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Abstract

Halogen bonding to phosphorus atoms remains uncommon, with relatively few
examples reported in the literature. In part 1 of the thesis, the preparation and investigation of
the cocrystal (dicyclohexylphenylphosphine)(1,6-diiodoperfluorohexane) by  X-ray
crystallography and solid-state multinuclear magnetic resonance spectroscopy is described.
The crystal structure features two crystallographically unique C-I---P halogen bonds (d...r =
3.090(5) A, 3.264(5) A) and crystallographic disorder of one of the 1,6-diiodoperfluorohexane
molecules. The first of these is the shortest and most linear I---P halogen bond reported to
date. 3C, ¥F, and 3!P magic-angle spinning solid-state NMR spectra are reported. A 3P
chemical shift change of -7.0 ppm in the cocrystal relative to pure
dicyclohexylphenylphosphine, consistent with halogen bond formation, is noted. This work
establishes iodoperfluoroalkanes as viable halogen bond donors when paired with phosphorus
acceptors, and also shows that dicyclohexylphenylphosphine can act as a practical halogen

bond acceptor.

In part 2 of the thesis, computational work was done on nuclides of atoms which engage
in the strongest halogen bonds (iodine, bromine, chlorine) that are all quadrupolar (spin | >
). Previous group work reported extensive experimental NMR and NQR data relating **Cl,
79”818y, and %l quadrupolar coupling information to local molecular structure in halogen
bonded systems. Here, we make use of a new parameter, the valence p-orbital population
anisotropy (VPPA), reported by Rinald and Wu, to increase our understanding of the origins
of the electric field gradients (EFG) in halogen-bonded systems. Computations on model and
real halogen-bonded cocrystalline systems using standard hybrid DFT methods are used to

generate p-orbital populations and to compute the VPPA. We discuss the utility of the VPPA,

X1



and hence the EFG, as a tool to assess the ability of particular donors to engage in halogen

bonds.
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Chapter 1: Introduction

1.1- To bond or not to bond?

What is a bond? What is a chemical bond? Looking at a very simple definition from
the Oxford dictionary, a chemical bond is a strong force of attraction holding atoms together
in a molecule or crystal, resulting from the sharing or transfer of electrons.® From more
scientific literature, “chemical bonds hold molecules together and create temporary
connections that are essential to life. Types of chemical bonds include covalent, ionic, and
hydrogen bonds and London dispersion forces.”? All living things are made up of atoms, and
since these atoms aren’t just floating around by themselves, they are interacting with other
atoms and together, these form all matter around us. When speaking of chemical bonds, we
know some can be very strong just like others are quite weak and only form temporarily. Both
are important and are essential to the existence of all form of life. But why do atoms want to
form bonds with other atoms? The best answer in regards to energy is that atoms want to reach
the most stable (lowest energy) state. Atoms may do so when their valence shell of electrons
is filled and when they satisfy the octet rule of having 8 valence electrons. They may do so by
sharing electrons through bonds and the four major types of chemical bonds are covalent bonds,
ionic bonds, hydrogen bonds and VVan der Waals interactions, with the last three falling under

the category of noncovalent bonds.

Let us start with the covalent bond; this is formed due to the stable balance of attractive
and repulsive forces that are present between atoms when they share and exchange electrons.
By sharing electrons, this will allow the atoms to have a full outer shell of electrons. Normally,
this type of bond is most common between two non-metals having similar electronegativity

and between an electron (negatively charged ion) with a metal (positively charged) ion.



Covalent bonds can be separated into two types: polar and nonpolar covalent bonds (see Figure
1). The polar covalent bond exists between two atoms with an electronegativity difference of
0.4 to 1.7 whereas for nonpolar covalent bonds, the electronegativity difference is smaller than
0.4 (there is no polarity).® When the electronegativity difference value is high, it means one of
the atoms (the one with the higher electronegativity value) attracts the electrons more than the

other atom, making the bond polar.

