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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 (dI···P = 

3.090(5) Å, 3.264(5) Å) 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.  13C, 19F, and 31P magic-angle spinning solid-state NMR spectra are reported.  A 31P 

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 I > 

½). Previous group work reported extensive experimental NMR and NQR data relating 35/37Cl, 

79/81Br, and 127I 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, 



 xii 

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

bonds. 



 1 

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.1  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.”2 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 Van 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. 
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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).3 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. 

 

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.3 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). 
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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 (δ-) of the 

oxygen and partially positive (δ+) of the hydrogen. 

Table 1: Typical covalent bond energies  

Bond Energy (kJ/mol) Bond Energy (kJ/mol) 

H-H 436 I-I 150 

H-C 412 C-I 240 

H-N 390 C-Cl 330 

H-O 464 C = C 611 

H-F 569 C = O 741 

N = N 418 C ≡ C 837 

N ≡ N 946 C ≡ O 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 (Cl), bromine (Br), iodine (I), astatine (At) and tennessine (Ts). 
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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 CCl4, CBr4, SiCl4 and SiBr4 with pyridine, 

tetrahydropyran, tetrahydrofuran and anisole with different instrumental analysis such as NMR, 

IR and Raman.4 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.5,6 

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”7. 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). 

𝑑𝑋⋯𝐴 ≤  ∑ 𝑑vdW 

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. 
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The other main feature of a halogen bond is that the D-X۰۰۰A angle tends to be linear 

(180°). The halogen bond acceptor A approaches X along the extension of the D-X bond 

(Equation 2). 

𝜃𝐷−𝑋⋯𝐴 ≈ 180° 

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

 

 

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 (δ+) region represents the electrophilic region termed σ-hole. 

The halogen has an area of elevated electrostatic potential, called the -hole. This -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.8 
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Figure 5: Representation of the σ-hole. The molecular electrostatic potential, in Hartrees, at 

the 0.001 electrons Bohr-3 isodensity surface of CF3F, CF3Cl, CF3Br and CF3I.
8 This figure 

was reproduced with permission from the publisher. 

The strength of the σ-hole goes down from iodine (strongest σ-hole) to fluorine 

(weakest σ-hole). Larger halogens will give rise to stronger halogen bonds (I > Br > Cl) and 

the presence of electron-withdrawing groups enhances the -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 Cl-Cl interaction between chlorocarbons and a very strong halogen interaction is 

that of I-I2 in I3
- .9 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.10 Halogen bonding is also expected to provide 

access to molecular assembly motifs involving heavy atoms with increasingly diffuse electron 

orbitals.11 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. 12  Another interesting application is crystal 
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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.9 

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, I 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. 
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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. 13  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.13 Let us recall the definition of spectroscopy as well; it is the study of the  

interaction between electromagnetic radiation and matter.14 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.15 
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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.16 

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.13  

 

Figure 6: Classical representation of a proton precessing in a magnetic field of magnitude B0
 

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).17 The angular momentum can have the following values: 0, 

½, 1, 1½, etc. (increments of ½) and may be visualized using the classical analogy of the 

angular momentum of a rotating object.18 Along with the spinning charge, a magnetic moment 

mI having a value of 2I + 1 is also produced and this is detected by NMR spectroscopy. There 

is no spin when I= 0 since there is no magnetic moment (2I + 1 = 0) and therefore no signal 

will be detected. If I = 1, the possible values of mI may be -1, 0 or 1.17 When I = ½, the spin is 

an intrinsic property that can be described as “up” or “down” (α and β 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). 

 

 

Figure 7: Ground state electronic configuration of oxygen (1s22s22p4). 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). 
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The most common nuclei used in NMR spectroscopy are 1H and 13C, each with an I 

value of ½. Some other nuclei possessing a spin number of ½ and a spherical and uniform 

distribution of charge are 15N, 19F and 31P. Now, more than 2/3 of the NMR active nuclei have 

a spin greater than ½. In the following parts of the theory, the quadrupolar coupling that is 

exhibited by nuclei with I > ½ 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 B0, 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.17 This spin can 

either be aligned with the magnetic field (ms = -½) or against the magnetic field (ms = +½). 

When the magnetic field gets stronger, the energy difference between the two spins will 

increase linearly as described below. 
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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 E on the strength of the magnetic field. E 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.∆𝐸= (ℎ𝛾 2𝜋⁄ ) 𝐵0    

Equation 3 indicates the proportional relationship between the energy and the magnetic field. 

∆𝐸 =  (ℎ𝛾 2𝜋⁄ ) 𝐵0    

Equation 3. Relationship between energy and magnetic field 

Where h is the Planck constant, 𝛾  is the gyromagnetic ratio and is equal to 2𝜋𝜇 ℎ𝐼⁄  (this 

constant is unique to each nucleus and consists of the proportionality constant between the 

magnetic moment 𝜇 and the spin number I), and 𝐵0 represents the external applied magnetic 

field.  
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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 19th 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 γ is the 

gyromagnetic ratio and B0 is the strength of the magnetic field.18  

𝑣 =  (𝛾 2𝜋⁄ ) 𝐵0  

Equation 4. Larmor frequency 

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

momentum.  It can be determined using the following equation:  

𝛾 =  
2𝜋𝜇

𝐼ℎ⁄    

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).17  
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Figure 9: Representation of precessional motion. S traces out the circular motion around B, 

while keeping θ fixed. 

Taking hydrogen (1H) 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. 

My(t) =  M0,ycos (2πvt)e
−t

T2
⁄

 

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

M0 is the thermodynamic equilibrium, t is the time, T2 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 = ½ and the others with spin > ½ (note that certain atoms have more than 

one isotope and thus both spin equal to ½ 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 16O) Those with spin greater than ½ 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.18 The EFG will be 

discussed shortly in the next sections. 
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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 I of the nucleus 

is ½ and the interaction with the EFG is independent of direction. However, if the distribution 

is asymmetric, I > ½ 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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Figure 11: Charge distribution for spherical (I = ½) and non-spherical (I > ½) 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. 

 

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.19 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 

Cl- 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.20 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. 

 

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).21 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. 

 

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).21 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 ½ do not 

have this quadrupolar interaction. Only those with a spin greater than ½ 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. 

 

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,  

 𝐐 =  
𝑒𝑄𝑽

2𝐼(2𝐼−1)ℎ
  

Equation 7. Quadrupolar interaction Q 

 

where Q is the electric quadrupolar moment, I 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 𝑉𝑥𝑥 +  𝑉𝑦𝑦 + 𝑉𝑧𝑧 = 0 

V =  (

𝑉𝑥𝑥 0 0
0 𝑉𝑦𝑦 0

0 0 𝑉𝑧𝑧

) 

Figure 16. Representation of the EFG tensor with the conventional labels where the diagonal 

elements of the EFG are ordered in ascending magnitude. 

Also, by convention, the diagonal elements of the EFG are placed in ascending absolute value, 

such that |𝑉𝑥𝑥| ≤  |𝑉𝑦𝑦 | ≤ |𝑉𝑧𝑧| . This allows for the definition of the EFG asymmetry 

parameter, ƞ, given by the following equation 

η =
𝑉𝑥𝑥−𝑉𝑦𝑦

𝑉𝑧𝑧
  

Equation 8. Asymmetry parameter of EFG 
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The EFG tensor can also be described using another independent parameter: the nuclear 

coupling constant, CQ, shown below. CQ is usually in Hz units and h is Planck’s constant. 

𝐶𝑄 =
𝑒𝑄𝑉𝑧𝑧

ℎ
  

Equation 9. Nuclear coupling constant 

 

2.5 – Nuclear Quadrupolar Resonance  

 Different methods are used to measure quadrupolar coupling constants (CQ) depending 

on the state of the sample of interest. In the solid state, nuclear quadrupolar resonance (NQR) 

is a standard technique, while in gas phase microwave spectroscopy can be used for small 

molecules.20 It is a radiofrequency spectroscopic technique that is used to detect signals from 

solids containing nuclei with I > ½ and having a reasonably high isotopic abundance. The 

signals arise from the interaction of the electric quadrupole moment of the nuclei with the EFG 

in the sample. NQR is very similar to NMR (though not as popular and commonly used), but 

one main difference is that NQR does not require a static magnetic field. Indeed, NQR is based 

on the interaction between the non-symmetric charge distribution eQ of the nucleus with the 

nuclear spin I ≥ 1 and the tensor of the internal EFG while in NMR, it is determined primarily 

by the interaction of the non-zero nuclear spin I ≥ ½ with an external magnetic field B0. NQR 

measurements can possess high spectral resolution, precision, specificity and speed of 

measurements. Since resonance frequencies do not depend on the orientation of grains in 

powder samples, there is more versatility in the type of sample used. Mono-crystals and 

polycrystalline powder can therefore produce the same sharp NQR lines.22 NQR is also highly 

sensitive to small changes in electron density distribution, which provides important 
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information on the structural and chemical properties of molecules. One reason for the more 

limited practical application of NQR seems to lie in the lack of equipment.23 But similarly to 

NMR spectroscopy once again, the primary goal of NQR is to determine the nuclear transition 

frequencies and/or the relaxation times and then to relate those to a property of a material being 

studied.24 Like NMR, NQR is a quantitative method; the signal intensity is proportional to the 

number of nuclei with the corresponding resonance frequency.23 NQR is also used to obtain 

detailed information on crystal symmetries and bonding, phase transitions in solids and other 

properties of solid state materials of interest to physicists and chemists. NQR frequencies for 

various nuclei vary between several kHz and up to 1000 MHz. These values will depend on 

the quadrupole moments of the nucleus, the valence electrons state and the type of chemical 

bond between the atom of interest. Using NQR frequencies, the quadrupole coupling constant 

(CQ) and asymmetry parameter (ƞ) can be calculated.25 The common NMR isotopes such as 

1H, 13C, and 15N cannot be used since they have a nuclear spin ½. 12C and 16O as well cannot 

be used either as they have a nuclear spin of zero. Some more common NQR isotopes used are 

2H, 6Li and 7Li, 14N, 17O, etc. In this thesis, molecules containing 79Br and 81Br, as well as 127I 

will be the isotopes of interest. 

Some other fields of applications for NQR can be separated into 4 other groups23: 

1. Studies of electron density distribution in molecules – changes in orbital populations 

2. Studies of molecular motions – reorientations, rotations (hindered and non-hindered) 

3. Studies of phase transitions 

4. Studies of impurities and mixed crystals 
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2.6 – Density Functional Theory  

 To understand density functional theory (DFT), one must first know what ab initio 

methods are. These were developed in order to investigate systems at the nanoscale.26 The 

calculations used must remain computationally feasible while ensuring the most accurate 

model of interactions between atoms.  

