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V Abstract 

The concept of noncovalent bonding has evolved over the last number of years to 

include a very interesting class of interactions that is analogous to hydrogen bonding, called 

σ-hole interactions. These result from the depletion of electrostatic charge on the opposite end 

of a covalent bond between an electron-withdrawing substituent and a bond donor atom, 

which resides in groups 14-17 of the periodic table. One of these interactions is the tetrel bond 

(TB), whereby the bond donor is a group 14 element (T=C, Si, Ge, Sn, Pb). This thesis's 

primary goal is to explore the solid-state NMR parameters arising from the formation of tetrel 

bonds. To this end, combined density functional theory (DFT) and experimental multinuclear 

solid-state NMR spectroscopic investigations are carried out on complexes featuring carbon, 

Pb(II) and tin tetrel bonds.  

Firstly, solid-state NMR and computational approaches are used to examine a series 

of cocrystals formed from either caffeine or theophylline and several other small organic 

acceptor molecules. It is shown that the NMR response due to tetrel bond formation is 

detectible, but it can be hidden by other effects, including those of crystal packing. Careful 

analysis of NMR data alongside DFT calculations can reveal that the weak tetrel bond in these 

sorts of complexes increases the 13C chemical shift by 3-5 ppm.  

Next, a study of five Pb(II) centres hemidirectionally coordinated by isonicotinoyl 

hydrazone ligands demonstrates that the 207Pb NMR response is highly sensitive to the Pb(II) 

coordination environment. The NMR data indicate that a tetrel bond can induce an NMR 

response corresponding to a coordination environment between hemidirectional and 

holodirectional character.  



 

 xx 

Finally, a series of organotin chloride donor molecules complexed with N-oxides and 

carboxylates, which feature short and linear tetrel bonds, are subjected to magic angle spinning 

(MAS) NMR experiments. The recorded data gives rise to a correlation between the tetrel 

bond length and both the experimental chemical shift and the 1J(119Sn-35Cl) coupling.  

Throughout this thesis, it is demonstrated that the isotropic chemical shift, the principal 

components of the chemical shift tensor, and indirect spin-spin coupling can be used to probe 

and gain insights into the electronic environment at the tetrel bond. More importantly, this 

work is fundamental to rationalize NMR data while refining crystal structure data in NMR 

crystallographic approaches for compounds featuring tetrel bonds. 
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Chapter 1 Introduction 

Solid-state nuclear magnetic resonance (NMR) spectroscopy can provide information 

about chemical bonds or characterize the chemical structure of a molecule or a complex 

system such as a protein. It may also provide new insights into the mechanisms of catalysis 

and biochemical reactions1-4 or the formation of supramolecular structures such as zeolites or 

metal-organic frameworks (MOFs).5  

However, NMR alone is not necessarily sufficient for studying such systems. The field 

of NMR crystallography employs various approaches to study crystal structures to either 

determine, validate, or select crystal structures and their polymorphs. Examples of this are 

crystal structure prediction or determination of structural properties validation based on NMR 

data. In this context, NMR crystallography usually relies on the complementary use of ab 

initio calculations (usually density functional theory (DFT)) and X-ray diffraction methods to 

create a complete picture of the problem at hand. However, it should be stressed that while 

helpful, these data are not always required. For example, protein structure refinements 

regularly use two- or three-dimensional NMR data without recourse to diffraction-based 

models.6 Alternatively, NMR data can often validate structural features seen in diffraction-

based crystal structures without DFT calculations. Other analytical methods fall under the 

umbrella of NMR crystallography7, such as powder X-ray diffraction, single-crystal X-ray 

diffraction, infrared spectroscopy, thermal analysis, and scanning electron microscopy. 

The goal of this chapter is to provide the basic concepts required to understand fully 

the experimentation that is presented within this thesis. The chapter discusses some of the 

fundamental theories of chemical bonding, solid-state NMR, and computational chemistry in 
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brief detail. Afterwards, NMR spectroscopy’s importance in NMR crystallography is 

discussed in the context of a literature survey of some of the most recent developments in the 

field. Finally, an introduction to σ-hole bonding is presented to set the stage for this thesis’s 

primary focus. This chapter’s aim is for the reader to become well acquainted with the field 

of solid-state NMR spectroscopy and NMR crystallography and become convinced of the 

importance of understanding the role that the NMR response to tetrel bonds has to play in both 

of these fields. 

1.1 Chemical Bonding 

Molecules are formed from bonds that occur between atoms. Atoms are composed of 

neutrons and positively charged protons that are surrounded by negatively charged electrons. 

The electrons in an atom can be described by a wavefunction, describing an electron’s 

probability density at a particular spatial coordinate around the nucleus. This model is greatly 

simplified by describing the wavefunction using a linear combination of atomic orbitals 

(LCAO). From this model, chemists can easily describe bonding between atoms to form 

molecules through atomic orbitals’ overlap. 

At a basic level, bonding occurs when two atomic orbitals come together to share 

electron density. In a simple case of two spherical s-type orbitals with arbitrary but equal 

energies, mixing the atomic orbitals will form both a lower energy and stabilizing σ bonding 

orbital and a destabilizing, and higher energy σ* antibonding orbital. Importantly, when these 

two bonding orbitals are formed, the Aufbau Principle dictates that the electrons from the two 

s-orbitals will occupy the lowest energy bonding orbital before occupying the higher-level 

bonding orbital. For two s-orbitals, each containing one electron participating in a σ-bond, the 
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electron will occupy the σ-bonding orbital as a pair, while the σ* antibonding orbital remains 

empty, thus resulting in a stable covalent bond. 

There are four major classes of chemical bonds, including covalent bonds, ionic bonds, 

dative bonds and noncovalent interactions. The former three classifications are considered 

strong bonds, involving either the sharing of electrons or the transfer of electrons from one 

atom to the other, and are typically associated with the formation of molecules or materials. 