6- o+
Polar covalent Nonpolar covalent

Figure 1: Example of covalent bonds. OH is a polar covalent bond and CH is a nonpolar

covalent bond

The bond type we are quite interested in for the purpose of this thesis is the noncovalent
bond, as halogen bonds are part of this group. Noncovalent bonds are in general weaker bonds
than covalent ones since the latter are formed when two atoms share their electrons with each
other whereas noncovalent bonds form either by no exchange whatsoever of electrons or
complete exchange of electrons between two atoms. When an atom gains or loses electrons it
will form a negative or positive charged particle; this is what we call “ions”. When two
oppositely charged ions (one positive and one negative) come together an electrostatic
interaction forms and this is termed the ionic bond. Again, electronegativity influences the
strength of the ionic bond; an atom with high electronegativity will attract the electrons of a

low electronegativity atom in order to form an ionic bond (see below).
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Figure 2: Example of ionic bonding; NaCl forming an ionic bond

Another well-known example of noncovalent bonds is the hydrogen bond, a result of
the interaction between a hydrogen atom bonded to an electronegative heteroatom such as
oxygen, nitrogen or fluorine, and another lone-pair of electrons on a neighboring nitrogen or
oxygen-containing molecule (see Figure 3). Though this intermolecular interaction is
considered strong in comparison to certain intramolecular noncovalent interactions (Van der
Waals, polar-polar interactions), the typical strength of a hydrogen bond (in the range of 4 to
40 kJ/mol) is about 5% of that of a covalent bond (average of 415 kJ/mol). Please refer to

Table 1 for some typical bond energies (values were taken from reference 2).



Ho+ Ho

\ /
/%)_'”””“Q_Oﬁ-
H

o+
Figure 3: Example of a hydrogen bond in water. The hydrogen atom of one water molecule
and the lone pair of electrons on an oxygen atom of a neighbouring water molecule form a

hydrogen bond. There is an electrostatic interaction between the partially negative (86°) of the

oxygen and partially positive (8*) of the hydrogen.

Table 1: Typical covalent bond energies

Bond Energy (kJ/mol) Bond Energy (kJ/mol)
H-H 436 I-1 150
H-C 412 C-I 240
H-N 390 C-Cl 330
H-O 464 c=C 611
H-F 569 C=0 741
N=N 418 C=C 837
N=N 946 C=0 1080

A noncovalent bond is also known as a molecular interaction, a non-bonding
interaction or an intermolecular forces; they are all synonyms. This brings us to discuss the
halogen bond, a type of noncovalent interaction that first gained popularity and started being
discussed after the 1950s. Let us recall that the halogen group consists of the following 6

elements: fluorine (F), chlorine (CI), bromine (Br), iodine (1), astatine (At) and tennessine (Ts).



They are known for their relatively high electronegativity. Halogen atoms can behave as
electron-rich (nucleophilic) sites and form net attractive interactions with electron-poor
(electrophilic) partners. The term “halogen bond” was only implemented in 1978 by Dumas
and coworkers as they studied interactions of CCls, CBrs4, SiCls and SiBr4 with pyridine,
tetrahydropyran, tetrahydrofuran and anisole with different instrumental analysis such as NMR,
IR and Raman.* It is only until the 1990s that the nature and applications of the halogen bond
began to be intensively studied and nowadays there is a growth in range of halogen bonds

applications across different sectors of science.>®

1.2- The Halogen Bond

According to IUPAC recommendations, the definition of a halogen bond is 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 visual
representation of the halogen bond is provided in Figure 4. There are some indications as to
the presence of halogen bonds, and the greater the number of indications satisfied, the higher
the probability of halogen bonding. The two most evident features for halogen bonds are
geometrical; the first one is that the interatomic distance between the halogen bond donor (X)
and halogen bond acceptor (A) must be less than the sum of the van der Waals radii (Equation

1).

dy.a < ) dyaw

Equation 1: The distance between the halogen bond donor (X) and halogen bond acceptor

(A) must be less than the sum of the van der Waals radii.



The other main feature of a halogen bond is that the D-X- + + A angle tends to be linear
(180°). The halogen bond acceptor A approaches X along the extension of the D-X bond

(Equation 2).