For a many-electron system, the resolution of the Schrödinger equation ĤΨ = EΨ is 

impossible. Remember that the Schrodinger equation helps in finding the energy of the system 

(E) and its wavefunction Ψ. The wavefunction Ψ completely describes the state of the system 

and if Ψ is known, then everything else about the system (energy, orbitals, dipole moment) is 

also known.27 But, it is an extremely complicated function as it depends on the time and 

coordinates of all particles in the system. The Hamiltonian H is the total energy operator and 

can be separated into two mechanics: classical and quantum. Classical will include the kinetic 

energy = 1/2 mass x (velocity)2 and the momentum = mass x velocity. As for quantum 

mechanics, there is an operator (prescription of what to do with a wavefunction such as 

multiply by, divide, take a derivative, etc.) for that and the Hamiltonian for quantum mechanics 

is equal to the kinetic energy operator for all particles + potential energy. What is complicated 

about Hamiltonians is due to the many-body interactions in the potential energy term which 

makes it impossible to solve exactly for systems with 2 or more electrons. Wavefunctions are 

thus a complicated multi-dimensional function. Therefore, approximated methods such as 

Hartree-Fock, Monte Carlo and Density Functional Theory, have been implemented. Among 

these methods, Density Functional Theory, DFT, has become the most popular. More and more 

work on DFT and its implementation are being realized and DFT has become a standard 

approach for studying materials. We can only solve the Schrödinger equation exactly for up to 
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one electron system, so it is clearly not applicable to real life systems, which have multiple 

and high numbers of electrons.28 Therefore, in order to solve systems, there needs to be some 

involvement of approximations and 'tricks’; one of these approximations is the Born-

Oppenheimer one. This will lead to the Hohenburg-Kohn theorem. Electron density was 

introduced to simplify the wavefunction; it takes the probability density function and sum up 

all of the possibilities covering all space for the electrons. This electron density can be then 

measured (e.g., X-ray diffraction). The electron density of a system determines all-ground-

state properties of the system and in this case the total ground state energy of a many-electron 

system is a functional of the density. Therefore, if the electron density functional of a system 

is known, then so is the total energy of the system. Due to this, the electron density is used as 

a functional and all other ground state properties are then calculated. In DFT, the Schrödinger 

equation is solved by using electron density instead of the wave function and this simplifies 

the calculations a lot.29 

Exchange correlation is an approximation that takes care of all the quantum mechanical 

information. Remember that two electrons interact not only via their electronic charge, but 

also by their spins. Mutual repulsion and attraction will occur. In order to properly conduct 

calculations, one must choose the adequate functional for their work. Therefore, which 

functional should you choose for your work? If the system is composed of small molecules, 

then the one-line answer is either B3LYP or B3PW. B3LYP is the most widely used functional 

and has a superior performance in energy assessments B3LYP will be described more in the 

next section. It is important to note that there is no presently existing functional that is highly 

accurate enough for all properties of interest. Since no functional is 100% accurate, it is better 

to match and compare some experimental data with results in order to choose the proper 
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functional. As shown in Figure 17, there is always a compromise between XC functionals; If 

the results need to be very accurate, then the functional used must be complex and therefore 

time consuming. If a simple functional is used, it will be quick to do but the results will not be 

very accurate. 

 

Figure 17: Relation and compromise between accuracy and simplicity of exchange 

correlation functionals. 

Finally, DFT is a helpful tool used to calculate properties of atoms and molecules such as the 

structure, energy, orbitals/electronic structure, reactivity (Gibbs energies) and spectroscopic 

properties such as NMR, IR and UV-Vis spectra.27 

2.7 – Theoretical models 

A theoretical model or method is a way to model a system using a specific set of 

approximations. These approximations are then combined with calculation algorithms and 

applied to atomic orbitals (defined by the basis set). This will allow the computation of 

molecular orbitals and energy.30 

In general, these methods can be separated into 4 main types: semiempirical, ab initio, 

density functional, molecular mechanics. Selecting one of these theoretical methods depends 

on the size of the system and on the level of approximation.  
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B3LYP is a hybrid functional developed in the 80s that contains elements from both 

DFT and Hartree-Fock (HF) theory. It includes exact electron exchange as well as GGA 

(generalized gradient approximation, where electron density variation is taken into account) 

and LDA (local density approximation) that assumes that electron density variations are slow 

and treat the local density as a uniform electron gas. B3 is Becke’s 3 parameter exchange 

correlation functional which uses 3 parameters to mix in the exact Hartree-Fock exchange 

correlation and LYP is the Lee Yang and Parr correlation. It is one of the most used methods 

and for many reasons; B3LYP is generally faster than HF techniques while yielding 

comparable results and it is robust for a DFT method. It is also not as heavily parameterized 

as other hybrid functionals (has only 3 parameters whereas others can go up to 20 some). 

Basis Sets 

Selecting a proper basis set for a computational job is very important. Why is that? A 

basis set is a set of wave functions that describes the shape of atomic orbitals (AOs). Molecular 

orbitals (MOs) are computed using the selected theoretical model by linearly combining the 

AOs (also known as LCAO). Its selection can be influenced by the size of the system being 

studied and also on the computing resources that are available. Generally, it is desirable to use 

the smallest basis set that produces the most reliable and accurate results. Research has shown 

that choosing an appropriate basis set is more important than choosing the method.31 The basis 

set chosen will be directly affecting the level of calculation approximation. The more accurate 

the results are, the more CPU time it will require. 

There are two types of orbitals; Slater type orbitals (STOs) and Gaussian type orbitals 

(GTOs). Though STOs have a better description of the shape of atomic orbitals, GTOs’ 

remarkable advantage is that they are much easier to compute. Just to give an example, it is 
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faster to compute many GTOs and combine them together than to compute a single STO. This 

is why combinations of GTOs are commonly used to describe STOs, which in turn, describe 

AOs.  

In this work, the 6-311G(3df) and DGDZVP basis set were used. The first one were 

for 14N, 17O, whereas the latter was used for 127I and 79Br. 6-311G is typically used for first 

row atoms (or for atoms H through Zn to be more precise), 3df is included for diffuse functions 

at the d and f level (3 sets of polarization d-functions and one set of polarization f-functions 

are added to heavy atoms). The 6-311G is a Pople basis set and is a split-valence basis set. Its 

notation is typically X-YZg, where X represents the number of primitive Gaussians (core atomic 

orbital basis function), Y and Z indicate that the valence orbitals are composed of two basis 

functions each, one being a linear combination of Y primitive Gaussian functions and the other 

being also a linear combination but with Z primitive Gaussian functions. In the case of  X-YZg, 

since there are only two numbers (Y and Z) after the hyphen, this represents a split-valence 

double-zeta basis set. In the case of 6-311G, there are three numbers so this would be a split-

valence triple-zeta basis set. In general, triple-zeta and quadruple-zeta basis sets are more 

accurate than double-zeta ones, but require more time to perform. The DGDZVP basis set, on 

the other hand, has been shown to perform much better than double-zeta and even triple-zeta 

basis set in estimating halogen-bond strengths.32 Since it has a small size as well, it is well-

suited for studying halogen bonding in large systems and its accuracy was also an advantage 

compared to the other basis sets. No diffuse function is available with DGDZVP but it proved 

to be not necessary since just by itself it performed very well. In principles and for methods 

other than DGDZVP, diffuse functions should improve the results. These quite shallow 

Gaussian basis functions are a common addition to basis sets and more accurately represent 
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the “tail” part of atomic orbitals that are distant from the centre of the atomic nucleus. These 

additions can be important and considerable for anions and other large molecular systems.  

2.8 – Natural Bonding Orbitals (NBOs)  

 Natural bond orbitals (NBOs) are used in computational chemistry to calculate the 

distribution of the electron density in the bonds and atoms. They are localized few-centre 

(usually 1 or 2, but occasionally more) orbitals describing the molecular bonding pattern of 

individual or pairs of electron in an optimal compact form.33 More precisely, NBOs are an 

orthonormal set of localized “maximum occupancy” orbitals with N/2 members give the most 

accurate possible Lewis-like structure of the total N-electron density.33 It is important to note 

that neither the form, locations of the localized bonds nor the lone pairs of electrons are pre-

determined. Instead, a computer NBO program searches all the possible ways of drawing the 

bonds and lone pairs with a varying optimal bonding pattern which with place maximum 

electron occupancy (highest percentage of the total density) in the leading N/2 Lewis-type 

NBOs, which is typically the case for more than 99% of common organic molecules.33 
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Abstract. Halogen bonding to phosphorus atoms remains uncommon, with relatively few 

examples reported in the literature.  Here, 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 (dI···P = 3.090(5) Å, 3.264(5) 

Å) 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.  13C, 19F, and 31P 

magic-angle spinning solid-state NMR spectra are reported.  A 31P 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. 

Keywords: cocrystal; halogen bonding; solid-state NMR; crystallographic disorder 
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1. Introduction  

 The halogen bond is a non-covalent attractive interaction between the electrophilic 

region of a halogen atom, named the -hole, and an electron-rich site.(Cavallo et al., 2016; 

Gilday et al., 2015; Berger et al., 2015; Bulfield & Huber, 2016; Li et al., 2016)  The -hole 

is associated with a region of depleted electron density along the extension of the R–X bond 

(X = halogen),(Clark et al., 2007) with the magnitude of the -hole increasing with the size of 

the halogen.  The halogen bond exhibits several advantageous features, such as the tuneability 

of the interaction strength (Riley et al., 2011, 2013) and its linearity.  Consequently, the 

halogen bond has found applications in ligand & anion binding,(Ungati et al., 2018; Abate et 

al., 2009; Brown & Beer, 2016; Langton et al., 2014; Decato et al., 2020) synthesis,(Bulfield 

& Huber, 2016; Tepper & Schubert, 2018; Jungbauer & Huber, 2015) crystal 

engineering,(Aakeröy et al., 2015; Metrangolo et al., 2005) and functional materials.(Priimagi 

et al., 2013; Christopherson et al., 2018; Berger et al., 2015) 

 Cocrystals are multi-component crystalline solids and have been shown to be versatile 

in studying the influence of the halogen bond on local physicochemical properties. Cocrystals 

featuring the halogen bond can be prepared using traditional solvent techniques, e.g. slow 

evaporation, and can also be prepared through solvent-free methods, such as 

mechanochemistry, and cosublimation. (Carstens et al., 2019; Szell, Gabriel, et al., 2018)   

Mechanochemistry via ball milling is a rapid and convenient method of preparing halogen 

bonded cocrystals, while also reducing the environmental footprint through the reduction in 

solvent usage.(Cinčić et al., 2008b; Lisac et al., 2018; Eraković et al., 2018; Cinčić et al., 

2008a) Mechanochemistry using a ball mill consists of grinding two or more compounds 

together in a jar in the presence of grinding balls.(Braga et al., 2013; Fischer et al., 2016) Solid-
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state NMR is well suited as an analytical technique for investigating solids featuring the 

halogen bond,(Xu et al., 2020; Vioglio et al., 2016) such as cocrystals obtained from 

mechanochemical preparations,(Morin et al., 2019; Szell, Dragon, et al., 2018) providing clear 

changes in chemical shifts,(Cerreia Vioglio et al., 2016; Viger-Gravel et al., 2013; Viger-

Gravel et al., 2011; Gao et al., 2012; Pérez-Torralba et al., 2014) quadrupolar coupling 

constants,(Szell & Bryce, 2016; Cerreia Vioglio et al., 2018; Szell, Grebert, et al., 2019; Viger-

Gravel, Leclerc, et al., 2014; Szell, Cavallo, et al., 2018) J-coupling constants,(Viger-Gravel, 

Meyer, et al., 2014; Xu et al., 2015) dipolar coupling constants,(Weingarth et al., 2008) and 

dynamics.(Szell, Zablotny, et al., 2019; Lemouchi et al., 2011; Catalano et al., 2015; Catalano 

et al., 2017)  

 The C-I···P halogen bond moiety has remained somewhat elusive due in part to the 

reactivity of the phosphorus atom,(Garabadzhiu, Kuznetsov, et al., 1979; Garabadzhiu et al., 

1980; Garabadzhiu, Shibaev, et al., 1979) with the first engineered crystal structures featuring 

this moiety only being recently reported.(Xu et al., 2018; Lisac et al., 2019; Siegfried et al., 

2020) Understanding the C-I···P interaction and its preparation can expand the repertoire of 

halogen bonds, which could allow crystal engineers to include phosphine molecules in new 

solid forms.  Here, we report a new cocrystal composed of dicyclohexylphenylphosphine and 

1,6-diiodoperfluorohexane, henceforth referred to as 1a, as shown in Figure 18.  Sample 1a 

was investigated using a combination of X-ray crystallography and solid-state multinuclear 

(13C, 19F, and 31P) magnetic resonance spectroscopy.  While X-ray crystallography allows us 

to directly observe the geometrical parameters of the halogen bond, solid-state NMR 

experiments allow us to confirm the structure of the powdered solid and to investigate the 

influence of the halogen bond on the isotropic chemical shifts.  Part of the novelty of this work 
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lies in establishing the validity of using a non-aromatic perfluorodiiodoalkane as a halogen 

bond donor to phosphorus, as previous sparse reports of halogen bonds to phosphorus in 

cocrystalline systems have involved only the now iconic perfluoroiodobenzenes. (Xu et al., 

2018; Lisac et al., 2019; Siegfried et al., 2020) Further, the dicyclohexylphenylphosphine 

molecule is used as a halogen bond acceptor for the first time. The application of 13C and 19F 

solid-state NMR spectroscopy to assess halogen bonding in systems featuring phosphorus-

iodine halogen bonds is also reported here for the first time.   