The last type of bond, being noncovalent interactions, is considered weak, with energies far 

below those of the formal chemical bonds, but enough to form net attractive interactions based 

on the forces that arise between atoms’ and molecules’ distribution of electrons over their 

surfaces.  

Noncovalent bonding can be described using a few models, the first being Coulomb’s 

Law. A basic description of Coulomb’s law involves the classic romantic moniker, “Opposites 

attract.” In chemistry, this refers to the presence of point charges, which are either positive or 

negative. An example of this is the dipole interaction, whereby molecules with positively and 

negatively charged regions resulting from electron-rich or electron-poor regions interact with 

one another, aligning themselves according to the long-range interactions between opposite 

charges. 

This thesis’s subject is the spectroscopic investigation of a subclass of noncovalent 

interactions known as σ-hole bonds. In particular, the research presented here involves a close 

look at tetrel bonds (TB), which is a further subclassification of σ-hole bonds. To understand 

this thesis’s work, a brief overview of the spectroscopic methods used is required before 

introducing the concept of tetrel bonding and its relationship with NMR crystallography. The 
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remainder of this chapter will solely address the experimental approaches used to study the 

tetrel bond, which will be introduced in detail in section 1.4 NMR Crystallography. 

1.2 Basic Principles of Solid-State Nuclear Magnetic Resonance Spectroscopy 

The fundamental properties of the magnetic resonance of spins have been applied to 

the technique of NMR spectroscopy to reveal many insights into the nature of materials.8,9 

Nuclides are subatomic particles that can be described as fermions and bosons. The “spin” of 

a nuclide is an intrinsic property, and all fermions possess half-integer spin, while bosons 

possess whole-integer spin. All nuclei with non-zero spin are important in NMR spectroscopy 

because they possess intrinsic angular momentum, I, which is also known as the spin quantum 

number. This angular momentum is related to the magnetic moment, m, fundamental to NMR 

spectroscopy because it can interact with an external magnetic field. There is a corresponding 

number (2I + 1) of eigenvalues of 𝑚𝑙, or magnetic quantum numbers for any value of I. These 

eigenvalues refer to the degenerate energy states that lose their degeneracy when the nuclide 

is subjected to a magnetic field. For example, a spin-1/2 nucleus will have two degenerate 

energy states in the presence of a magnetic field, while a quadrupolar nucleus of I = 3/2 will 

have four.  This phenomenon is known as the Zeeman effect, whereby the eigenstates possess 

energy described by: 

 𝐸 = −𝑚𝑙𝛾ℏ𝐵0 Eq. 1-1 

 
where the energy levels are separated by an energy corresponding to: 
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 Δ𝐸 = 𝛾ℏ𝐵0 Eq. 1-2 

 
where the gyromagnetic ratio is given by 𝛾 (rad s-1 T-1), ℏ  is the reduced Planck constant in 

angular frequency units (ℏ =
ℎ

2𝜋
; ℎ = 6.626 x 10−34𝐽𝑠 and the external magnetic field is 

given by 𝐵0 (T). Thus, in increasing magnetic field strengths, the energy difference between 

the Zeeman levels becomes greater. In this thesis, experiments are conducted in external 

magnetic field strengths of 4.7, 9.4 and 14.1 T.  

In pulsed NMR spectroscopy, the separation of energy states is exploited by subjecting 

the nuclide to electromagnetic radiation in the form of a radiofrequency (rf) pulse with a 

frequency that matches the Larmor frequency, or that which is required to induce an NMR 

transition from the lower energy state to the higher energy state. The Larmor frequency of a 

nuclide is related to its gyromagnetic ratio and the magnetic field strength by: 

 𝑣𝐿 =
𝛾𝐵0

2𝜋
 Eq. 1-3 

 
In a simple experiment on a single non-zero spin in a vacuum, the rf pulse will induce 

an NMR transition, and the NMR spectrometer would detect the resulting precession of the 

spins magnetic field as it precesses through the detection coil. The induced current is recorded, 

and a Fourier transformation (FT) is applied to the resulting NMR signal, and a peak would 

appear at a frequency of 𝑣𝐿. Naturally, however, NMR experiments are customarily carried 

out on complex chemical samples, with many spins experiencing different magnetic 

shieldings due to differences in their local magnetic fields arising from factors such as their 

chemical environments. Also, mechanisms such as homonuclear and heteronuclear dipolar 

coupling, scalar coupling and quadrupolar interactions perturb the Zeeman effect resulting in 

a more complex NMR spectrum with many NMR signals. 
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While the Zeeman effect makes pulsed NMR spectroscopy possible, the major 

limitation is that it is inherently insensitive, even though it is powerful for probing chemical 

structures. The detection of an NMR signal depends on an inequivalent number of spins in the 

lower and higher energy states. This phenomenon is governed by Boltzmann’s distribution 

(Eq. 1-4). 

 
𝑁𝛼

𝑁𝛽
= 𝑒−

𝛾ℏ𝐵0
𝑘𝑇  Eq. 1-4 

 
where 𝑘 is Boltzmann’s constant (m2 kg s-2 K-1), 𝑇 is the temperature (K), and the populations 

of spins in the lower (𝛼) and higher (𝛽) energy states are given by 𝑁. This formula describes 

the ratio of spins at each energy level and is dependent on both the temperature and the 

magnetic field strength. One can quickly notice that a substantially elevated magnetic field 

strength is needed to induce any notable population differences. Since the signal-to-noise of 

the NMR response is related to the spin population difference, it is often desirable to maximize 

the magnetic field strength and minimize the temperature. Strong magnetic fields such as 9.4 

T are routinely used, while instruments using ultra-high magnetic fields (≥21.1 T) are 

becoming more prevalent. 

