent pnictogen, VSEPR predicts a tetra-
hedral shape with a single lone-pair, resulting in a trigonal pyramidal geometry. If one
imagines a Lewis base approaching along the o-hole axis, it will also encounter repulsion
from the pnictogen lone-pair that leads to a deviation from linearity. Large deviations from
linearity are prevented due to steric interactions with the remaining two additional sub-
stituents, hence the o-hole angle must fall into the narrow range of values around the mean
of 170.6° mentioned above in context of Figure 7(b).

Individual plots of interaction energy against d,.., for the four interaction types are
presented in Figure S4, with each type of interaction further grouped into o-hole donor
atom type. The summary statistics for the distributions of the interaction energies are
also shown in Table S11. The energetic trends within each interaction type are analogous
to those discussed above in terms of dyom, with the trend in average interaction energies
matching that in polarizability. One notable difference is that interactions of the lightest,
least polarizable elements of the third period are noticeably weaker than those of the fourth
period, which is less obvious when inspecting the normalized distances alone.

[t is possible to fit a simple exponential function to the interaction energy (I.E.) data, with
the resulting formula: I.E. = —796.5 X exp(—5.97d,,orm ). This function is plotted alongside a
scatter plot of the interaction energy against dyo, as Figure S5, where it can be seen that this
fit is more accurate for longer normalized distances and begins to perform poorly at shorter
distance, mirroring the trends noted for Figure 7(a) above. Although more sophisticated
models for predicting the strength of halogen bonding interactions already exist,” % it is
interesting that this simple curve fitting to a single distance descriptor produces an RMSE
of 2.55 kcal mol™!, despite the large residuals for the strongest o-hole interactions in this
data set. A sixth-order polynomial fit to the same data results in a slightly reduced RMSE
of 2.45 kcal mol~!, but there is clear evidence of overfitting as it suggests that interactions
become increasingly stronger with distance beyond dopm ~ 1.15.

As mentioned above, it is relatively common to use d,om < 1.0 as a crude criterion for
the presence of an intermolecular interaction, and ~ 5% of the complexes in the SHEF1552

data set are longer than this cut-off. Figure 8 plots the LCCSD(T*)-F12 interaction energies
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FIG. 8: Counterpoise-corrected LCCSD(T*)-F12 interaction energies for the complexes
with dporm = 1.0. All geometries were optimized at the M06-2X-D3(0)/def2-TZVPD level
of theory. Also shown are kernel density estimate plots of the distributions grouped by

interaction type.

of these 82 complexes against d,m, and it can be seen that although some of the complexes
possess interactions that are weaker than —1 kcal mol™!, there are also six complexes with
interactions between —5 and —6 kcal mol~!. The mean interaction energy for these longer-
ranged interactions is —2.74 kcal mol~!, justifying their inclusion in the data set and adding
extra evidence to the suggestion that using the dyom < 1.0 cut-off excludes some structures

that clearly involve attractive intermolecular interactions.?40:82:83

The strongest interaction within the data set, between N-bromosuccinimide and trimethylphos-
phine, has an interaction energy of —40.27 kcal mol™! and the M06-2X-D3(0)/def2-TZVPD
optimized geometry is shown in Figure 9. N-bromosuccinimide is used in both elec-
trophilic addition and substitution reactions,”® hence interacting strongly with a soft Lewis
base containing methyl groups is perhaps not surprising. Crystal structures of the N-
halosuccinimides also indicate that N-bromosuccinimide and N-iodosuccinimide are strong
halogen bond donors, while N-chlorosuccinimide is significantly weaker.”? The interac-
tion energies for the N-iodosuccinimide- -- and N-chlorosuccinimide- - - trimethylphosphine

complexes in SHEF1552 are —25.29 and —4.13 kcal mol™!, respectively.
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FIG. 9: The N-bromosuccinimide- - - trimethylphosphine complex (structure 1325 in the
data set) optimized at the M06-2X-D3(0)/def2-TZVPD level of theory. The
nitrogen-bromine (upper) and bromine-phosphorus (lower) interatomic distances are noted
in the image. The molecular visualization software, Avogadro2,”*% has drawn covalent
bonds from the bromine to both the nitrogen of the succinimide and to the
trimethylphosphine. These lines are based on the interatomic distance falling within a

particular range.