 

 

Figure 18 (a) Molecular structures of 1 (dicyclohexylphenylphosphine), a (1,6-

diiodoperfluorohexane), and cocrystal 1a [(dicyclohexylphenylphosphine)(1,6-

diiodoperfluorohexane)] under investigation in this study.  The dashed red line in 1a denotes 

the C-I···P halogen bond. 
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2. Experimental   

Sample preparation.  To a 5 mL stainless grinding jar, 50 mg (0.18 mmol) of 

dicyclohexylphenylphosphine, 21 L (0.09 mmol) of 1,6-diiodoperfluorohexane, 25 µL of 

acetonitrile, and two 5 mm stainless steel grinding balls were added. The grinding jar was 

sealed and placed in a Retsch MM400 ball mill and milled at a frequency of 25 Hz for 30 

minutes at room temperature. 1a was obtained as a fine white powder (melting point = 96-

98°C) and used without further treatment or purification for the solid-state NMR and powder 

X-ray diffraction experiments. Single crystals were grown by dissolving 20 mg of 1a in a 

minimal amount of hexane, approximately 2 mL, and allowing the solvent to evaporate at room 

temperature for 4 days, yielding colourless crystals. The powder X-ray diffraction was 

performed on a Rigaku Ultima IV powder diffractometer at room temperature (Cu Kα1, λ = 

1.54056 Å), scanning from 5° to 55° (2θ range) in increments of 0.02° with a scan rate of 

0.8°/minute.  

Single-crystal X-ray diffraction. Crystallographic data were collected from a single crystal 

mounted on a MiTeGen MicroMount using parabar oil. Data were collected on a Bruker Kappa 

ApexII single crystal diffractometer equipped with a sealed tube Mo K𝜶 source (𝝀= 0.71073 

Å), a TRIUMPH monochromator, and an ApexII CCD detector. Samples were held at 203(2) 

K using a dry compressed air cooling system. Raw data collection and processing were 

performed with the Apex3 software package from Bruker.(Bruker, 2010) Initial unit cell 

parameters were determined from 36 data frames from select 𝝎 scans. Semi-empirical 

absorption corrections based on equivalent reflections were applied.(Blessing, 1995) 

Systematic absences in the diffraction data-set and unit-cell parameters were consistent with 

the assigned space group. The initial structural solutions were determined using ShelxT direct 
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methods,(Sheldrick, 2008) and refined with full-matrix least-squares procedures based on F2 

using ShelXL and ShelXle.(Hubschle et al., 2011) Hydrogen atoms were placed geometrically 

and refined using a riding model.  The CIF file was deposited in the Cambridge Structural 

Database(Groom et al., 2016) with deposition number 2128052. 

13C solid-state NMR. The 13C solid-state NMR experiments were performed at 9.4 T (L(1H) 

= 400.18 MHz) using a Bruker Avance III console and a Bruker 4 mm HXY MAS NMR probe.  

A 1H→13C cross-polarization pulse sequence was used, with a 2.5 s 1H  pulse followed 

by a 2 ms contact time using a ramped-contact pulse.(Metz et al., 1994)  Samples were packed 

in a 4 mm zirconium oxide rotor, and the MAS rate was set to 10 kHz. SPINAL64 1H 

decoupling(Fung et al., 2000) at a nutation frequency of 100 kHz and a recycle delay of 30 s 

was used, collecting 4892 scans for 1a and 2048 scans for 1. Chemical shifts were referenced 

relative to tetramethylsilane using the carbonyl peak of -glycine as a secondary reference at 

176.5 ppm. 

31P solid-state NMR. The 31P solid-state NMR experiments were performed at 9.4 T (L(1H) 

= 400.32 MHz) using a Bruker Avance III console and a Bruker 4 mm HXY MAS NMR probe.  

A 1H→31P cross-polarization pulse sequence was used, with a 4 s 1H  pulse followed by 

a 4.5 ms contact time using a ramped-contact pulse.(Metz et al., 1994)  Samples were packed 

in a 4 mm zirconium oxide rotor, and the MAS rate was set to 9 kHz. Proton decoupling at a 

nutation frequency of 62.5 kHz and a recycle delay of 2 s was used, collecting 24576 scans for 

1a and 302 scans for 1. Chemical shifts were referenced using ammonium dihydrogen 

phosphate at 0.81 ppm.(Bryce et al. 2001) 

19F solid-state NMR. The 19F NMR experiments were performed at 4.7 T (L(19F) = 188.27 

MHz) using a Bruker Avance III console and a Bruker 2.5 mm HXY MAS NMR probe.  1a 
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was packed in a 2.5 mm zirconium oxide rotor, and the MAS rate was set to 25 kHz. A 19F 

one-pulse experiment was used with a 3.3 s 19F  pulse, and 128 transients were collected.  

Chemical shifts were referenced to powdered Teflon at -122 ppm. 

3. Results and Discussion 

3.1 - X-ray crystallography 

Figure 19 (a) Depiction of the crystal structure of 1a. The C-I···P halogen bond is 

represented by the dashed magenta line and the crystallographic disorder is not shown here 

for clarity. (b) Depiction of the crystal packing in 1a. The halogen donor, a, is shown in 

burgundy & pink, while the halogen acceptor, 1, is shown in dark blue and light blue.  The 

crystallographic disorder for one of the molecules of a is shown. 

 The crystal structure of 1a features two molecules of 1 and two half-molecules of a (Z 

= 2), overall in a 2:1 stoichiometric ratio (Table 2).  Two unique C-I···P halogen bonds are 

observed, with bond geometries of dI···P = 3.090(5) Å and C-I···P = 178.4(5)° for the P1···I1 

halogen bond, and dI···P = 3.264(5) Å and C-I···P = 167.6(7)° for the P2···I2B halogen bond.  

These halogen bonds may also be characterized by reduced distance parameters (RXB = dI···P / 



 38 

vdW) of 0.78 and 0.83, respectively, with the stronger, shorter halogen bond also being more 

linear. The molecule of a comprising atom I2B is disordered over two positions of occupancy, 

and was solved using a split-site model with an occupancy ratio of 0.47:0.53, while the second 

molecule of a was solved using a single-site model albeit with large thermal ellipsoids (see 

Figure S1 of the Supporting Information).  As shown in Figure 19a, the crystal structure of 1a 

features one molecule of 1 at each end of molecule a, forming two unique discrete entities that 

each resemble a dumbbell.  As shown in Figure 19b, these discrete halogen-bonded entities 

are nearly perpendicular to each other and stack side-by-side to form the crystal 1a. 

 The phosphorus-iodine halogen bonds in 1a may be discussed in the context of the 

small dataset available for other cocrystals featuring such interactions. (Xu et al., 2018; Lisac 

et al., 2019; Siegfried et al., 2020)  For example, a cocrystal of triphenylphosphine with 1,3,5-

trifluoro-2,4,6-triiodobenzene which crystallizes in the 𝑃1̅ space group features only a single 

crystallographically distinct halogen bond characterized at 200 K by a I···P distance of 

3.376(1) Å, a C-I···P angle of 165.26(9)°, and a reduced distance parameter of 0.857.(Xu et 

al., 2018)  Lisac et al. (2019) reported similar parameters for a cocrystal of the same 

composition, but studied at 103 K: a I···P distance of 3.3133(5) Å, a C-I···P angle of 

165.33(4)°, and a reduced distance parameter of 0.877. Siegfried et al. (2020) provided 

crystallographic data at 153 K for three different cocrystals of bis(diphenylphosphino)ethane 

(dppe) with 1,4-diiodoperfluorobenzene, i.e., two different polymorphs with a 1:1 

stoichiometry and a third cocrystal with a 1:3 dppe:1,4-diiodoperfluorobenzene stoichiometry.  

In these three systems, the I···P distance ranges from 3.1732(5) to 3.251(2) Å, the C-I···P 

angle ranges from 169.97(5)° to 172.930(9)°, and the reduced distance parameter ranges from 

0.844 to 0.860. Siegfried et al. (2020) also tabulate some longer I···P contacts found in the 
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literature, namely 3.491(1) Å in ((8-iodo-1-naphthyl)methyl)(phenyl)phosphine (Anderson et 

al., 2008) and 3.289(1) Å in bis(7-iodo-2,3-dihydrothieno[3,4-b][1,4]dioxin-5-

yl)(phenyl)phosphine. (Tusy et al., 2014).  Thus, it is evident that one of the two I···P halogen 

bonds in 1a is the shortest and most linear reported to date in the literature (3.090(5) Å; 

178.4(5)°).  The other halogen bond in 1a is characterized by geometrical parameters more 

typical of previous examples in the literature (3.264(5) Å and 167.6(7)°). 
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Table 2: Summary of the crystallographic parameters for the crystal structure of 1a 

CCDC number 2128052 

Crystal data 

Chemical formula 2(C18H27P)·(C6F12I2) 

Mr 1102.59 

Crystal system, space group Triclinic, P1 

Temperature (K) 293 

a, b, c (Å) 10.321 (3), 15.231 (4), 15.663 (4) 

α, β, γ (°) 82.730 (6), 80.201 (5), 71.847 (6) 

V (Å3) 2298.5 (11) 

Z 2 

Radiation type Mo Kα 

µ (mm−1) 1.52 

Crystal size (mm) 0.13 × 0.09 × 0.05 

Data collection 

Diffractometer Bruker APEX-II CCD 

Absorption correction 
Multi-scan 

SADABS 

Tmin, Tmax 0.604, 0.745 

No. of measured, independent and 

observed [I > 2σ(I)] reflections 
19267, 6489, 3224 

Rint 0.099 

θmax (°) 23.3 

(sin θ/λ)max (Å
−1) 0.556 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.123, 0.192, 1.08 

No. of reflections 6489 

No. of parameters 605 

No. of restraints 259 

H-atom treatment H-atom parameters constrained 

 w = 1/[σ2(Fo
2) + 37.981P] 

where P = (Fo
2 + 2Fc

2)/3 

Δρmax, Δρmin (e Å−3) 1.13, −1.21 
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Computer programs: Bruker APEX3, Bruker SAINT, SHELXT 2014/5 (Sheldrick, 

2014), SHELXL2018/3 (Sheldrick, 2018). 