1.2.1 NMR Interactions 

It is worthwhile to provide a short overview of the nuclear spin interactions relevant 

to solid-state NMR and NMR crystallography. A more detailed discussion of NMR theory is 

provided in further chapters when necessary and relevant to the experimentation methods 

described. For an isolated spin-1/2 nucleus, a peak measured in an NMR spectrum is 

characterized by its chemical shift (iso), which originates from the magnetic shielding () 

interaction, given by the frequency: 
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 0(1 )
2
B

 


= −
 

Eq. 1-5 

 

The magnetic shielding tensor may be expressed in the diagonal form such that the 

interaction is represented in its principal axis system (PAS) where: 

 11 22 33     Eq. 1-6 
 

The shielding constant is manifested directly in the NMR spectrum in the form of a 

chemical shift . The chemical shift (CS) is related to the magnetic shielding constant by: 

 1
ref

ref

 




−
=

−  
Eq. 1-7 

 

and the isotropic chemical shift, iso, is given as the average of the three chemical shift tensor 

components:  

 11 22 33

3iso
  


+ +

=
 

Eq. 1-8 

 

The CS is important because it can be related to structural features due to its sensitivity 

to the immediate chemical environment. The chemical shift (or shielding) anisotropy (CSA) 

refers to the chemical shielding's orientational dependence at an observed nucleus. There are 

multiple ways of expressing the CSA.10 In the Herzfeld-Berger convention11, the span (Ω) and 

skew (κ) of the tensor are given by Eq. 1-9 and Eq. 1-10, respectively. 

 11 33  = −  Eq. 1-9 
 

 223( )iso 


−
=

  
Eq. 1-10 
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The span is used to describe the NMR line shape's breadth and is usually reported in 

ppm units. On the other hand, the skew is reported as a unitless value between -1 and 1 (with 

both extremes indicating axial symmetry) and is related to the CS tensor's symmetry, which 

is related to the rotational symmetry of the observed nuclide. For example, a CS tensor is 

axially symmetric when the skew is -1 or 1.  

In the Haeberlen convention12, the chemical shift tensor is described in terms of its 

anisotropy and its asymmetry (Eq. 1-11 and Eq. 1-12). 

 
2

xx yy
zz

 
 

+
 = −

 
Eq. 1-11 

 

 𝜂 =
𝛿𝑦𝑦 − 𝛿𝑥𝑥

𝛿𝑧𝑧 − 𝛿𝑖𝑠𝑜
; (0 ≤ 𝜂 ≤ 1) Eq. 1-12 

   

1.2.1.1 Quadrupolar Interaction (Spin > ½) 

This thesis generally deals only with spin-1/2 nuclei, but nuclei with spin >1/2 are also 

important and discussed briefly. For spin-1/2 nuclei, NMR spectra are dominated by the CSA 

and dipolar coupling interactions. The situation changes for quadrupolar nuclei (I  1), which 

possess a non-spherical charge distribution.  Therefore, NMR spectra are affected by the 

quadrupolar interaction between the electric field gradient (EFG) at the nucleus and the 

nuclear electric quadrupole moment (Q). This interaction is described in terms of the 

quadrupolar coupling constant: 
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 ZZ
Q

eV QC
h

=
 

Eq. 1-13 

 

where e is the charge of the electron and VZZ is the largest principal component of the EFG, 

and h is the Planck constant. The quadrupolar asymmetry parameter is calculated from the 

three principal components of the EFG:  

 XX YY
Q

ZZ

V V
V


−

=

 
Eq. 1-14 

 

A set of Euler angles relates the principal axis systems of the CS and EFG tensors, , 

, and , which can give rise to important information about local symmetry at a particular 

nucleus13, and indeed about the overall crystallographic symmetry. 

One must be cautious when interpreting solid-state NMR spectra of quadrupolar 

nuclei. These spectra are generally affected by second-order quadrupolar shifts, where the 

apparent isotropic shift is displaced from the real chemical shift by the second-order 

quadrupolar interaction. We direct the reader to a thorough account of this effect and how it 

can be modelled.14 Besides second-order quadrupolar effects, some systems can be influenced 

by higher-order quadrupolar effects, which can manifest in the form of non-uniform frequency 

shifts of the spectrum and must be considered.15-18  

1.2.1.2 Direct Dipolar and Indirect Spin-Spin Coupling 

Dipolar coupling arises from the interaction of magnetic dipoles through space. The 

dipolar coupling constant is inversely related to the motionally-averaged inverse cube of the 

internuclear distance, r12, between a pair of spins and is given by: 
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 30 1 2
124 2DDR r  

 

−  
=   

    
Eq. 1-15 

 

where 0 is the free-space permittivity constant,  is the gyromagnetic ratio, which varies for 

each NMR active nuclide, and r is the distance between nuclei 1 and 2. 

The dipolar coupling between a pair of spins can manifest in several ways depending 

on the spin system under study. The effects can be minimized using higher magnetic fields 

and fast magic angle spinning. There are also several advanced radiofrequency schemes 

available for minimizing the effects of homonuclear and heteronuclear decoupling.  

The intervening electronic structure gives rise to J-coupling between nuclear spins. 

While these couplings can be taken advantage of to gain information about molecular 

structures, they may often be overshadowed by other more significant effects in the solid-

state. Therefore, they are relatively rarely measured directly in NMR crystallographic 

approaches, but when measured, J-couplings can provide helpful information about the 

relative arrangement of NMR-active nuclei in the crystal structure. There are many recent 

examples of J-couplings that have been measured in solids.19 1J(13C, 17O) couplings have been 

used to characterize O positions in napthaladaldehydic acid.20 Also, (1H, 17O) J-couplings 

were measured and compared to theoretical calculations in a series of oxygen-containing 

crystal structures.21 1J(77Se, 31P) couplings have also been in halogen bonded P=SeI motif.22 

J-couplings between quadrupolar nuclei have been used to probe the electronic properties and 

dynamics of digallium23 and diborane compounds.24 Further details about the analysis of J-

couplings in solid-state NMR experiments are provided in Chapter 4. 
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1.3 Methodology in NMR Crystallography 

1.3.1 Experimental Techniques in Solid-State NMR 

As described earlier in this chapter, the basic NMR experiment depends on applying 

an rf pulse to a sample of nuclear spins within the magnetic field, which induces an NMR 

transition and relaxation, the latter which can be observed as the spins process through the 

NMR coil and induce a current. The frequency of the precession gives rise to the chemical 

shift. Of course, most NMR experiments are more complicated than this simple description 

and involve a series of pulses and decoupling schemes to enhance the FID measurement. 