To further assess the contact distance between N-bromosuccinimide and trimethylphos-

phine, the degree of interpenetration of the van der Waals crusts of the Br and P have been

calculated using the index (pagp) of Alvarez and co-workers:?%1%0

va +vg —d
pap = ——2 2B« 100%
UA+UB—TA—TB

where v5 and vg are the van der Waals radii of atoms A and B, respectively, rp and rg are
the covalent radii of the atoms, and dg is the interatomic distance between A and B. A pap
of 0% corresponds to the two atoms being located at the sum of their van der Waals radii
(or dyorm = 1.0), whereas 100% corresponds to the sum of the covalent radii. The value of
pap for the N-bromosuccinimide- - - trimethylphosphine complex is 96.88%, indicating this
is very close to a single covalent bond. A scatter plot of the interaction energy against
pap for all complexes in the SHEF1552 data set is presented in Figure 10(a), where the
overall distribution once again has a boomerang-like shape, although stronger complexes
now appear to the lower right of the plot. Figure 10(b) shows the same points with a fifth
order polynomial fit to the data, which has an RMSE of 2.26 kcal mol~!. This improvement
relative to the curve fitting based on d, o suggests that pag may be a better descriptor for
the strength/distance relationship than using the normalized distance alone.

Although extensive testing of the performance of different electronic structure methods
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and basis sets for the o-hole interactions in this data set is reserved for future investigations,
a number of interaction energies are obtained indirectly as part of the calculations carried
out in the present investigation, and hence they are briefly compared here. Specifically,
the CP-LMP2-F12 energy can be obtained as part of the “benchmark” CP-LCCSD(T*)-F12
interaction energy calculations, SAPTO energies are computed from a subset of the terms
required for SAPT2, and the CP-M06-2X-D3(0) interaction energies have been calculated
to reflect the M06-2X-D3(0) geometry optimization. Figure 11 shows violin plots of the
error in interaction energy (ALE.), relative to the benchmark, calculated as the benchmark
value minus the comparison method value. This ensures that positive values in the Figure
indicate that a given method predicts that the interaction is stronger than the benchmark

value (overbinding).

All four methods typically predict interactions stronger than those from the coupled-
cluster benchmark (Figure 11 and Table II) and both SAPT truncations produce some
energies with substantial errors (e.g., up to 17.40 kcal mol™' for SAPT0). For the CP-
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FIG. 11: Violin plots of the error in interaction energies, ALE., (kcal mol™!) relative to the
CP-LCCSD(T*)-F12/aug-cc-pVDZ-F12 benchmark data. All geometries were optimized at
the M06-2X-D3(0)/def2-TZVPD level of theory.

TABLE II: Summary statistics of the error in interaction energies, ALE., (kcal mol™')

relative to the CP-LCCSD(T*)-F12/aug-cc-pVDZ-F12 benchmark data.

ALE. CP-LMP2-F12 SAPT2 SAPT0 CP-M06-2X-D3(0)

Mean 0.81 0.66 2.02 0.59
S.D. 0.61 0.91 2.07 0.85
Min -0.11 -1.02 -0.38 —-2.10
Max 6.30 12,99 17.40 3.87
Q1 0.38 0.11 0.67 —0.03
Q3 1.10 0.94 2.66 1.03

LMP2-F12, SAPT2 and SAPT0 methods, the maximum error occurs for the

N-bromosuccinimide- - - trimethylphosphine complex highlighted as possessing significant co-
valent character above, and it is perhaps not surprising that SAPT methods do not work
well for describing this type of interaction. If this structure is removed, the maximum errors
become 3.96, 6.44 and 16.80 kcal mol~!, for CP-LMP2-F12, SAPT2 and SAPTO, respec-
tively. As one may anticipate, SAPT2 significantly outperforms SAPT0 and approaches
CP-LMP2-F12 in terms of error relative to the benchmark. Meanwhile, the performance of
CP-LMP2-F12 and CP-M06-2X-D3(0) are broadly similar; when taking the absolute value