9D—X-~-A ~ 180°

Equation 2: The angle of the halogen bond tends to approach 180°

Op_x.4 ~ 180°

Halogen bond acceptor

Figure 4: Schematic representation of a halogen bond interaction. X can be F, Cl, Br, I. D
represents an electron-withdrawing group. ‘A’ represents an electron-rich moiety. The

partially positive (8%) region represents the electrophilic region termed c-hole.

The halogen has an area of elevated electrostatic potential, called the o-hole. This c-hole is
due to the anisotropy of the atom and can be explained by the presence of a region of positive
electrostatic potential on the outermost portion of the halogen’s surface, centered on the D—X

axis.®



0.00360
0.00990
0.01620
0.02250
0.02880

-0.00900
-0.00270

Hartrees

0.03510
~ 0.04140

0.04770
CF,Br CF,l I
0.05400

Figure 5: Representation of the 6-hole. The molecular electrostatic potential, in Hartrees, at
the 0.001 electrons Bohr isodensity surface of CFsF, CFsCl, CFsBr and CF3l.2 This figure

was reproduced with permission from the publisher.

The strength of the o-hole goes down from iodine (strongest c-hole) to fluorine
(weakest c-hole). Larger halogens will give rise to stronger halogen bonds (I > Br > Cl) and
the presence of electron-withdrawing groups enhances the o-hole. The more electron
withdrawing the atom bound to the halogen is, the stronger the halogen bond. The halogen
bond energy spans over a wide range, from 5 to 180 kJ/mol. An example of weak halogen
bond is the CI-ClI interaction between chlorocarbons and a very strong halogen interaction is
that of I-I2 in 13.° If we are to compare halogen bonding to hydrogen bonding, thanks to its
strength, halogen bonding can prevail over hydrogen bonding in selecting the modules to be
involved in competitive recognition processes.'® Halogen bonding is also expected to provide
access to molecular assembly motifs involving heavy atoms with increasingly diffuse electron
orbitals.!! Application wise, it has been recently recognized that halogen bonds can play a
central role in ligand binding and molecular folding of macromolecules such as proteins and

DNA and other various biological processes.® Another interesting application is crystal



engineering; co-crystals with specific desired features of structure and composition that can
lead to, for example, non-linear optical activity and enhanced conducting properties can be

produced.®

This master’s thesis is composed of two major projects; one is computational and
involves using valence p-orbital population anisotropy to further comprehend halogen-bonded
systems and quadrupole coupling constants. The second is much more experimental and
consists of investigating the quite distinct phosphorus —iodine halogen bond of a new cocrystal
by means of solid-state multinuclear magnetic resonance and X-ray crystallography. In this
part of the project, we describe an uncommon example of halogen bonding to phosphorus

atoms.

Through these two years of research, | was introduced to both DFT and computational
methods and experimental NMR and single crystal x-ray diffraction for the analysis of halogen

bonds and quadrupolar coupling.



Chapter 2 — Experimental and Theoretical Background

The start of this master’s project debuted at the same time as the Covid-19 pandemic.
Wet lab projects and studies were therefore laid off for a big part of a semester. To circumvent
this obstacle, a first computational project that could be done from home was tackled. The
primary goal of this computational study of my master’s thesis is to compare how quadrupolar
coupling constants vary according to a change in the valence p-orbital population anisotropy
(VPPA). To do so, one must first understand the concepts of quadrupolar coupling and nuclear

magnetic resonance, commonly known as NMR.

2.1 — Nuclear Magnetic Resonance

Nuclear Magnetic Resonance, commonly referred to as NMR, is one of the most
important tools of characterization for all fields of chemistry (organic, inorganic, physical) as
it can ease the determination of electronic environments, molecular identity and structures as
well as physical, chemical and biological properties of compounds.®® Simply put, NMR
spectroscopy can be considered as a form of absorption spectroscopy where a sample is
exposed to a magnetic field and absorbs an electromagnetic radiation in the radiofrequencies
(RF) range.’® Let us recall the definition of spectroscopy as well; it is the study of the
interaction between electromagnetic radiation and matter.* NMR spectroscopy studies the
absorption and interaction of radiofrequency radiation by a nucleus in a magnetic field and the
principles are based on the effect of the magnetic field on the net spin of an atom’s nucleus.
The signal in NMR is produced by absorption of electromagnetic radiation of the appropriate
frequency. To get an NMR spectrum, the magnetic field must be varied over a small range and
observation of the RF signal from the sample will be translated with peaks of different intensity