These combinations of pulses are referred to as pulse sequences, and the derivation of optimal 

pulse sequences for given problems forms the basis of very active research by many scientists 

in the field of NMR spectroscopy. 

This section briefly discusses some of the experimental methodology relevant to this 

thesis and NMR crystallography, including some recent examples. A detailed account of the 

NMR methodology used to characterize organic crystals, and their polymorphs, is also 

available in the recent review by Hodgkinson.25  

The homonuclear dipolar coupling has a broadening effect on the line shapes of 1H 

NMR spectra of organic solids. Much effort has been put into improving 1H solid-state NMR 

through the use of various pulse sequences and, because line narrowing is proportional to the 

spinning frequency, by using faster magic angle spinning (MAS). MAS is used to reduce or 

eliminate NMR interactions with an orientational dependence on the magnetic field, B0. Each 

of these interactions, which include chemical shift anisotropy (CSA), homonuclear and 

heteronuclear dipolar coupling, quadrupolar coupling and other second-order effects, are 
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described, in part, by a 2nd order Legendre polynomial representing the angle, 𝜃, between the 

interaction tensor and B0 (Eq. 1-16).  

 3 cos2 𝜃 − 1 Eq. 1-16 
 

The magic angle, 𝜃𝑚is mathematically represented by the angle between a cube's diagonal 

and any connected corner (Figure 1-1). If 𝜃𝑚 = 54.74, then  

3 cos2 𝜃 − 1 = 0 and the orientational dependence of the tensor vanishes.  The average 

orientational dependence of a bulk powder spinning around an axis oriented with respect to 

B0  goes to zero when 𝜃𝑟 = 𝜃𝑚 = 54.74 and is given by: 

 〈3 cos2 𝜃 − 1〉 =
1

2
(3 cos2 𝜃𝑟 − 1)(3 cos2 𝛽 − 1) Eq. 1-17 

 

where 𝜃 is the angle between the interaction tensor and B0, and 𝛽 is the angle between the axis 

of rotation and the principle axis of the interaction tensor. 

In principle, all NMR interaction tensors with this orientational dependence should be 

eliminated, but it can be shown that this is not always the case for all interactions. While, for 

the most part, they are significantly reduced, some are not entirely averaged at slower spinning 

speeds. CSA, for example, has a part of its orientational dependence that is modulated by the 

rotational frequency. Therefore, experiments employing slower spinning speeds will still 

result in NMR lineshapes that resemble the static powder pattern, but where the outline of the 

pattern is now formed by a series of spinning sidebands spaced equally at multiples of the 

rotational frequency on either side of the isotropic resonance. When the rotational frequency 

is greater than the CSA's magnitude (in Hz), only the isotropic peak is visible. Thus, higher 

spinning speeds are desirable, especially for nuclei showing large CSAs. At the time of writing 
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this thesis, to our knowledge, the fastest achieved magic angle spinning frequencies were 

13026, 14027, 15028, and 20029 kHz MAS.  

Figure 1-1. Mathematical representation of the magic angle, 𝜃𝑚 in a cube.

Combining MAS with sophisticated homonuclear dipolar decoupling sequences, such 

as 1H CRAMPS (combined rotation and multiple-pulse spectroscopy), amplifies the 

possibility of recording high-resolution 1H solid-state NMR spectra because of the line 

narrowing resulting from the averaging of chemical shift anisotropy and the reduction of 

dipolar couplings. Examples of decoupling mechanisms are the Lee-Goldberg techniques30-

33, WAHUHA34, MREV-835,36, BR-2437, or the family of DUMBO sequences38-40, which has 

become increasingly used in recent years. 

High-resolution proton NMR is used alongside a variety of methods for NMR 

crystallography, including crystal structure prediction.41,42 Experimental 1H NMR schemes 

θ
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routinely use a combination of ultrafast magic angle spinning, sophisticated pulse sequences, 

and homonuclear decoupling routines to average out dipolar couplings and thus enhance the 

resolution and sensitivity of 1H line shapes.43-45  

The use of the dipolar interaction has been critical in NMR crystallography. Often, 

long-range interactions can be explored using NMR data, and the dipolar coupling can provide 

information about the internuclear distance between two nuclear spins. Under MAS 

conditions, van Rossum et al. initially proposed a method of determining long-range 

heteronuclear 1H-13C distances using Lee-Goldburg (LG) cross-polarization and LG 

decoupling.46 In this experiment, 1H-1H dipolar couplings are suppressed by tilting the 

magnetization to the LG-CP condition, allowing for the observation of weaker 1H-13C 

couplings absent of any effects because of homonuclear dipolar coupling. Here, a 

COOHO(H)C hydrogen bond in tyrosine hydrochloride was measured to be 2.47 Å, in close 

agreement with previous neutron diffraction studies (2.521 Å), thereby confirming the 

robustness of this experiment. 

Cross-polarization (CP) techniques, including the well-known CP/MAS experiment, 

are used extensively for structural studies. 1H-13C CP is more broadly applied to two-

dimensional heteronuclear methods via through-space correlation (heteronuclear correlation - 

HETCOR). For example, the 1H-13C frequency swept LG heteronuclear correlation 

experiment (FSLG-HETCOR)46 has been used to characterize solids from small organic 

molecules to complex pharmaceuticals. An extension to one-dimensional CRAMPS, two-

dimensional double-quantum-single-quantum (DQ/SQ) experiments under magic angle 

spinning can provide valuable information about the proximities between hydrogen atoms via 

strong homonuclear dipolar couplings.47 These correlations may be paired with 1H-13C 
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HETCOR experiments to provide a complete description of the bonding within a chemical 

structure. 