25



of ALE., the mean error for CP-LMP2-F12 is 0.81 kcal mol~!, while that of CP-M06-2X-
D3(0) is 0.76 kcal mol~!. Additional insights into the performance of the different methods
can be found by splitting the data into the four classes of o-hole interaction under consid-
eration in this work, with violin plots for halogen-, chalcogen-, pnictogen- and tetrel-bond
interactions presented in Figures S6-S9. Briefly, CP-M06-2X-D3(0) generally outperforms
CP-LMP2-F12 for halogen- and chalcogen-bond interactions, the two are roughly similar
for pnictogen-bonds, and CP-M06-2X-D3(0) is slightly worse than CP-LMP2-F12 for tetrel-

bond interactions.

C. SAPT Analysis

Using the “chemist’s grouping” at the SAPT2 level of theory, produces electrostatic, ex-
change, induction and dispersion components of the interaction, and each of these terms for
every interaction in the data set is included in the CSV file. The reasonable agreement of
the total SAPT?2 interaction energy with the CP-LCCSD(T*)-F12/aug-cc-pVDZ-F12 bench-
mark lends some additional confidence to these energy component, although they should be
used with caution for the strongest interactions, which have significant covalent charac-
ter, such as the N-bromosuccinimide- - - trimethylphosphine complex. One application of
SAPT analysis is to classify interactions into distinct types, as demonstrated by Grafova et
al. for the S22 data set of model intermolecular complexes.'®! Their approach, which was
based on the DFT-SAPT method (a related, but different approach to the SAPT used in
this investigation) classified complexes as electrostatic-dominated, dispersion-dominated, or
mixed-character, depending on the relative importance of the SAPT terms. For the present
data set, the percentage contribution of the SAPT attractive energy components (Figure
S10) shows that induction makes an important but not dominant contribution to the total
interaction energy. The electrostatic component tends to have the greatest contribution,
although in some cases dispersion contributes most.

For the classification of interactions herein, we adapt the DFT-SAPT approach of Gra-
fova et al. with minor modifications for SAPT. We also note, again following this previous
work, that the classification is somewhat “rough” and cannot capture all of the qualitative
differences between the types of interaction. Thus, we designate a complex as electrostatic-

dominated type if |Eeec| is equal to or greater than twice |Eqisp|, or as dispersion-dominated
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if | E4isp| 1s equal to or greater than twice |Eqec|, or as mixed-character if none of the other

criteria is met.
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FIG. 12: Counterpoise-corrected LCCSD(T*)-F12 interaction energies plotted against the
normalized distance (dpom ), With each point color-coded as electrostatic-dominated,
dispersion-dominated, or mixed-character interaction type, as determined by SAPT

analysis. All geometries were optimized at the M06-2X-D3(0)/def2-TZVPD level of theory.

Figure 12 displays the same scatterplot of CP-LCCSD(T*)-F12 interaction energies
against dyom as Figure 7(a), but with each point color-coded by their SAPT analysis classi-
fication into electrostatic-dominated, dispersion-dominated, or mixed-character interaction
type. Although it can be seen that there is significant overlap between the distributions of the
three classification types, in general the 56 complexes assigned as dispersion-dominated tend
to have longer normalized distances and weaker interactions, the 214 electrostatic-dominated
interactions are shorter/stronger, and the remaining 1282 mixed-character interactions sit
somewhere between the two. This mixed character is consistent with the TUPAC defini-
tion published for halogen bonds “The attractive nature of the interaction is mainly due
to electrostatic effects, but polarization, charge-transfer, and dispersion contributions all
play an important role in causing interpenetration of van der Waals volumes”,” which also

11,12

holds for chalcogen and pnictogen bonds, and presumably any future definition of tetrel

bonds. Scatterplots which show each of these electrostatic/dispersion/mixed classifications
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sub-divided into o-hole interaction type are presented in Figures S11-S13. We note that all

types of o-hole interaction are present in each classification.
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FIG. 13: Counterpoise corrected LCCSD(T*)-F12 interaction energies plotted against the
percentage contribution of the induction component to the total of the attractive SAPT
terms. Also shown are kernel density estimate plots of the induction contributions grouped

by interaction type.