according to the frequencies.®®



NMR spectroscopy is continually expanding and finding new applications in protein
folding such as determining residual structures of unfolded proteins, molecular dynamics in
quantifying motional properties of biomacromolecules, drug screening and design
(determining the conformation of enzyme, receptor compounds) and in material science for

polymer chemistry and physics.®

2.1.1 - Spin

The fundamental basics of NMR are directly related to the magnetic properties of a
nucleus. All nuclei contain a charge, and this charge is in rotation along an axis and will
generate a magnetic dipole (see Figure 6). The nuclear spin describes the intrinsic angular

moment associated with the nucleus, but in reality, the nucleus does not spin.*3

Spinningcharge
generates a magnetic
dipole

Nuclear magnetic
dipole nt

Spinning
proton

t1e

Figure 6: Classical representation of a proton precessing in a magnetic field of magnitude Bo

in analogy with a precessing spinning top.
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The symmetry at the atomic scale is examined using the nuclear spin, represented by
I, of the compound of interest. Quantum mechanics have helped chemists in describing this
angular momentum due to the fact that subatomic particles show both of the wave and particle
properties (wave-particle duality).!” The angular momentum can have the following values: 0,
Y, 1, 1%, etc. (increments of 2) and may be visualized using the classical analogy of the
angular momentum of a rotating object.'® Along with the spinning charge, a magnetic moment
m; having a value of 21 + 1 is also produced and this is detected by NMR spectroscopy. There
is no spin when I= 0 since there is no magnetic moment (21 + 1 = 0) and therefore no signal
will be detected. If | = 1, the possible values of m; may be -1, 0 or 1.1” When | = %, the spin is
an intrinsic property that can be described as “up” or “down” (a and 3 respectively). This is
completely analogous to the case of electrons (also spin-1/2 particles) that are represented as

upward and downward arrows in electronic configuration diagrams of atoms (see Figure 7).

LJ
——

Energy

(K3 1 y

Figure 7: Ground state electronic configuration of oxygen (1s22s22p*). The filling of the
molecular orbitals follow the Aufbau principle (filling the lowest energy levels first) and
Hund’s rule (pairing of electrons takes place only after placing a singly occupied electron

into the orbital).

11



The most common nuclei used in NMR spectroscopy are *H and *3C, each with an |
value of %. Some other nuclei possessing a spin number of %2 and a spherical and uniform
distribution of charge are °N, 1°F and 3!P. Now, more than 2/3 of the NMR active nuclei have
a spin greater than %. In the following parts of the theory, the quadrupolar coupling that is

exhibited by nuclei with 1 > %2 will be described.

2.1.2 — Zeeman Effect

The Zeeman effect consists of atomic or nuclear level splitting, more specifically the
splitting of spectral lines of a sample when it is placed under an external magnetic field. It can
be perceived as the separation in the energy levels between the two spin states of a nucleus.
Spin states are degenerate in energy, and they can be separated into two different states
possessing each an equal amount of energy. If there is an absence of and external applied
magnetic field Bo, then the energy of a spin 1/2 nucleus is independent of the orientation of the
spin. When a magnetic field is applied, the degeneracy is broken and the energy of the nucleus
will depend on the orientation of the spin relative to the applied magnetic field.!” This spin can
either be aligned with the magnetic field (ms = -'%) or against the magnetic field (ms = +)%).
When the magnetic field gets stronger, the energy difference between the two spins will

increase linearly as described below.

12



Ener,;
o m,=+1/2

AE = Ey 1) — E_qp2

m,=-1/2

B,=0 B,>0 Magnetic Field

Figure 8: Representation of the Zeeman Effect with increasing magnetic field. The separation

in energy will increase linearly as the magnetic field gets stronger.