1.3.2 Theoretical Calculations 

Here, a brief overview of the theory behind theoretical calculations as it applies to this 

thesis is discussed. A more detailed perspective description of some of the fundamental 

principles of quantum chemical calculations has been discussed before this work48, but the 

focus here will be to describe density functional theory (DFT). 

 Theoretical calculations are often employed alongside solid-state NMR experiments49 

[68] to rationalize the results obtained, for example, either for peak assignment or line shape 

analysis and are applied frequently towards structural refinement in crystals.50-53 Theoretical 

studies are often performed on their own to generate general understandings of the NMR 

response to various structural and crystal packing effects. Programs such as CASTEP54-60, 

Quantum-Espresso61,62, ADF63-67 (which can account for relativistic effects68-70), ABINIT71, 

and others have played essential roles in calculating energy minimized gas-phase or crystal 

structures and their corresponding NMR parameters. 

DFT is a computational method that is most often used to calculate NMR parameters. 

As opposed to ab initio methods, the main goal of DFT is to calculate the energy of a system 

using the electronic density of the system rather than solving the wavefunction via the 

Schrödinger equation. This is achieved by functionalizing the electronic density, 𝜌(𝑟), to form 

the density functional, such that: 

 𝐸𝐷𝐹𝑇 = 𝐸[𝜌(𝑟)] Eq. 1-18 
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While the exact density functional is not known, it can be approximated by breaking 

it down into four terms that can be approximated72: 

 𝐸[𝜌] = 𝑇𝑠[𝜌] + 𝐸𝑁𝑒[𝜌] + 𝐽[𝜌] + 𝐸𝑋𝐶[𝜌] Eq. 1-19 
 

including the kinetic energy term, 𝑇𝑠[𝜌], the electron-nucleus attraction potential, 𝐸𝑁𝑒[𝜌], the 

Coulombic interaction between electrons, 𝐽[𝜌], and the exchange-correlation, 𝐸𝑋𝐶[𝜌]. 

In DFT, it is the modification of the 𝐸𝑋𝐶[𝜌] term that is most often studied to produce 

different “flavours” of DFT, or functionals, that most accurately describe a system's total 

energy for a given problem. Density functionals such as LDA, GGA PBE73, B3LYP74,75 and 

others are widely used to compute NMR parameters, with GGA PBE having been designed 

for period calculations and B3LYP designed to be applied to gas-phase cluster models.76,77 

These functionals are often applied to model clusters in gas phase calculations. It is 

important to simulate a solid crystal lattice's long-range effects in NMR crystallography by 

carrying out calculations on an entire crystal structure. On an atomic scale, this is problematic 

because the computational cost increases exponentially with an increasing number of 

electrons. The problem is solved by imposing periodic boundary conditions on a crystalline 

system (0 K) with repeating unit cells in the GIPAW DFT method, limiting the computational 

resources required to calculate and reproduce accurate results.78,79 

Relativistic effects are of particular concern for quantum chemical calculations.80 In 

general, heavier atoms must be subjected to relativistic perturbations to the electronic energy. 

Normally, calculations are carried out under the non-relativistic approximation, but as a 

nucleus gets larger, electrons must travel faster around the nucleus in order to maintain a 

sufficient amount of kinetic energy to overcome the attraction to the nucleus. Consequently, 
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the electrons travel faster, compared to the speed of light. Relativistic effects take this into 

account, and affect atoms differently depending on the speed that their electrons travel. 

1.3.3 Mechanochemistry 

Mechanochemistry is the study of solid-state chemical changes resulting from energy 

input derived from mechanical processes. The benefit of mechanochemistry is that often 

chemical reactions can proceed in the absence of excess solvents or heating, making this a key 

component in the recent uptick of interest in green chemistry. Solid-state NMR studies of 

mechanochemically formed cocrystals have been popular in the last number of years. The 

formation of a bulk powder of racemic praziquantel hemihydrate in a vibrational mill was 

investigated in a detailed study by Zanolla et al.81, showing how mechanochemistry can be 

practical and sometimes the only way to access new polymorphs. For example, Xu et al. 

observed the formation of mechanochemically induced halogen bonded solids featuring P=O-

--I-C motifs by observing 31P-17O J-coupling.82 In another example by Peach et al.83, 

cocrystals of fluoxetine hydrochloride and benzoic acid, fumaric acid and succinic acid were 

prepared by liquid-assisted and neat grinding and analyzed by 35Cl solid-state NMR. Their 

study showed that grinding can yield active pharmaceutical ingredient (API) cocrystals with 

higher purity and that 35Cl is particularly well suited for detecting the differences between the 

cocrystals and the respective starting materials due to the high sensitivity of 35Cl to the 

hydrogen bonding environment surrounding the chloride ion. Mechanochemistry was also 

used to prepare anion coordinated architectures based on 3-iodoethynyl pyridine and 3-

iodoethynylbenzoic acid and subsequently studied by solid-state NMR to characterize their 

presence.84 
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An exciting example of the use of mechanochemistry in NMR crystallography is the 

isotopic labelling of compounds. Laurencin and colleagues have been active in this area, 

having demonstrated the feasibility of 17O labelling by mechanochemical methods.85,86 For 

example, ibuprofen was 17O-enriched for the first time in the presence of only 1.5 equivalents 

of H217O and 1,1’-carbonyl-diimidazole under ball milling for 5 minutes, resulting in 

approximately 8% enrichment per carboxylic acid oxygen. The 17O MAS spectrum was 

obtained in less than two hours of acquisition. This work's impact is that 17O NMR becomes 

more accessible for just about any organic or inorganic compound of interest, including 

potentially many of the compounds studied in this work, due to the low cost of enrichment.  