 

 

Figure 20: Experimental (blue, below) and calculated (orange, above) powder X-ray 

diffractograms of compound 1a. 

Shown in Figure 20 are experimental and calculated powder X-ray diffractograms of 1a. 

The agreement between the experimental trace and that computed on the basis of the single 

crystal structure indicates that the crystal phase in the powder form agrees with that determined 

from the single-crystal X-ray structure determination. Broadening and slight shifts in some 

peaks of the experimental diffractogram are well-known and attributed to particle size effects, 

possible strain effects, and instrumental conditions.(Ungár, 2001; King and Payzant, 2001) 

The PXRD data thus presently provide a valuable check to ensure that the powders studied by 

solid-state NMR spectroscopy (vide infra) are representative of the single-crystal structure and 

that the NMR data may therefore be confidently interpreted in the context of this structure.  



 42 

3.2 - Solid-State NMR Spectroscopy 

Figure 21 (a) Experimental 31P cross-polarization magic-angle spinning solid-state NMR 

spectra of 1 (above, black) and cocrystal 1a (below, blue) acquired at B0 = 9.4 T (MAS = 9 

kHz). The dagger indicates a trace amount of impurity, assigned to 

dicyclohexylphenylphosphine oxide. (b) Experimental 19F magic-angle spinning solid-state 

NMR of cocrystal 1a acquired at B0 = 4.7 T (MAS = 25 kHz). The double-dagger denotes a 

trace amount of impurity. 
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Figure 22 Experimental 1H → 13C cross-polarization magic-angle spinning solid-state NMR 

spectrum of 1 (top, black; MAS = 9 kHz) and cocrystal 1a (bottom, blue; MAS = 8 kHz) 

acquired at B0 = 9.4 T. The asterisks denote spinning sidebands while the inset in red shows 

the lower intensity resonance assigned to the iodinated (CF2I) carbon. 

 

Solid-state NMR spectroscopy has a long history of providing structural and 

crystallographic information.(Harris et al., 2009; Bryce and Taulelle, 2017) The field of NMR 

crystallography, which harnesses the synergies between diffraction and spectroscopy, has 

developed substantially in recent years to the point where complete crystallographic structures 

may now be routinely solved using some combination of powder X-ray diffraction data, 

experimental NMR data, and computational chemistry.(Hodgkinson, 2020; Engel et al., 2019) 

More rudimentary uses of solid-state NMR in the analysis of the structure of powders and 

crystals include verifying phase purity, assessing the correct space group, identifying the 
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number of distinct molecules in the asymmetric unit, and providing evidence for new crystal 

phases, polymorphs, cocrystallization, etc. (Martineau et al., 2014)  Solid-state NMR is also 

invaluable for identifying and characterizing amorphous phases, guest species, and dynamic 

processes in powders and crystals.(Xu et al., 2016) 

  

As shown in Figure 21a, the 31P solid-state NMR spectrum of 1a displays a single 

resonance at a chemical shift of (31P) = -3.9 ppm, which is 7.0 ppm lower than that of 1 (Table 

2).  The 31P NMR line shape of 1a features a slight broadening and a chemical shift change 

that is consistent with that observed in prior 31P NMR spectra of the C-I···P moiety in a 

(triphenylphosphine)(1,3,5-trifluoro-2,4,6-triiodobenzene) cocrystal.(Xu et al., 2018)  While 

the crystal structure of 1a has Z’ = 2 and two resonances are expected in the 31P spectrum, the 

broadened features observed in the experimental 31P line shape may be due in part to two 

overlapping 31P resonances, along with the presence of crystallographic disorder.  The 

presence of a minor impurity at (31P) = 44.6 ppm has been assigned to 

dicyclohexylphenylphosphine oxide.   

As shown in Figure 21b, the 19F NMR spectrum also features broadening of all the 

resonances, attributable to crystallographic disorder and homonuclear 19F-19F dipolar 

couplings.  As the starting material a is a liquid at room temperature, 19F solid-state NMR was 

not performed.  The mere fact that it was possible to record a 19F solid-state NMR spectrum 

for the product 1a is therefore direct evidence of halogen-bond-induced cocrystal formation. 

19F → 31P cross-polarization magic-angle spinning NMR experiments also unequivocally 

establish halogen-bond-induced cocrystal formation. 
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To date, 13C solid-state NMR spectroscopy has not been used to characterize cocrystals 

featuring iodine-phosphorus halogen bonds.  13C NMR could prove to be a useful indirect tool 

to monitor halogen-bond-induced cocrystallization in such systems, despite the indirect role 

that carbon plays in such bonds.  As shown in Figure 22, the 13C solid-state NMR spectrum of 

1a displays multiple resonances, and those associated with the perfluorinated halogen bond 

donor, a, can be observed (Table 3).  The lower intensity of the resonances assigned to a are 

due in part to the smaller 1H-13C dipolar coupling, reducing the cross-polarization efficiency, 

along with the presence of 13C-19F couplings, and in the case of the C-I carbon, 13C-127I 

couplings.(Terskikh et al., 2009)  The 13C chemical shifts of 1a are distinct from those of 1, 

and much like in the 31P and 19F spectra, the 13C resonances feature broadening. This 

broadening may be in part due to the crystallographic disorder and unfortunately precludes the 

confirmation of Z’ by solid-state NMR.  

Table 3 Experimental 31P, 19F, and 13C solid-state NMR isotropic chemical shifts measured for 

1 and 1a (all in ppm). 

Nucleus 

 

1 

 

1a 

31P 3.1 -3.9 

19F n/a -71.2, -76.3, -112.7, -120.5 

13C 27.9, 31.4, 32.8, 128.6, 

135.2 

27.4, 30.8, 33.1, 36.4, 

108.6, 129.6, 130.9, 133.1, 

139.6 
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Conclusions 

A novel cocrystal 1a, (dicyclohexylphenylphosphine)(1,6-diiodoperfluorohexane), 

was prepared by mechanochemical ball milling and investigated using a combination of X-ray 

crystallography and 31P, 19F, and 13C solid-state NMR spectroscopy. The single-crystal X-ray 

crystal structure reveals the presence of two crystallographically distinct C-I···P halogen 

bonds, and the solid-state NMR results support the occurrence of cocrystallization.  One of the 

two halogen bonds is the shortest and most linear observed to date for a I···P interaction, and 

is characterized by a reduced distance parameter of 0.78. The 31P isotropic chemical shift of 

the dicyclohexylphenylphosphine moiety decreases by 7.0 ppm upon formation of the 

phosphorus-iodine halogen bond.  In addition, further synergies between diffraction and NMR 

strengthened the characterization of 1a.  These include cocrystallization-induced 13C chemical 

shifts of remote donor and acceptor carbon atoms; the observation of a 19F NMR signal 

indicative of cocrystal formation rather than physical mixing of the two pure component 

molecules; and peak broadening consistent with a crystalline product featuring internal 

disorder of the iodoperfluoroalkane moiety.   

This work contributes to a growing body of knowledge concerning cocrystal 

engineering with phosphorus as a halogen bond acceptor.  In particular, the use of 

iodoperfluoroalkanes as halogen bond donors which interact with phosphorus-based acceptors 

has been established. The dicyclohexylphenylphosphine molecule has also been shown to act 

as a halogen bond acceptor for the first time.  One can thus envision the future use of a broader 

range of phosphine molecules as halogen bond acceptors and indeed as acceptors for various 

other classes of element-based electrophilic non-covalent interactions such as chalcogen 

bonds, pnictogen bonds, and tetrel bonds. 
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Supporting information  

 

 

Figure S1 Thermal ellipsoid plot of the crystal structure of 1a.  Figure generated using ORTEP-

3.(Farrugia, 2012) 

 

Table S1. Selected hydrogen-bond parameters 

D—H···A D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 

C38—

H38A···I2Aai 

0.97 3.33 4.098 (15) 137.9 

C42—

H42A···I2Aaii 

0.97 3.28 3.948 (14) 127.4 

Symmetry code(s):  (i) -x, -y+1, -z+1; (ii) -x+1, -y+1, -z+1. 
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Table S2. Selected geometric parameters (Å, º) 

I1—C1 2.167 (16) C26—C27 1.39 (2) 

F1—C1 1.303 (19) C26—H26 0.9300 

F2—C1 1.385 (19) C27—C28 1.37 (2) 

F3—C2 1.329 (14) C27—H27 0.9300 

F4—C2 1.324 (14) C28—C29 1.40 (2) 

F5—C3 1.373 (15) C28—H28 0.9300 

F6—C3 1.324 (15) C29—C30 1.39 (2) 

C1—C2 1.487 (19) C29—H29 0.9300 

C2—C3 1.536 (17) C30—H30 0.9300 

C3—C3i 1.51 (3) C31—C36 1.506 (19) 

P1—C13 1.832 (15) C31—C32 1.52 (2) 

P1—C19 1.848 (15) C31—H31 0.9800 

P1—C7 1.863 (16) C32—C33 1.50 (2) 

P2—C25 1.802 (15) C32—H32A 0.9700 

P2—C37 1.847 (15) C32—H32B 0.9700 

P2—C31 1.852 (16) C33—C34 1.47 (2) 

C7—C8 1.37 (2) C33—H33A 0.9700 

C7—C12 1.39 (2) C33—H33B 0.9700 

C8—C9 1.38 (2) C34—C35 1.46 (2) 

C8—H8 0.9300 C34—H34A 0.9700 

C9—C10 1.37 (2) C34—H34B 0.9700 

C9—H9 0.9300 C35—C36 1.50 (2) 

C10—C11 1.35 (2) C35—H35A 0.9700 

C10—H10 0.9300 C35—H35B 0.9700 

C11—C12 1.37 (2) C36—H36A 0.9700 

C11—H11 0.9300 C36—H36B 0.9700 

C12—H12 0.9300 C37—C42 1.521 (18) 

C13—C18 1.510 (19) C37—C38 1.523 (19) 

C13—C14 1.545 (19) C37—H37 0.9800 

C13—H13 0.9800 C38—C39 1.526 (19) 
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C14—C15 1.53 (2) C38—H38A 0.9700 

C14—H14A 0.9700 C38—H38B 0.9700 

C14—H14B 0.9700 C39—C40 1.517 (19) 

C15—C16 1.52 (2) C39—H39A 0.9700 

C15—H15A 0.9700 C39—H39B 0.9700 

C15—H15B 0.9700 C40—C41 1.51 (2) 

C16—C17 1.52 (2) C40—H40A 0.9700 

C16—H16A 0.9700 C40—H40B 0.9700 

C16—H16B 0.9700 C41—C42 1.507 (19) 

C17—C18 1.52 (2) C41—H41A 0.9700 

C17—H17A 0.9700 C41—H41B 0.9700 

C17—H17B 0.9700 C42—H42A 0.9700 

C18—H18A 0.9700 C42—H42B 0.9700 

C18—H18B 0.9700 I2A—C4A 2.17 (2) 

C19—C24 1.512 (19) F7A—C4A 1.32 (2) 

C19—C20 1.54 (2) F8A—C4A 1.39 (2) 