Figure 8 shows the dependence of AE on the strength of the magnetic field. AE is the
difference in energy between the spin states and it represents the amount of energy needed to
send the spins from the lower energy state to the higher energy state. AE= (hy /2m) B,
Equation 3 indicates the proportional relationship between the energy and the magnetic field.

AE = (hy/2m) B,

Equation 3. Relationship between energy and magnetic field

Where h is the Planck constant, y is the gyromagnetic ratio and is equal to 2mu/hl (this
constant is unique to each nucleus and consists of the proportionality constant between the
magnetic moment u and the spin number ), and B, represents the external applied magnetic

field.

13



2.1.2 — Larmor frequency and spin precession

The Larmor frequency (v), another important NMR concept, consists of the particular
radiofrequency needed to realize the transition from the lower energy state to a higher one.
Named after the mathematical physicist Joseph Larmor from the 19" century, nowadays, in
NMR, the Larmor frequency refers to the frequency at which a given nuclear spin precesses in
the applied magnetic field. The Larmor frequency equation can be found below, where v is the

gyromagnetic ratio and By is the strength of the magnetic field.®
v = (y/2m) By
Equation 4. Larmor frequency

The gyromagnetic ratio vy is the ratio between the magnetic moment and the angular

momentum. It can be determined using the following equation:
21
Y= 'u/]h

Equation 5. Gyromagnetic ratio

Spin precession, in turn, is a complex aspect but it can be visualized more simply as a
spinning top. When the top rotates initially, its angular momentum is aligned with the Z axis
and will deviate from this axis as the top loses speed and slows down. The change in this
angular momentum around the Z axis is called precession. In order to achieve this spin
precession, a radiofrequency pulse is first applied, then a rotation about the axis occurs,
represented by s (spin) in a circular trajectory (see Figure 9 below). Finally, the precession will

return to its thermodynamic equilibrium (back towards the B field axis).’
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Figure 9: Representation of precessional motion. S traces out the circular motion around B,

while keeping 0 fixed.

Taking hydrogen (*H) as an example, when a radiofrequency pulse is emitted perpendicular to
the magnetic field, a change in the magnetic moment happens and it is projected into the XY
plane. The magnetic moments are then detected as they precess back to their thermodynamic

equilibrium with the lowest energy state possible.
M, () = M 2nvt)e /T
y(£) = Mgy cos (2mvt)e /T2

Equation 6. Position of the magnetization at a time t during the precession

Mo is the thermodynamic equilibrium, t is the time, T> is the spin-spin relaxation time and v is the

Larmor frequency.
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To yield all NMR information and to obtain a spectrum, the magnetic moment’s precession
of a sample is detected and this results in a free induction decay (FID). Then, using Fourier

transformation, the NMR frequencies of the nuclei are extracted and an NMR spectrum is produced.

2.2 — Quadrupolar Nuclei

As mentioned previously, the nuclei in the periodic table can be divided into two major
parts; those with spin =%z and the others with spin > %2 (note that certain atoms have more than
one isotope and thus both spin equal to %2 and greater than (see Figure 10). There are some
with spin 0 as well (even mass nuclei having even numbers of protons and neutrons such as
12C and 1%0) Those with spin greater than %2 are called quadrupole nuclei since they possess a
nuclear electric quadrupole moment that will interact with the electric-field gradient (EFG)
generated by the electrons present in the sample and its surroundings.'® The EFG will be

discussed shortly in the next sections.
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Ce Pr Nd Pm Sm Eu Gd T Dy Ho Er Tm Yb Lu

Th Pa U Np Pu Am Cm Bk Cf E Fm Md No Lr

Figure 10: NMR periodic table giving information on the nuclear spin I.

Within the nucleus of an atom, the protons and neutrons can be distributed
symmetrically or asymmetrically. If the distribution is symmetric, then the spin | of the nucleus
is ¥ and the interaction with the EFG is independent of direction. However, if the distribution
is asymmetric, | > % and thus the EFG can interact with the nucleus and will result in a certain
rotational effect on the nucleus. This exhibited moment is called the quadrupole moment and
is represented by Q. A non-zero Q indicates that the charge distribution is not spherically

symmetric (see below).
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1=1/2 - 1>1/2 -

Figure 11: Charge distribution for spherical (I = %) and non-spherical (I > %2) nuclei.