1.4 NMR Crystallography 

Solid-state NMR spectroscopy has long played a vital role in the characterization of 

solid materials. Solid-state NMR is suitable for many systems because it is non-invasive, and 

the required equipment is widely available. It can probe nuclei of interest, whose spectral 

responses are sensitive to even the most subtle changes in their local electronic environments. 

The purpose of this chapter is to provide an overview of how solid-state NMR spectroscopy 

is used in conjunction with other experimental techniques to provide valuable insights into the 

structure of organic crystals. A short literature review of recent developments in NMR 

crystallography focusing on solid-state NMR study of crystal polymorphs is provided to 

illustrate the importance of NMR crystallography. The scope is then narrowed down to the 

use of NMR crystallography to probe noncovalent interactions, specifically tetrel bonds that 

form this thesis's basis. 

There are many reasons to study crystal structures. There are many examples where 

crystal structures may adopt different phases, called polymorphs, because of the unique crystal 
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growth medium or method used. Noncovalent interactions play a vital role in the formation of 

crystal structures, and solid-state NMR is used extensively to understand the nature of such 

interactions, including hydrogen bonds and -hole interactions, and how they play a role in 

guiding crystallization. Crystal structures may convert into other forms because of external 

effects (e.g., temperature, pressure) or, in the case of pharmaceuticals, the presence of 

excipients and other ingredients in a pharmaceutical formulation. Polymorphs are especially 

crucial in pharmaceutical sciences because each polymorph of an active pharmaceutical 

ingredient (API) generally exhibits unique bioavailability properties and because each 

polymorph can be subject to a patent.  

1.4.1 Polymorphism 

Polymorphism is the ability of a substance to crystallize in more than one distinct 

crystal structure and forms the basis of many questions in NMR crystallography. 

Understanding polymorphism extant in solids of interest is essential because the arrangement 

of a crystal structure can affect how it dissolves or, in the case of pharmaceuticals, their 

bioavailability. For example, a crystallization process can yield a kinetic or thermodynamic 

product, or multiple forms thereof, depending on the imposed conditions. Packing 

polymorphism occurs when the arrangement of molecules changes in forming a crystal 

structure, depending on the external conditions such as the crystallization solvent used, 

ambient temperatures or pressures. 

The use of solid-state NMR for characterizing organic solids and APIs is well 

established. Solid-state NMR methods are used extensively to describe the structures and 

noncovalent bonding networks present in pharmaceutical solids. However, one of the biggest 

challenges to drug manufacturers is polymorphism, the possibility that a particular crystal 
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structure alters its phase spontaneously or during manufacturing processes. Polymorphism can 

impact the function of an API’s solvation properties or bioavailability.87 Much effort has been 

put into establishing protocols whereby polymorphs can be identified either in pure phases or 

pharmaceutical mixtures (including excipients and other ingredients). 

One-dimensional solid-state NMR often suffices for detecting polymorphism. For 

example, one-dimensional 13C solid-state NMR is usually suitable for studying the significant 

differences from one polymorph to another. 13C CP/MAS has been used to study 

polymorphism in piracetam88, an API related to Alzheimer’s and dementia treatment. It exists 

in three stable forms at normal pressures obtained by recrystallization in different solvents or 

by heating (form II and form III; and form I, respectively). The unambiguous assignment of 

carbon peaks in 13C CP/MAS spectra was used to study the differences between the three 

polymorphs, which can be done at moderate magnetic field strengths. However, molecules 

like piracetam feature many nitrogen atoms. It is crucial to consider the broadening and 

splitting of the 13C signal due to dipolar coupling to 14N. The splitting should not be mistaken 

as overlapping 13C signals or J-coupling. This issue can often be resolved by running the 

experiments at higher magnetic field strengths. One goal of identifying polymorphs is to 

determine the constitution of pharmaceutical formulations. Comparing the pure form of 

piracetam to a series of commercial formulations, including excipients and other ingredients, 

shows that the form III polymorph is most often used in pharmaceutical formulations. DFT 

was further used in this paper to study the effects of temperature on the stability of the 

polymorph's unique forms, giving insights into the processes by which the three forms can 

interconvert at different temperatures. 
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One-dimensional solid-state NMR may not be sufficient for characterizing 

polymorphs in a more complex pharmaceutical sample. Often, drug molecules are complex 

and exhibit overlapping chemical shifts. Two-dimensional methods such as HETCOR are 

beneficial in these circumstances because they allow for identifying a species through 

‘fingerprinting’ and structural elucidation based on heteronuclear through-space correlations. 

An example of this is the case of cefazolin sodium89, a cephalosporin antibiotic that forms 

four distinct phases depending on the preparation method: the -form (pentahydrate), -form 

(sesquihydrate), -form (methanol solvate) and the amorphous phase. 13C CP/MAS clearly 

showed that, in fact, among a series of commercial formulations prepared by different 

vendors, the -form is usually used. 

Nevertheless, between different pharmaceutical manufacturers, subtle differences 

between preparations, likely resulting from the manufacturing process, can even be probed. 

Solid-state NMR provides a clear picture of the differences between the cefazolin 

formulations prepared by three different vendors and reveals subtle differences in 

formulations containing the -form, specifically at the C19 and C14 sites. This conclusion 

was confirmed by two-dimensional 1H-13C HETCOR spectra and attributed to a phenomenon 

related to the molecules' unique arrangements within the unit cell. Theoretical calculations 

exploring the change in the shape of the C19 signal from one formulation to the next show 

that this is related to forming a hydrogen bond in conformation 2, while the signal at C14 is 

affected by the degree to which conformation 2 is present in the formulation. This study 

showed the power of solid-state NMR for detecting very subtle changes in the arrangements 

of atoms or side chains in a crystal structure, despite the unit cell parameters remaining 

essentially the same. 
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An unusual case of polymorphism involves the interconversion of some substances 

between a salt and a cocrystal.90 These situations are rare: there are only a few known cases 

where the same chemical species can crystallize as one or the other at the same temperature, 

and only in the last couple of years has there been an increase in interest in these peculiar 

compounds.91-94 Bernasconi et al. recently discussed one of these examples comprising an 

adduct of ethionamide and salicylic acid95 where either liquid-assisted grinding or rapid 

evaporation selectively produced the salt or cocrystal, respectively. X-ray diffraction results 

showed that the salt crystallized in a P21/c space group, with one unit each of the cation and 

anion in the asymmetric unit, whereas the cocrystal crystallized in the P21/n space group with 

one unit of both molecules present in the asymmetric unit. 15N CP/MAS provides evidence as 

to the ionic or neutral charge nature of the compounds. For the salt, N1 exhibited a shift of 