Although none of the interactions is dominated by the induction contribution, Figure 13
shows that, in general, stronger interactions have a greater contribution from induction.
Indeed, complexes that display characteristics of significant covalent character, such as N-
bromosuccinimide- - - trimethylphosphine have a large induction contribution to the interac-
tion energy, although SAPT may be less reliable in cases where the interactions approach
those of covalent chemical bonds. The maxima of the kernel density estimate distribu-
tions suggest that tetrel-bond interactions tend to have smaller induction contributions
than chalcogen-bond interactions, with halogen-bond interactions having slightly more in-
duction, typically, than either of those. The distribution for pnictogen-bond interactions is
clearly bimodal, with some of these interactions having roughly similar amounts of induc-

tion character as tetrel-bond interactions, while others have substantially greater induction
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contributions that are typically larger than those found in halogen-bond interactions.

The induction contribution to the interaction is further broken down into the electrostatic-
dominated, dispersion-dominated and mixed-character classifications in Figures S14-S16.
For the dispersion-dominated complexes there is no correlation between the interaction
energy and the induction contribution, which is perhaps unsurprising. In contrast, the
electrostatic-dominated complexes, which are typically the strongest, tend to have rela-
tively large induction contributions. In this case, the distributions indicate that halogen-,
chalcogen-, and tetrel-bond interactions have generally similar amounts of induction con-
tribution, while pnictogen-bond interactions tend to have slightly more. The complexes
classified as having mixed-character (Figure S16) have a relatively wide spread of induction
contributions, with the distributions based on interaction type following a similar pattern

as for the entire set of complexes shown in Figure 13.
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FIG. 14: Counterpoise-corrected LCCSD(T*)-F12 interaction energies plotted against the
percentage contribution of the dispersion component to the total of the attractive SAPT
terms. Also shown are kernel density estimate plots of the dispersion contributions

grouped by interaction type.

Figure 14 displays a somewhat inverse relationship between the strength of the interaction
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and the dispersion contribution, although this is clearly not linear and roughly resembles
the boomerang-like shape observed for the relationship between interaction energy and dorm
in Figure 7(a). The distributions indicate that pnictogen-bonds tend to have the smallest
dispersion contribution, followed by halogen, then chalcogen-bonds. Tetrel-bond interactions
are bimodal in terms of the dispersion contribution, with one maximum close to that of
chalcogen-bonds, and a second for weaker interactions with a high dispersion contribution.

Plots of the dispersion contributions for complexes classified as electrostatic-dominated
and mixed-character are presented in Figures S17 and S18. The methodology used to clas-
sify electrostatic-dominated complexes guarantees that the dispersion contribution to these
complexes must be relatively weak, and this is reflected in the scatter plot. There is visually
little correlation between the interaction energy and dispersion contribution for this class
of complexes, although it is clear that the strongest of the interactions have the smallest
dispersion contributions. Turning to the mixed-character complexes, again a distribution
resembling a boomerang-like shape is evident, with the stronger interactions also having
smaller dispersion contributions. The dispersion-dominated complexes are not shown, but

they (unsurprisingly) all have large dispersion contributions and are weak interactions.

IV. CONCLUSIONS

This study presents a data set of 1552 o-hole interactions, specifically halogen-, chalcogen-
, pnictogen- and tetrel-bonds, denoted Sigma-Hole Energies and additional Factors (SHEF1552).
The elements included as o-hole donor atoms are CI, Br, I for the halogens, S, Se, Te for
the chalcogens, P, As, Sb, Bi for the pnictogens, and Si, Ge, Sn and Pb for the tetrels.
By ensuring that each donor molecule interacts with the same set of 19 Lewis bases this
facilitates comparison between the types of o-hole interaction, and the data set as a whole
covers a wider span of the relevant chemical space of o-hole interactions than any other
previous data set. The intermolecular complex geometries that form part of SHEF1552 have
been optimized at the M06-2X-D3(0)/def2-TZVPD level, with counterpoise corrected inter-
action energies at the explicitly correlated PNO-LCCSD(T*)-F12b/aug-cc-pVDZ-F12 level.
A SAPT analysis of the interaction energies in terms of electrostatic, induction, exchange,
and dispersion components was also carried out.