C19—H19 0.9800 F9A—C5A 1.337 (19) 

C20—C21 1.53 (2) F10A—C5A 1.343 (18) 

C20—H20A 0.9700 F11A—C6A 1.38 (2) 

C20—H20B 0.9700 F12A—C6A 1.31 (2) 

C21—C22 1.49 (2) C4A—C5A 1.49 (2) 

C21—H21A 0.9700 C5A—C6A 1.54 (2) 

C21—H21B 0.9700 C6A—C6Aii 1.62 (5) 

C22—C23 1.50 (2) I2B—C4B 2.180 (19) 

C22—H22A 0.9700 F7B—C4B 1.31 (2) 

C22—H22B 0.9700 F8B—C4B 1.40 (2) 

C23—C24 1.54 (2) F9B—C5B 1.338 (19) 

C23—H23A 0.9700 F10B—C5B 1.342 (18) 

C23—H23B 0.9700 F11B—C6B 1.40 (2) 

C24—H24A 0.9700 F12B—C6B 1.31 (2) 

C24—H24B 0.9700 C4B—C5B 1.49 (2) 
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C25—C30 1.38 (2) C5B—C6B 1.54 (2) 

C25—C26 1.40 (2) C6B—C6Bii 1.39 (5) 

F1—C1—F2 104.7 (15) C28—C27—C26 121.7 (18) 

F1—C1—C2 110.0 (15) C28—C27—H27 119.1 

F2—C1—C2 105.5 (14) C26—C27—H27 119.1 

F1—C1—I1 112.0 (12) C27—C28—C29 118.1 (17) 

F2—C1—I1 106.9 (11) C27—C28—H28 121.0 

C2—C1—I1 116.8 (11) C29—C28—H28 121.0 

F4—C2—F3 107.0 (12) C30—C29—C28 119.5 (17) 

F4—C2—C1 106.5 (13) C30—C29—H29 120.2 

F3—C2—C1 104.9 (13) C28—C29—H29 120.2 

F4—C2—C3 108.6 (11) C25—C30—C29 122.2 (16) 

F3—C2—C3 109.1 (11) C25—C30—H30 118.9 

C1—C2—C3 119.9 (12) C29—C30—H30 118.9 

F6—C3—F5 107.5 (11) C36—C31—C32 112.8 (13) 

F6—C3—C3i 112.2 (16) C36—C31—P2 119.0 (11) 

F5—C3—C3i 106.2 (15) C32—C31—P2 112.1 (11) 

F6—C3—C2 108.5 (12) C36—C31—H31 103.6 

F5—C3—C2 105.9 (11) C32—C31—H31 103.6 

C3i—C3—C2 115.9 (15) P2—C31—H31 103.6 

C13—P1—C19 104.4 (7) C33—C32—C31 113.0 (14) 

C13—P1—C7 104.3 (7) C33—C32—H32A 109.0 

C19—P1—C7 104.4 (7) C31—C32—H32A 109.0 

C25—P2—C37 104.2 (7) C33—C32—H32B 109.0 

C25—P2—C31 102.9 (8) C31—C32—H32B 109.0 

C37—P2—C31 105.7 (7) H32A—C32—H32B 107.8 

C8—C7—C12 119.8 (15) C34—C33—C32 115.4 (16) 

C8—C7—P1 116.6 (13) C34—C33—H33A 108.4 

C12—C7—P1 123.5 (14) C32—C33—H33A 108.4 

C7—C8—C9 119.4 (16) C34—C33—H33B 108.4 

C7—C8—H8 120.3 C32—C33—H33B 108.4 
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C9—C8—H8 120.3 H33A—C33—H33B 107.5 

C10—C9—C8 120.2 (17) C35—C34—C33 112.3 (16) 

C10—C9—H9 119.9 C35—C34—H34A 109.1 

C8—C9—H9 119.9 C33—C34—H34A 109.1 

C11—C10—C9 120.7 (17) C35—C34—H34B 109.1 

C11—C10—H10 119.7 C33—C34—H34B 109.1 

C9—C10—H10 119.7 H34A—C34—H34B 107.9 

C10—C11—C12 120.1 (18) C34—C35—C36 114.1 (15) 

C10—C11—H11 119.9 C34—C35—H35A 108.7 

C12—C11—H11 119.9 C36—C35—H35A 108.7 

C11—C12—C7 119.8 (17) C34—C35—H35B 108.7 

C11—C12—H12 120.1 C36—C35—H35B 108.7 

C7—C12—H12 120.1 H35A—C35—H35B 107.6 

C18—C13—C14 108.6 (13) C35—C36—C31 112.3 (13) 

C18—C13—P1 112.0 (10) C35—C36—H36A 109.1 

C14—C13—P1 110.6 (10) C31—C36—H36A 109.1 

C18—C13—H13 108.5 C35—C36—H36B 109.1 

C14—C13—H13 108.5 C31—C36—H36B 109.1 

P1—C13—H13 108.5 H36A—C36—H36B 107.9 

C15—C14—C13 112.7 (13) C42—C37—C38 109.5 (12) 

C15—C14—H14A 109.1 C42—C37—P2 110.7 (10) 

C13—C14—H14A 109.1 C38—C37—P2 110.8 (10) 

C15—C14—H14B 109.1 C42—C37—H37 108.6 

C13—C14—H14B 109.1 C38—C37—H37 108.6 

H14A—C14—H14B 107.8 P2—C37—H37 108.6 

C16—C15—C14 110.5 (14) C37—C38—C39 111.6 (12) 

C16—C15—H15A 109.5 C37—C38—H38A 109.3 

C14—C15—H15A 109.5 C39—C38—H38A 109.3 

C16—C15—H15B 109.5 C37—C38—H38B 109.3 

C14—C15—H15B 109.5 C39—C38—H38B 109.3 

H15A—C15—H15B 108.1 H38A—C38—H38B 108.0 
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C17—C16—C15 110.3 (14) C40—C39—C38 110.6 (12) 

C17—C16—H16A 109.6 C40—C39—H39A 109.5 

C15—C16—H16A 109.6 C38—C39—H39A 109.5 

C17—C16—H16B 109.6 C40—C39—H39B 109.5 

C15—C16—H16B 109.6 C38—C39—H39B 109.5 

H16A—C16—H16B 108.1 H39A—C39—H39B 108.1 

C18—C17—C16 110.5 (14) C41—C40—C39 113.0 (13) 

C18—C17—H17A 109.5 C41—C40—H40A 109.0 

C16—C17—H17A 109.5 C39—C40—H40A 109.0 

C18—C17—H17B 109.5 C41—C40—H40B 109.0 

C16—C17—H17B 109.5 C39—C40—H40B 109.0 

H17A—C17—H17B 108.1 H40A—C40—H40B 107.8 

C13—C18—C17 113.4 (14) C42—C41—C40 111.0 (13) 

C13—C18—H18A 108.9 C42—C41—H41A 109.4 

C17—C18—H18A 108.9 C40—C41—H41A 109.4 

C13—C18—H18B 108.9 C42—C41—H41B 109.4 

C17—C18—H18B 108.9 C40—C41—H41B 109.4 

H18A—C18—H18B 107.7 H41A—C41—H41B 108.0 

C24—C19—C20 107.9 (13) C41—C42—C37 113.1 (13) 

C24—C19—P1 115.3 (11) C41—C42—H42A 109.0 

C20—C19—P1 110.7 (10) C37—C42—H42A 109.0 

C24—C19—H19 107.5 C41—C42—H42B 109.0 

C20—C19—H19 107.5 C37—C42—H42B 109.0 

P1—C19—H19 107.5 H42A—C42—H42B 107.8 

C21—C20—C19 112.8 (14) F7A—C4A—F8A 109.3 (16) 

C21—C20—H20A 109.0 F7A—C4A—C5A 110 (2) 

C19—C20—H20A 109.0 F8A—C4A—C5A 105 (2) 

C21—C20—H20B 109.0 F7A—C4A—I2A 110.1 (18) 

C19—C20—H20B 109.0 F8A—C4A—I2A 106.5 (17) 

H20A—C20—H20B 107.8 C5A—C4A—I2A 115.0 (14) 

C22—C21—C20 111.8 (16) F9A—C5A—F10A 111.0 (15) 
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C22—C21—H21A 109.3 F9A—C5A—C4A 103.1 (18) 

C20—C21—H21A 109.3 F10A—C5A—C4A 108.8 (19) 

C22—C21—H21B 109.3 F9A—C5A—C6A 109.3 (18) 

C20—C21—H21B 109.3 F10A—C5A—C6A 106.0 (17) 

H21A—C21—H21B 107.9 C4A—C5A—C6A 118.7 (17) 

C21—C22—C23 111.8 (15) F12A—C6A—F11A 110.2 (16) 

C21—C22—H22A 109.2 F12A—C6A—C5A 109.2 (19) 

C23—C22—H22A 109.2 F11A—C6A—C5A 104.0 (19) 

C21—C22—H22B 109.2 F12A—C6A—C6Aii 113 (3) 

C23—C22—H22B 109.2 F11A—C6A—C6Aii 103 (2) 

H22A—C22—H22B 107.9 C5A—C6A—C6Aii 117 (2) 

C22—C23—C24 111.4 (15) F7B—C4B—F8B 109.0 (15) 

C22—C23—H23A 109.3 F7B—C4B—C5B 108.4 (18) 

C24—C23—H23A 109.3 F8B—C4B—C5B 102.9 (18) 

C22—C23—H23B 109.3 F7B—C4B—I2B 112.7 (15) 

C24—C23—H23B 109.3 F8B—C4B—I2B 105.4 (17) 

H23A—C23—H23B 108.0 C5B—C4B—I2B 117.7 (14) 

C19—C24—C23 112.4 (14) F9B—C5B—F10B 111.0 (15) 

C19—C24—H24A 109.1 F9B—C5B—C4B 104.7 (18) 

C23—C24—H24A 109.1 F10B—C5B—C4B 106.9 (17) 

C19—C24—H24B 109.1 F9B—C5B—C6B 106.4 (17) 

C23—C24—H24B 109.1 F10B—C5B—C6B 108.7 (17) 

H24A—C24—H24B 107.8 C4B—C5B—C6B 119.1 (16) 

C30—C25—C26 117.1 (14) F12B—C6B—C6Bii 112 (3) 

C30—C25—P2 117.7 (12) F12B—C6B—F11B 108.9 (15) 

C26—C25—P2 124.9 (12) C6Bii—C6B—F11B 97 (3) 

C27—C26—C25 120.2 (16) F12B—C6B—C5B 112 (2) 

C27—C26—H26 119.9 C6Bii—C6B—C5B 122 (2) 

C25—C26—H26 119.9 F11B—C6B—C5B 104.3 (18) 

F1—C1—C2—F4 −171.4 (15) C26—C25—C30—C29 −8 (3) 

F2—C1—C2—F4 −59.0 (17) P2—C25—C30—C29 178.5 (13) 
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I1—C1—C2—F4 59.5 (16) C28—C29—C30—C25 8 (3) 

F1—C1—C2—F3 75.4 (17) C25—P2—C31—C36 68.1 (14) 

F2—C1—C2—F3 −172.2 (13) C37—P2—C31—C36 −40.9 (14) 

I1—C1—C2—F3 −53.7 (16) C25—P2—C31—C32 −66.6 (13) 

F1—C1—C2—C3 −48 (2) C37—P2—C31—C32 −175.6 (11) 