211.9 ppm compared to 309.0 ppm for pure ethionamide, versus a shift to only 273.4 ppm for 

the cocrystal. The authors noted that these results are consistent with proton transfer and 

neutral hydrogen bonding based on prior studies. Bridging N-H distances were extracted from 

1H{14N} PM-S-RESPDOR experiments, resulting in values of 1.07 Å for the salt and 1.50 Å 

for the cocrystal, in excellent agreement with a CSD survey of various pyridine-carboxylic 

acid interactions. The results were supported by DFT calculations, thermal analysis and 

dissolution kinetic tests, where the thermodynamic phase is the salt, and the kinetic phase is 

the cocrystal. This study successfully demonstrated that solid-state NMR is useful alongside 

X-ray diffractions and several other techniques to detect salt-cocrystal polymorphism easily. 

1.5 Probing noncovalent bonding in solids 

A key aspect of NMR crystallography is the study of noncovalent interactions. 

Understanding inter- and intramolecular interactions is a fundamental practice of NMR 
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crystallography because they influence the formation of a periodic crystal structure to varying 

degrees depending on their bond strengths. Conversely, understanding bonding is equally vital 

as it contributes directly to the understanding of conformational polymorphism and dynamics. 

Solid-state NMR provides observables related to the electronic properties of nuclei as they 

interact with other atoms. The chemical shift, the quadrupolar interaction, dipolar coupling, 

and J-coupling may be used to understand the nature of bonding and noncovalent interactions. 

For example, an effort will be made to summarize the relationship between NMR 

crystallography and noncovalent interactions, but the reader is directed to other manuscripts 

that discuss this subject at length.96,97 

Noncovalent interactions are prevalent in chemistry and arise due to the interaction 

between anisotropic electronic charge distributions over molecules' surfaces. While 

noncovalent interactions are classified based on their electrostatic properties, one of the most 

significant examples is the hydrogen bond. 

Hydrogen bonds98-100 are likely the most studied of the noncovalent interactions by 

NMR spectroscopy as they are one of the most well-known and are significant in many 

applications, including crystal engineering, biological process, catalysis and materials science. 

Interactions such as -, cation- and anion- play an essential role in guiding crystallization 

(for an exciting look at the role of - stacking in crystal engineering, see a recent virtual issue 

of Crystal Growth and Design101). Beyond that, an effort has been made to understand the 

hydrogen bond and its effect on NMR chemical shifts.102-105 X-ray crystallography can play 

an essential role in identifying hydrogen bonds and their geometries but cannot always 

determine hydrogen atom positions with high accuracy. Solid-state NMR alongside GIPAW 

DFT methods can confirm hydrogen bond lengths using dipolar coupling measurements.  
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1.6 σ-hole Interactions and Tetrel Bonds 

Analogous to hydrogen bonds are -hole interactions. These involve the attractive 

interaction between the electrophilic region of a donor atom (σ-hole) and an electron-rich 

acceptor.106-108 This naming convention originates from hydrogen bonding, where the donor 

atom is the one that provides the hydrogen to the hydrogen bond. In this case, however, the 

electropositive atom is considered the donor, but it behaves somewhat differently from a 

hydrogen bond. 

These sorts of interactions are named after the group in the periodic table (groups 14-

17) to which the electrophilic atom belongs.109 Examples of σ-hole interactions include 

halogen (XB)110, chalcogen (ChB)111, pnictogen (PnB)112,  and tetrel (TB)113 bonds. Even the 

term “aerogen bond” 114 has been coined for the noble gases.  

A σ-hole is an area of reduced electron density that forms over an atom bonded to an 

electronegative substituent. The electrostatic potential, 𝑉(𝑟),  over the surface of an atom is 

related to electron density, 𝜌(𝑟), and the nuclear charge, 𝑍𝐴, at any point, 𝑟, on its surface and 

is described by115: 

 𝑉(𝑟) = ∑
𝑍𝐴

|𝑅𝐴 − 𝑟|
− ∫

𝜌(𝑟′)𝑑𝑟′

|𝑟′ − 𝑟|
𝐴

 Eq. 1-20 

 

where 𝑅𝐴 is the point which describes the nucleus. When the electron density is removed from 

the pole opposite the covalent bond, an electrophilic area of increased electrostatic potential 

forms. Because the σ-hole generally forms directly opposite of the covalent bond, and there 

can be as many σ-holes as there are covalent bonds, provided the substituents are each 

electronegative enough to form the σ-hole. The σ-hole is a highly directional and tunable 
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Figure 1-2. Molecular electrostatic potential (b) (MESP) diagram of CF3NH3+ depicting a σ-

hole on carbon, as observed from the opposite end of the C-N covalent bond. Shown in (a) is 

the chemical structure, where the eye corresponds to the perspective from which (b) is shown. 

The MESP was calculated using Gaussian 09 using the B3LYP functional with a 6-31G* basis 

set. The molecular electrostatic potential, V(r) of the centre of the -hole, in units of a.u., taken 

at the 0.001 electrons Bohr-3 isodensity surface, is indicated by the black arrow. The colour 

red corresponds to values ≤ 0.170 a.u., while blue areas correspond to values ≥ 0.217 a.u. 