Analysis of the data set uncovers a number of trends and physical insights, which we
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summarise into the following major conclusions.

1. The qualitative trends observed in d,.., and the o-hole angle for these gas-phase
“computational” structures match those from a limited search of experimental crystal
structures from the CSD. Pnictogen-bonds tend to have the shortest normalized dis-
tances, followed by tetrel-bonds, with halogen- and chalcogen-bonds being the longest
and approximately similar in d,om, (halogen-bonds are slightly shorter). In terms of
o-hole angle, tetrel- and halogen-bonds are the closest to 180°, while chalcogen-bonds
spans a broader range of angles. Pnictogen-bonding has a clear peak in its angle dis-
tribution at around 170° and, unlike the three other types of o-hole interaction, has

no obvious relationship between d,q., and the o-hole angle.

2. Within each of the four types of o-hole interaction considered, the strength of the
interaction (both in terms of the interaction energy and dyom,) increases with the
polarizability of the o-hole donor atom. While this trend is somewhat expected, it is
worth noting that Sn has a greater polarizability than Pb. Pnictogen-bonds have the
strongest interactions on average, followed by tetrel-, chalcogen- and finally halogen-

bonds.

3. Plotting the interaction energy against dpo., reveals a boomerang-like shape to the
distribution, indicating a division between weaker and stronger complexes, which oc-
curs in the region of d,omm = 0.8. If one uses the interpenetration of van der Waals
crusts as opposed t0 dnomm, " it is possible to fit a fifth order polynomial function to

the plot with an RMSE of 2.26 kcal mol ™.

4. Although dyom < 1.0 is often used as a cut-off for intermolecular interactions, this
would exclude around 5% of the structures in this data set. The mean interaction
energy for these longer-range interactions is —2.74 kcal mol™!, adding extra evidence

to the growing body of work suggesting that this cut-off is too crude.

5. In a limited benchmarking of electronic structure methods relative to the explicitly
correlated coupled cluster benchmark, the MP2, M06-2X-D3(0), SAPTO and SAPT2
methods all tend to produce interaction energies that are too strong. M06-2X-D3(0)
has the lowest deviation from the benchmark at 0.59 kcal mol='. SAPTO performs
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very poorly for some complexes, although these are cases where there is likely to be

some covalent character to the interaction.

6. The SAPT2 components of the interaction energy were used to classify the complexes
into electrostatic-dominated, mixed character, and dispersion-dominated categories.
While there is significant overlap between the interaction energies associated with
these categories, the electrostatic-dominated complexes tend to be the strongest and
dispersion-dominated the weakest. There is a subtle interplay between the different
components, reflecting the broad nature of o-hole interactions. However, the strongest
interactions tend to have a greater contribution from induction, and there is something
of a non-linear, inverse relationship between the dispersion component and the strength

of the interaction.

In future work, the data set could be extended to include other descriptors of non-
covalent interactions, such as those from the Quantum Theory of Atoms in Molecules or the

Non-Covalent Interactions index,'2-104

or to include geometries that perturb the complexes
along the intermolecular distances and/or the o-hole angle to further investigate how the
interactions depend upon the geometrical parameters. One could also envisage the data
set being used for extensive benchmarking of electronic structure methods, the training of
machine learning models or parameterization of semi-empirical methods, or a host of other
extensions and applications beyond those that we have thought of. It is our hope that by
making the data set and the underlying XYZ geometries openly available, the community

will be able to devise new methods and insights that enable o-hole interactions to be used

even more widely throughout chemistry.
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