F2—C1—C2—C3 64.7 (19) C36—C31—C32—C33 45 (2) 

I1—C1—C2—C3 −176.7 (11) P2—C31—C32—C33 −177.0 (12) 

F4—C2—C3—F6 73.5 (14) C31—C32—C33—C34 −46 (2) 

F3—C2—C3—F6 −170.2 (12) C32—C33—C34—C35 49 (2) 

C1—C2—C3—F6 −49.3 (19) C33—C34—C35—C36 −52 (2) 

F4—C2—C3—F5 −171.3 (12) C34—C35—C36—C31 52 (2) 

F3—C2—C3—F5 −55.0 (14) C32—C31—C36—C35 −48.4 (19) 

C1—C2—C3—F5 66.0 (18) P2—C31—C36—C35 177.2 (12) 

F4—C2—C3—C3i −54 (2) C25—P2—C37—C42 63.7 (12) 

F3—C2—C3—C3i 62 (2) C31—P2—C37—C42 171.7 (10) 

C1—C2—C3—C3i −176.6 (17) C25—P2—C37—C38 −174.6 (11) 

C13—P1—C7—C8 146.8 (12) C31—P2—C37—C38 −66.5 (12) 

C19—P1—C7—C8 −103.9 (13) C42—C37—C38—C39 −56.2 (16) 

C13—P1—C7—C12 −36.7 (15) P2—C37—C38—C39 −178.6 (10) 

C19—P1—C7—C12 72.5 (14) C37—C38—C39—C40 55.6 (17) 

C12—C7—C8—C9 2 (2) C38—C39—C40—C41 −53.7 (18) 

P1—C7—C8—C9 178.3 (12) C39—C40—C41—C42 52.7 (18) 

C7—C8—C9—C10 −3 (3) C40—C41—C42—C37 −54.0 (18) 

C8—C9—C10—C11 3 (3) C38—C37—C42—C41 55.7 (17) 

C9—C10—C11—C12 −1 (3) P2—C37—C42—C41 178.2 (11) 

C10—C11—C12—C7 0 (3) F7A—C4A—C5A—F9A 63 (2) 

C8—C7—C12—C11 0 (2) F8A—C4A—C5A—F9A −178.8 (19) 

P1—C7—C12—C11 −176.3 (12) I2A—C4A—C5A—F9A −62 (2) 

C19—P1—C13—C18 61.0 (13) F7A—C4A—C5A—F10A −179 (2) 

C7—P1—C13—C18 170.3 (11) F8A—C4A—C5A—F10A −61 (2) 

C19—P1—C13—C14 −177.7 (11) I2A—C4A—C5A—F10A 56 (2) 
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C7—P1—C13—C14 −68.5 (12) F7A—C4A—C5A—C6A −58 (3) 

C18—C13—C14—C15 −54.1 (19) F8A—C4A—C5A—C6A 60 (3) 

P1—C13—C14—C15 −177.3 (12) I2A—C4A—C5A—C6A 177.0 (16) 

C13—C14—C15—C16 56 (2) F9A—C5A—C6A—F12A −172 (2) 

C14—C15—C16—C17 −57 (2) F10A—C5A—C6A—F12A 68 (2) 

C15—C16—C17—C18 57 (2) C4A—C5A—C6A—F12A −54 (3) 

C14—C13—C18—C17 54.8 (19) F9A—C5A—C6A—F11A −54 (2) 

P1—C13—C18—C17 177.2 (12) F10A—C5A—C6A—F11A −174 (2) 

C16—C17—C18—C13 −58 (2) C4A—C5A—C6A—F11A 63 (3) 

C13—P1—C19—C24 135.8 (12) F9A—C5A—C6A—C6Aii 58 (3) 

C7—P1—C19—C24 26.7 (14) F10A—C5A—C6A—C6Aii −61 (3) 

C13—P1—C19—C20 −101.3 (12) C4A—C5A—C6A—C6Aii 176 (2) 

C7—P1—C19—C20 149.5 (12) F7B—C4B—C5B—F9B 68 (2) 

C24—C19—C20—C21 −55.1 (19) F8B—C4B—C5B—F9B −177.0 (17) 

P1—C19—C20—C21 177.9 (13) I2B—C4B—C5B—F9B −62 (2) 

C19—C20—C21—C22 55 (2) F7B—C4B—C5B—F10B −174.6 (18) 

C20—C21—C22—C23 −54 (2) F8B—C4B—C5B—F10B −59 (2) 

C21—C22—C23—C24 54 (2) I2B—C4B—C5B—F10B 56 (2) 

C20—C19—C24—C23 55.5 (18) F7B—C4B—C5B—C6B −51 (3) 

P1—C19—C24—C23 179.8 (12) F8B—C4B—C5B—C6B 64 (2) 

C22—C23—C24—C19 −56 (2) I2B—C4B—C5B—C6B 179.5 (15) 

C37—P2—C25—C30 −148.6 (13) F9B—C5B—C6B—F12B −162 (2) 

C31—P2—C25—C30 101.2 (14) F10B—C5B—C6B—F12B 78 (2) 

C37—P2—C25—C26 38.4 (16) C4B—C5B—C6B—F12B −44 (3) 

C31—P2—C25—C26 −71.8 (16) F9B—C5B—C6B—C6Bii 63 (3) 

C30—C25—C26—C27 8 (2) F10B—C5B—C6B—C6Bii −57 (3) 

P2—C25—C26—C27 −178.5 (13) C4B—C5B—C6B—C6Bii −179 (3) 

C25—C26—C27—C28 −10 (3) F9B—C5B—C6B—F11B −44 (2) 

C26—C27—C28—C29 10 (3) F10B—C5B—C6B—F11B −164 (2) 

C27—C28—C29—C30 −9 (3) C4B—C5B—C6B—F11B 73 (3) 

Symmetry code(s): (i) −x+2, −y, −z+1; (ii) −x+1, −y, −z+1. 
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Chapter 4 – Valence p-Orbital Population Anisotropy in 

Halogen-Bonded Systems 

4.1 - Objectives 

The following section focuses on the different theoretical concepts necessary to the 

proper comprehension of this project, including the results, discussion and conclusion of this 

report. The main objective of this project is to understand and correlate the use of a newly 

reported parameter,34 VPPA, valence p-orbital population anisotropy, with the origins of the 

electric field gradients (EFG) in halogen-bonded systems. To do so, computational work on 

models and real halogen-bonded crystal systems will be done using standard hybrid density 

functional theory (DFT) methods. P-orbital populations will be generated and used to compute 

the VPPA. The utility of the VPPA parameter, linked with the EFG, will be discussed as a tool 

to assess particular donors’ ability to engage in halogen bonds.  

4.2 – Townes-Dailey Model 

 This model involves the field gradients generated by the p electrons and is usually used 

to estimate the fraction of ionic character from a single nuclear quadrupolar coupling constant 

of diatomic molecules. The TD model asserts that only the p electrons of the atom need to be 

taken into consideration since the core electrons consist of filled shells and are spherically 

symmetrical. The s electrons produce zero field gradient and d electrons do produce a field 

gradient but since it has been estimated to be smaller than the p electrons by a factor of 47, it 

can be neglected.35 In relation with NQR, one of the most widely used approaches to provide 

a meaningful account of bonding trends within a series of related compounds is that formulated 

by Townes and Dailey for the interpretation of nuclear quadrupole interactions (NQI). 23 The 
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electric field gradient at a quadrupolar nucleus is influenced mainly from electrons of the same 

atom. As a first approximation, the internal electron distribution may be considered spherically 

symmetric due to its closed environment. Therefore, they will not contribute to the EFG. If the 

only purpose for the NQI comparison is chemical interpretation and not discussion of their 

absolute meanings, then the polarization of the internal electrons can be neglected. For the 

valence electrons, s-orbital ones that are spherically symmetric do not contribute to the EFG 

and their main contribution is caused by p-electrons; because of the more significant distance 

from the nucleus and their smaller participation in hybridization, d and f electrons’ contribution 

to the EFG is much less. In a recent paper by Wu and Rinald,34 a modified Townes-Dailey 

(TD) model was proposed to help interpret and visualize nuclear quadrupolar coupling tensors 

(NQCT) and EFGs in organic molecules. It is shown that each principal component of the 

NQCT is directly related to a new quantity, the valence p-orbital population anisotropy (VPPA 

or ΔP) within the TD model framework. This proposed model is actually a simple 

reformulation of the original TD model and does not introduce new concepts, but this new 

proposition makes it possible to directly visualize and interpret more straightforwardly the 

experimentally determined NQCTs in different molecules. The utilization of VPPA for 

different nuclei such as 11B, 14N, 17O, 35Cl, 79Br, and 127I were done and compared. 

In this project, we applied the new VPPA knowledge to our groups’ previously reported 

extensive experimental NMR and NQR data relating 35Cl, 79Br, and 127I nuclei quadrupolar 

coupling information to local molecular structure in halogen-bonded systems.36 VPPA will be 

used to increase the understanding of the origins of the EFGs in halogen-bonded systems. 
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4.3 – VPPA Parameter 

 Valence p-orbital population anisotropy (VPPA or ΔP) describes the p-orbital 

population imbalance in each of the 3 principal-axis directions for each valence p-orbital wave 

function.  

∆𝑃𝑖𝑖 =  𝑃𝑖𝑖 −  𝑃𝑎𝑣𝑒  

Where  𝑃𝑎𝑣𝑒 =
1

3
(𝑃𝑖𝑖 + 𝑃𝑗𝑗 +  𝑃𝑘𝑘) 

Equation 10. Valence p-orbital population anisotropy (VPPA or ΔP) 

A positive ΔPii in one direction means that the p-orbital population is in excess (of electrons) 

in that direction whereas a negative ΔPii means that the p-orbital population is deficient. Some 

advantages of using VPPA ellipsoids to represent quadrupolar coupling tensors are that it has 

a clear physical meaning and can often be linked directly to the Lewis structure of the molecule 

of interest. If the ΔPii is very positive (high value), it is usually related to the direction of 

electron lone pairs. If ΔPii is very negative, it can be linked to the presence of σ-holes. On the 

basis of ΔPzz and the equations below, it is easier to understand the sign of CQ, the quadrupolar 

coupling constant. 

The quadrupolar tensor component χ0 is defined as the contribution from a single 

electron residing in the pz orbital to the z-component of the quadrupolar coupling (QC) tensor. 

As represented in Figure 23 the x and y components of the QC tensor (axially symmetric) are 

of the same value ( - χ0/2) since the QC tensor must be traceless. The sign of χ0 can be positive 

or negative, it depends on the sign of Q; The sign of χ0 will always be the opposite of that of 

Q. 
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Figure 23: Sign of χ0 

4.4 – Computational methods 

 All computational calculations were carried out using the Gaussian 09 software37 on 

the UOttawa Wooki Cluster.38 The model compounds were constructed and visualized via 

GaussView 4.1 software for Microsoft Windows.39 All CIF files were viewed and edited on 

Mercury and then visualized using GaussView 4.1 software. 