By convention, the value of Q is positive if the ellipsoid is prolate and negative if it is oblate

(see Figure 12). A larger Q value means a stronger interaction between the asymmetric nuclear

with the EFG.

Prolate

Spherical
Oblate i

Q>0

Q<0

Figure 12: Shapes of oblate, spherical and prolate ellipsoid for charge distribution. The

arrows on the shapes indicate the symmetry axis.

2.3 — Electric Field Gradient
The electric field gradient is associated with the change of the electric field that a
nucleus will feel or “see” generated by other nuclei in its environment and the electronic charge

distribution of a molecule at a particular point in space in which the nucleus in question is
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located.’® The EFG at the nucleus depends both on the electronic structure of the atom itself
and also its nearby neighbour atoms. If we take the simple example of a sodium ion in a sodium
chloride crystal, one would see an electric field and an EFG for all the neighbouring Na* and
CI present in the environment. In this special case though, the EFG is zero because the crystal
symmetry is cubic. For an EFG to be non-zero, the charge symmetry must be non-spherical in
the crystal. In addition, EFGs represent the second derivative of the electrostatic potential and
due to that, the EFG is a symmetric tensor with zero trace.?® More simply this means it can be
represented as a physical object: an ellipsoid where off-diagonal elements represent
reorientation of the principal axis system. The EFG ellipsoid is on average rhombic and
fluctuates both in form and orientation. In molecular species, the EFG estimation is mainly
dominated by covalent bonds’ polarization and the neighbouring molecules’ effects can be
neglected. For ionic and atomic species, fluctuations in the EFGs are due to intermolecular

forces. The EFG is best described by a second rank tensor, shown below.

V:m: me Va:z
V=1Ve Vy Vi
Vie Vi Vi

Figure 13: Representation of the EFG second rank tensor

2.4 — Quadrupolar coupling

In order to understand what quadrupolar coupling is, one must first establish the
concept of a quadrupole. Quite simply, a quadrupole can be thought of as two dipoles (a dipole

being a bond or molecule having opposite charges on its ends).?! However, different to a
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dipole, the quadrupole will not couple to a symmetric field as the forces and subsequent torques

on the quadrupole will cancel. Figure 13 below shows a representation of a quadrupole.

ONNO
O O

Figure 14: Representation of a quadrupole

Now coming back to the quadrupolar coupling, this is an interaction that occurs in nuclei
having more than 2 different spin states. It exists without any applied magnetic field and the
energy of corresponding splitting between the different states could be quite strong (kHz to
hundreds of MHz).2! The splitting is what is detected by NQR, nuclear quadrupole resonance,
which will be described shortly. It is also important to note that nuclei with spin 0 or %2 do not
have this quadrupolar interaction. Only those with a spin greater than %2 have a quadrupolar
moment (Q) that will interact with the EFG and causes the degeneracy of the nuclear energy
levels to be lifted. Due to the 3D nature of a quadrupole it may be described by a second rank

tensor Q, represented in Figure 15 below.

Qmm Q:By sz
Q - Qyw Qy’y Qyz
sz sz sz

Figure 15: Representation of the quadrupolar moment Q second rank tensor
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The quadrupole can then couple to an EFG, denoted as V, described earlier as a second rank

tensor (please refer back to Figure 13). The quadrupolar interaction Q can be represented

with the following equation,

eQv
21(2I-1Dh

Q=

Equation 7. Quadrupolar interaction Q

where Q is the electric quadrupolar moment, | is the spin quantum number, e is the charge of
the electron and V is the EFG given by the following tensor, in the principal axis system
(PAS) of the EFG. This comes from one of the numerous definitions associated with the

EFG, precisely that Vi, + V,,, +V;, =0

Ve 0 0
v=|0 ¥, 0
0 0 ¥y

Figure 16. Representation of the EFG tens