All calculations were conducted with the 6-311G(3df) basis set except for 127I and 79Br 

molecules, where the DGDZVP basis set was used (more preferable with heavy atoms). The 

compounds (O test molecules are shown in Table 4, Br molecules are shown in Table 5 and 

Figure 27 and I molecules are shown in Table 7 and Figure 31) were first geometry optimized 

on the hydrogen atoms using DFT (B3LYP level of theory) methods with keywords 

geom=connectivity. A population and NBO analysis was also implemented with keywords 

“pop=(nbo, savenbo)”. Direct calculations of EFG tensors were then performed using the 

“prop” keyword. P-orbital information and EFG tensor components were taken from the 

output file under NBO analysis and the electrostatic properties using SCF density section 

respectively. EFGShield version 4.640 was used to extract the calculated CQ. 
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4.5 – Results and Discussion  

Initially, trial test runs were performed first to ensure reproducible and consistent 

results with the literature as well as to become familiar with the Gaussian program and 

calculations. This was done using 17O as the nucleus of interest. The molecules created in 

Gaussview and used in calculations were formaldehyde, ethylene oxide, dimethyl ether, water, 

carbon monoxide, furan and hypofluorite (see Table 4). As a theory reminder for calculating 

χii , the three principal components of the quadrupole coupling (QC) tensor 

𝜒𝑖𝑖 =  3
2⁄ ∙ 𝜒0 ∙ ∆𝑃𝑖𝑖 

Equation 11: Modified Townes-Dailey calculated χii  

 

𝜒𝑖𝑖 =  2.349 ∙ 𝑄 ∙ 𝑉𝑖𝑖 

Equation 12: Direct calculation of χii 

EFG tensor components can be found under the Electrostatic Properties Using the SCF 

Density section in the output file. An example with formaldehyde is shown in Figure 24 and 

Figure 25 below. 
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Figure 24: Formaldehyde’s Vii Electric field gradient tensor components under the 

Electrostatic Properties using the SCF Density section in the output file.  

 

Figure 25: Geometry optimization was done prior to NMR calculations. Atom 1 is the 

carbon, 2 is oxygen and 3-4 are the hydrogens in the formaldehyde molecule.  

As observable in Table 4, Vii values along with VPPA (∆P) and Paverage were 

determined and compared to the values obtained in the original paper; the values are very 

similar, errors stay within an average of  0.5 MHz for the quadrupolar coupling constant (χii), 

with the biggest difference observed being 3.32 MHz for hypofluorite. The reasons for the 
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discrepancy are unclear, as the same protocols followed in the original paper were followed in 

the present work. 

Table 4: Results for trial tests with 17O set molecules. Reported original values from Wu34 

are italicized and given below the calculated values.  

Molecule Vii (EFG tensor 

components) 

χii (modified TD) 

(MHz) 

 

χii (direct calculation) 

(MHz)  

∆P xx ∆Pyy ∆Pzz Pave 

χxx χyy χzz χxx χyy χzz 

Ethylene Oxide -1.539  -0.872 2.411 -6,411 

-5.721 

-7,395 

-7.106 

13,81 

12.83 

-9.245 

-9.237 

-5.239 

-5.296 

14.48 

14.11 

-0.171 

-0.153  

-0.197 

-0.190 

0.367 

0.343 

1.579 

1.590 

Dimethyl ether -1.975 -0.131 2.106 10,04 

10.00 

-11,71 

-11.66 

1,666 

1.655 

-11.87 

-11.69 

-0.788 

-0.571 

12.65 

12.26 

0.290 

0.268 

-0.319 

-0.312 

0.029 

0.044 

1.639 

1.645 

Water -1.866 -0.102 1.967 -10,47 

-10.03 

10,57 

10.66 

-4.101 

-4.187 

-11.21 

-9.94 

-0.611 

-0.609 

11.82 

10.51 

-0.279 

-0.269 

0.281 

0.285 

-0.003 

-0.002 

1.715 

1.708 

Furan -1,391 0,694 0,697 3,324 

3.711 

5,111 

4.712 

-8,436 

-8.422 

-8,358 

-8.338 

4,169 

3.609 

4,189 

4.729 

0,089 

0.099 

0,136 

0.126 

-0,224 

-0.226 

1,611 

1.610 

Carbon 

monoxide 

-0.384 -0.384 0.768 -1,717 

-1.606 

-1,717 

-1.606 

3,434 

3.212 

-2.309 

-2.310 

-2.309 

-2.310 

4.617 

4.610 

-0,045 

-0.043 

-0,045 

-0.043 

0,091 

0.086 

1,573 

1.575 

Formaldehyde -1,822 -0,322 2,144 -0,0872 

-0.343 

-10,74 

-10.43 

10,82 

10.74 

-10.95 

-10.95 

-1.934 

-1.930 

12.88 

12.88 

-0,0023 

-0.009 

-0,286 

-0.279 

0,2880 

0.288 

1,585 

1.588 

Hypofluorite -5.698 2.849 2.849 18,29 

16.63 

18,29 

16.63 

-36,59 

-33.27 

-34.24 

-30.98 

17.12 

15.49 

17.12 

15.49 

0.487 

0.445 

0.487 

0.445 

-0.974 

-0.891 

1.513 

1.554 

 

The 6-311G(3df) is the basis set used and the quadrupole moment Q is -2.558 fm2 (extracted 

with EFG shield program). ∆P values come from the natural bond orbital (NBO) section in 

the Output file, under Natural Populations: Natural atomic orbital occupancies (valence value 

px, py and pz). The direct calculation of χii is done using Equation 12 whereas the modified 

Townes Dailey calculation of χii is done using Equation 11. Just like in the method of Wu34, 

χ0 (contribution of one single electron to the z-component of the QC tensor) is treated as an 

adjustable variable so that the plot of 1.5 *χ0*∆Pii in function of χii would display a slope of 

unity. This method proved to be equivalent to the basis-set dependent scaling of the nuclear 
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quadrupole moment used in previous studies. Therefore, the value of χ0 was modified until a 

value of 1 was obtained for the slope. The plot for 17O molecules is shown in Figure 26 

below. 

 

 

Figure 26: Plot of 1.5 *χ0*∆Pii in function of χii with a slope of unity to find χ0.  

χ0 has a value of 25.05 for this example. This was compared to the 24.9 value obtained in the 

literature. A high R2 value is observed (0.9981) proving a good correlation here for the 17O set 

of molecules. The VPPA parameter has good correlation with quadrupolar coupling constant 

values for small molecules comprised with 17O nuclei. 
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79Br Containing Molecules 

After ensuring 17O results using VPPA are reproducible and consistent with reported 

work (Wu34), we move to bigger molecules and to ideally observe if VPPA can correlate well 

with experimental quadrupolar coupling constants. In previous group work by Szell and al.50, 

79Br NQR was used to demonstrate its abilities to characterize electronic changes in the C-

Br/N halogen bonding motifs found in molecules constructed from 1,4-

dibromotetrafluorobenzene and nitrogen-containing heterocycles. The molecules studied with 

relevant information are shown in Figure 27 and Table 5. Results show that an increase in the 

bromine quadrupolar coupling constant is observed, which correlates linearly with the halogen 

bond distance.50 In this work, the quadrupolar coupling constant CQ and asymmetry parameter 

(ƞ) were measured using a combination of pure NQR and nutation NQR. This approach 

demonstrated to be sensitive to small changes in the halogen bond geometry, with the CQ in 

good correlation with the halogen bond length. Our motivation is to use computed VPPA data 

and compare with experimental ones to see the correlation and precision of the method. 
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Figure 27: X-ray crystal structures of p-dibromotetrafluorobenzene (1) and its cocrystals (2–

6), showing the C–Br/N halogen bond by the dashed lines. Original work from Szell et al50 
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Table 5: 79Br Containing Molecules 

Molecule Compound name Normalized 

distance 

parameter 

(RXB)a 

Halogen bond 

distance (Å) 

 

CSD reference 

41 

1 p-dibromotetrafluorobenzene - - ZZZAVJ ref. 42 

2 (acridine)( p-

dibromotetrafluorobenzene) 

0.891b 3.031b 712 047 ref. 43 

3 (phenazine)( p-

dibromotetrafluorobenzene) 

0.878 2.985 712 045 ref. 43 

4 (4,4’-bipyridine)( p-

dibromotetrafluorobenzene) 

0.846 

0.876 

2.878 (site A) 

2.979 (site B) 
199 297 ref. 44 

5 (1,4-diazabicyclo[2.2.2]octane)( 

p-dibromotetrafluorobenzene) 

0.851 

0.856 

2.894 (site A) 

2.910 (site B) 

649 676 ref. 45 

6 (piperazine)( p-

dibromotetrafluorobenzene) 

0.847 2.881 649 675 ref. 45 

a The normalized distance parameter RXB has been calculated as the ratio between the halogen bond length 

(dBr/N) and the sum of the van der Waals radii of Br and N. b The X-ray crystal structure shows disorder on the 

position of the nitrogen, resulting in two possible halogen bond geometries; the reported values herein are the 

averages over the two disordered halogen bond sites. 
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Table 6: VPPA results for 79Br containing molecules. Reported experimental CQ values from 

Vioglio49 are italicized and given below calculated values. 

 

 

The quadrupole moment Q is 31.30 fm2 (extracted with EFG shield program) and the basis set 

used is DGDZVP. Comparison between the calculated χii using VPPA and the experimental 

χii from Vioglio49 show a range of error of 24.71 to 65.35 MHz, which is 4 to 10%. Calculated 

χii values are, in average, 7% higher compared to the experimental values. Just like for the 17O 

set, in order to find χ0, the plot of 1.5 *χ0*∆Pii in function of χii with a slope of unity is produced 

and is shown in Figure 28 below). 

 

Molec

ule 

Vii (EFG tensor 

components) 

χii (direct calculation) 

(MHz)  

χii (VPPA) (MHz) 
 

  
 

∆Pxx 
  

 

∆Pyy ∆Pzz Pxx 
 

 

Pyy Pzz Pave 

χxx χyy χzz χxx χyy χzz 

 

1 -9.06 4.08 4.98 -666.22 299.99 366.23 
-668.24 

-616.92 
357.56 310.68 -0.55 0.29 0.26 1.12 1.96 1.92 1.67 

 

2 -9.29 4.23 5.06 -683.37 311.05 372.33 
-690.87 

-634.84 
369.63 321.24 -0.57 0.30 0.26 1.09 1.96 1.92 1.66 

 

3 -9.29 4.23 5.06 -683.37 311.05 372.33 
-690.87 

-632.25 
369.63 321.24 -0.57 0.30 0.26 1.09 1.96 1.92 1.66 

 

4a 

 

 

4b 

-9.33 4.22 5.11 -686.04 310.20 375.84 
-696.47 

-638.94 
373.82 322.65 -0.57 0.31 0.26 1.08 1.96 1.92 1.66 

-9.33 4.22 5.11 -686.04 310.20 375.84 
-696.47 

-631.12 
373.82 322.65 -0.57 0.31 0.26 1.08 1.96 1.92 1.66 

 

5a 

 

 

5b 

-9.38 4.22 5.16 -689.30 310.19 379.11 
-702.28 

-638.52 
375.43 326.85 -0.58 0.31 0.27 1.08 1.96 1.92 1.66 

-9.38 4.22 5.16 -689.31 310.20 379.11 
-665.10 

-640.39 
354.36 310.74 -0.55 0.29 0.26 1.13 1.96 1.93 1.67 

 

6 -9.37 4.22 5.15 -688.87 309.95 378.92 
-685.99 

-640.57 
366.53 319.47 -0.56 0.30 0.26 1.09 1.96 1.92 1.66 
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Figure 28：Plot of 1.5 *χ0*∆Pii in function of χii with a slope of unity to find χ0.  

The value of χ0 was modified until a value of 1 was obtained for the slope. χ0 has a value of 

812 MHz and since Q of Br is positive, thus to respect the convention that χ0 must be of 

opposite sign to Q, χ0 is -812 MHz. This value can be compared to the calibrated χ0 from 

original work (Wu34) of -770 MHz. The relative error between the two is 5% and thus can be 

considered reasonable though not reliably precise. Some reasons explaining this difference 

will be discussed shortly. 
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Figure 29: Plot of the experimental 79Br CQ as a function of ΔPzz. Absolute values of the 

VPPA are plotted; the true values are negatives. 

As observable in Figure 29, the correlation between ΔPzz and CQ is weak (R2 value of 0.201). 

Black bars denote the experimental errors. To make the figure easier to comprehend, the 

absolute values of the VPPA were plotted; the true values are negative, indicative of a sigma 

hole.  
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Figure 30: Plot of the DFT calculated 79Br CQ from P. Vioglio49 (blue), reproduced DFT 

calculated 79Br CQ (red) and the VPPA calculated 79Br CQ (green) as a function of the 

experimental CQ  

Absolute values of the VPPA are plotted; the true values are negative, indicative of a sigma 

hole. As observable in Figure 30, R2 values for the DFT calculated 79Br CQ from P. Vioglio49 

(blue) and the reproduced DFT calculated 79Br CQ (red) are good (respectively 0.706 and 

0.905) whereas for the VPPA calculated 79Br CQ
 as a function of the experimental CQ is poor 

(0.201). This poor correlation is explained shortly in the discussion.  
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 127I containing molecules 

Once again, previous group members’ published work (Szell50) regarding 127I molecules using 

nuclear quadrupole resonance (NQR) is used in this last part of the project in order to observe 

and understand VPPA with quadrupolar coupling constants. 127I NQR spectroscopy is 

established as a rapid and robust method to indicate the formation of iodine–nitrogen halogen 

bonds in co-crystalline powders. The method is demonstrated for a series of co-crystals of 1,4-

diiodobenzene. Changes of up to 74.4 MHz in the 127I quadrupolar coupling constant (CQ) 

correlate with the length C-I donor covalent bond and inversely with the I···N halogen-bond 

length. We therefore observe once more if computed VPPA results correlate with the 

experimental quadrupolar coupling constants from Szell’s50 work. The molecules of interest 

are shown in Table 7 and Figure 31). 

Table 7: 127I containing molecules 

Molecule Compound name Halogen bond 

distance (Å) 

CSD reference 41 

1 1,4-diiodobenzene - ZZZPRO08 ref. 46 

1a (1,4-diiodobenzene) (2,3,5,6-

tetramethylpyrazine) 

3.298 KIHQUQ ref. 47 

1b (1,4-diiodobenzene) 

(hexamethylene- tetramine) 

2.981 QIHCIT ref. 48 

1c (1,4-diiodobenzene) (1,2-bis(4-

pyridyl)ethane) 

2.967 ZANQIR ref. 49 

1d (1,4-diiodobenzene) (4,4’-

bipyridyl) 

3.032 QIHBAK ref. 48 

1e (1,4-diiodobenzene) (4-dimethyl- 

aminopyridine) 

3.031 DOSYUI ref. 50 
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Figure 31: X-ray crystal structures of the compounds (1, 1a-1e) showing the C–I/N halogen 

bond by the dashed lines.  

Just like for 17O and 79Br, the VPPA values along with Vii and χii were computed and calculated. 

They are shown below in Table 8.  
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Table 8. VPPA results for 127I molecules. Reported experimental CQ values from Szell50 are 

italicized and given below my values. 

 

 

The quadrupole moment Q of 127I is -68.8 fm2 (extracted with EFG shield program) and the 

basis set used is DGDZVP. Comparison between the calculated χii using VPPA and the 

experimental χii from Szell50 show a range of 0.8 to 63 MHz of difference, which is 0.04 to 

3%. Calculated χii values are, in average, 7% higher compared to the experimental values. 

Taken in consideration the slightly different optimization and calculation run errors, which 

will be discussed shortly, this difference can be considered reasonable. Just like for the 17O 

set, in order to find χ0, the plot of 1.5 *χ0*∆Pii in function of χii with a slope of unity is produced 

and is shown in Figure 32). 

Molec

ule 

Vii (EFG tensor 

components) 

χii (direct calculation)  χii (VPPA)  
   

 

∆Pxx 

  
 

∆Pyy ∆Pzz Pxx 

 
 

Pyy Pzz Pave 

χxx χyy χzz χxx χyy χzz 

1a 
-11.47 5.62 5.85 1853.2 -907.94 -945.2 -1830.6 

-1893.6 

879.04 951.5 
-0.616 0.2959 0.3204 1.028 1.940 1.965 1.644 

1b -11.50 5.70 5.80 1858.6 -921.20 -937.42 -1877.1 
-1915.4 

987.85 889.2 -0.632 0.3326 0.2994 1.009 1.974 1.941 1.641 

1c 
-11.62 5.71 5.91 1877.6 -923.06 -954.58 -1849.4 

-1901.1 

962.24 887.1 -0.623 0.3240 0.2987 1.015 1.962 1.937 1.638 

1d 
-11.59 5.65 5.94 1873.2 -913.69 -959.58 -1889.3 

-1911.6 

913.44 975.8 -0.636 0.3076 0.3286 1.003 1.946 1.968 1.639 

1e 
-11.75 5.72 6.03 1898.7 -924.42 -974.23 -1915.7 

-1914.9 

956.48 959.2 -0.645 0.3220 0.3230 0.988 1.956 1.956 1.633 
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Figure 32: Plot of 1.5 *χ0*∆Pii in function of χii with a slope of unity to find χ0 of 127I 

The value of χ0 was modified until a value of 1 was obtained for the slope. χ0 has a value of 

1980 MHz and since Q of I is negative, thus to respect the convention that χ0 must be of 

opposite sign to Q, χ0 is 1980 MHz. This value can be compared to the calibrated χ0 from 

original work (Wu34) of 2227 MHz. The relative error between the two is 11% and though it 

is higher than the relative difference for the 79Br set of molecules, it is still considered similar.  
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Figure 33: Plot of the experimental 127I CQ as a function of ΔP. Black bars denote the 

experimental errors  

Absolute values of the VPPA are plotted; the true values are negative, indicative of a sigma 

hole. The correlation shown between the VPPA parameter and CQ is good (R2 value of 0.813), 

compared to the previous correlation for 79Br (R2 value of 0.201), both these correlations will 

be discussed shortly. 
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Figure 34: Plot of the DFT calculated 127I CQ from Szell50 (blue), reproduced DFT calculated 

127I CQ (orange) and the VPPA calculated 127I CQ (grey) as a function of the experimental CQ  

Absolute values of the VPPA are plotted; the true values are negative, indicative of a sigma 

hole. R2 values for the DFT calculated 127I CQ from Szell50 (blue) and the reproduced DFT 

calculated 127I CQ (orange) are poor (respectively 0.0344 and 0.229) whereas for the VPPA 

calculated 127I CQ
 as a function of the experimental CQ is good (0.813). 

 

 

 

 

 



 84 

To summarize, we tried to observe the correlation between computed quadrupolar coupling 

constants using VPPA and experimental data with both 79Br and 127I molecules. We obtain 

good results and correlation for iodine molecules but not bromine. Theoretically with the 

relativistic effect (discussed shortly), it should be observed that iodine data would have a 

poorer correlation than bromine if not similar. Therefore we should take into consideration 

some aspects of the calculation or structure optimization to explain this discrepancy. We 

were expecting to observe better correlation for bromine but the opposite was observed. 

Correlation for iodine molecules was good whereas it was poor for bromine. Some reasons 

explaining the poor correlation and results are: 

1- Relativistic effect. This becomes more considerable with increasing atom weight 

(higher atomic numbers). This effect is those discrepancies between values calculated 

by models that consider relativity and those that do not. 

2- Temperature. Computational work is done at a temperature of zero kelvin (not 

applicable to changes), whereas experimental work was done at room temperature. 

This difference in temperature might be partially responsible for discrepancies in 

results. 

3- Choice of basis set. DGDZVP and 6-311G(3df) were the two main basis sets used in 

this work. The latter was great for the 17O test runs as oxygen is not too big or heavy 

an atom. As for 79Br and 127I though, results done with 6-311G(3df) initially proved 

to be very far off from experimental values and seemed unrealistic. The DGDZVP 

was then chosen to its better performance and accuracy for bigger atoms. There might 

be other and better choices of basis sets to try for future work, but they will require 

more CPU time and resources to achieve.  
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4- Optimization of structures. Only hydrogen atom optimization was done in this work. 

Future work and improvement might involve optimization of the full molecule in 

order to achieve greater precision and accuracy. 

5- VPPA just might not work as well for heavier and bigger molecules. As shown by 

Rinald and Wu34, VPPA seems quite appropriate for small molecule sets and atoms 

lighter than bromine and iodine used in our groups’ work. The VPPA parameter was 

not tested on larger molecules and heavier atoms, this work was a first trial in that 

direction. 
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Chapter 5 – Conclusions 

The goal of the first experimental part of the masters’ thesis was to observe a unique 

C-I···P halogen bond by means of X-ray crystallography and solid-state multinuclear magnetic 

resonance spectroscopy. With the mechanochemical synthesis of a novel cocrystal 

(dicyclohexylphenylphosphine)(1,6-diiodoperfluorohexane), one of the shortest and most 

linear I···P halogen bonds, with a reduced distance parameter of 0.78, was reported. The 

single-crystal X-ray crystal structure reveals the presence of two crystallographically distinct 

C-I···P halogen bonds, and solid-state NMR results support the presence of cocrystallization. 

A -7.0 ppm (31P) chemical shift change in the cocrystal relative to pure 

dicyclohexylphenylphosphine is noted and proves to be consistent with halogen bond 

formation. Through this project, it can be established that iodoperfluoroalkanes are viable 

halogen bond donors when paired with phosphorus acceptors. It also shows that 

dicyclohexylphenylphosphine can act as a practical halogen bond acceptor. 

 

The goal of the second project was to use a newly reported parameter, the valence p-

orbital population anisotropy (VPPA), to increase the understanding of the electric field 

gradients’ (EFGs) origins in halogen-bonded systems by computational methods. This is done 

and compared with previously reported extensive experimental NMR and NQR data relating 

79Br, 81Br, and also 127I quadrupolar coupling constants (CQ) to the local molecular structure 

in halogen bonded systems. In order to do so, 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. Calculations and results are then compared to the 

experimental results from previous group work. A poor correlation is observed in the case of 
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79Br quadrupolar coupling constants and the VPPA parameter for systems featuring bromine 

halogen bonds (R2 value of 0.201) whereas good correlation is seen between experimental 127I 

quadrupolar coupling constants and the VPPA parameter for systems featuring iodine halogen 

bonds (R2 value of 0.813). Iodine data show that the experimental 127I quadrupolar coupling 

constants directly reflect p-orbital population anisotropy in halogen-bonded systems.   

As for future steps, further work with the bromine sets can help determine if the poor 

agreement is real or due to artefacts in the approach taken. Other (larger) basis sets (which 

weren’t possible in this project du to time and resources constraints) may be used to compare 

the results obtained. 

Overall, the work reported in this thesis has contributed to an increased experimental 

and computational understanding of halogen bonded systems and their NMR parameters.  
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