 

interaction.116-120 σ-hole interactions may therefore be described schematically as R—X···Y 

bonds, where R is the electron-withdrawing substituent, X is the bond donor atom, and Y is 

the Lewis base acceptor atom (Figure 1-3). 

 It is important to note that while the σ-hole is an electrostatic description that provides 

an excellent and intuitive model to describe these interactions, there is a debate in the literature 

about the exact mechanism by which this form of noncovalent bonding occurs. Evidence 

suggests that charge transfer121-125 mechanisms occurring between molecular orbitals are 

essential for considering the accurate description of the σ-hole interaction. In this model, the 
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Figure 1-3. Generalized example of a σ-hole interaction, where X is the interaction donor 

atom and may be an element within the halogen, chalcogen, pnictogen and tetrel groups of the 

periodic table. 

 

bonding process is mediated in part by an electron charge transfer from a nonbonding orbital 

on the Lewis base to the antibonding orbital in the donor atom’s covalent bond. 

Experimentally, halogen bonds' strength, for example, correlates well with the amount of 

charge transfer between the donor and acceptor atoms. Fundamentally, electrostatics and 

charge transfer can be considered equally important in describing the bonding mechanisms in 

σ-hole interaction.126 However, from an NMR crystallographic point of view, the interaction's 

exact mechanism is not a matter of great importance for relating NMR observables to the 

crystallographic structure of solids.  

Many works have been undertaken to understand the experimental observables related 

to the formation of σ-holes. In a computational study, Lu and Scheiner127 suggested that the 

NMR signal for donor nuclei involved in noncovalent interactions exhibit consistent 

spectroscopic changes: first, the covalent bond is weakened and shows an IR redshift because 

of the bond stretching; second, the magnetic shielding of the electrophile increases while that 
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of the electron donor decreases; third, the relative magnitude of the changes follow periodic 

trends.  In a recent advance on the understanding of chalcogen bonding, Kumar et al. showed 

the utility of solid-state NMR and vibrational spectroscopy for studying chalcogen bonds.128 

In their work, 77Se CP/MAS spectroscopy was performed at 9.4 T (L(77Se) = 76.311 MHz). 

They showed the 77Se chemical shift tensor correlates to the geometry at the site of the 

chalcogen bond. On cocrystal formation, they found the isotropic chemical shift to generally 

decrease. In particular, 11 of 77Se increases for nitrogen-based donors (increase in the span) 

but decreases when the donor is a halide ion (reduction in span). 33 was found to decrease 

generally. Notably, the authors also reported some 125Te CP/MAS data; however, the NMR 

data could not be obtained for all the cocrystals because of the complexes' stability. Kumar et 

al. probed double chalcogen bonds present in a series of 12 cocrystals in a related study.129 

77Se and 125Te NMR confirmed the correlation between chalcogen bond geometry and 

chemical shift tensor data.  The change in the measured span provides insights into the ChB 

geometry and results from the Ch-N bonding orbitals' contribution to the chemical shift tensor. 

Along with chalcogen bonding, solid-state NMR has provided valuable contributions to 

understanding pnictogen bonding via 209Bi-31P J-coupling.130 

Single-crystal solid-state NMR studies have been useful but under-used in providing 

critical insights into noncovalent bonding. For these studies, suitably sized crystals are grown 

and mounted on a goniometer fixed in a solid-state NMR probe. Throughout the NMR 

analysis, the sample is rotated stepwise to record the magnitude of the NMR interaction 

tensors and their orientation with respect to the molecular frame. The information obtained 

from these experiments can give rise to a greater understanding of noncovalent interactions' 

nature, translating to a greater appreciation of the guiding forces in crystallization processes.  
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Past single-crystal NMR studies have looked at hydrogen bonding, both directly131-133 

and indirectly.134-136 Recently, the method was used to study halogen bonds137 by 31P and 17O 

NMR at 9.4 T (L(31P) = 161.976 MHz, (L(17O) = 54.243 MHz). Three cocrystals that feature 

halogen bonds involving 17O-enriched Ph3P17O acceptors were studied. The single-crystal 

NMR data were used to obtain exact measurements of the 17O and 31P chemical shift and EFG 

tensors related to structural features across the halogen bond. It was found that the direction 

of both the unique components of the 31P and 17O CS tensors and the 17O quadrupolar coupling 

tensor were dependent on the linearity of the halogen bond, while the magnitude of these 

interactions is also sensitive to the halogen bond formation. The spectra further revealed that 

upon halogen bond formation, J(31P, 17O) tensor asymmetry increases from 0.43 to 0.47, while 

the magnitude of anisotropy of J decreases from -512 to -281 Hz. The study provides insights 

into the NMR response upon halogen-bond-induced crystallization. 

This thesis focuses on the study of tetrel bonding by solid-state NMR. Presented within 

the introduction to each chapter of this thesis is a literature review of tetrel bonds, which 

collectively form a comprehensive description of the tetrel bond. A more recent look at the 

tetrel bond is presented to allow the reader to understand what it is and why it is important.  

Noncovalent interactions have been identified for most groups in the periodic table.138 

Having been identified long before they were named139, tetrel bonds are known as such based 

on where the donor atom resides on the periodic table: in this case, group 14 or the Tetrel 

elements (Figure 1-4).140 Today, tetrel bonds are well known. Recent crystal structure 

database surveys have revealed numerous examples of tetrel bonds occurring with carbon, 

silicon, lead, tin and germanium centres, leading to numerous studies into the utility of tetrel 

bonds in crystal engineering. 141-145 
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Figure 1-4. The general structure of a tetrel bond. The bond features a group 14 “tetrel” donor 

atom, T, with tetrahedral geometry and a nucleophilic acceptor atom. R1 refers to the electron-

withdrawing substituent to which the tetrel atom is covalently bonded, while R can be any 

other neutrally charged substituent, often H, such as in the case of a methyl group.  

ike other -hole interactions, tetrel bonds tend to be short and linear. They are tunable, 

with the strength and the size of a -hole on a tetrel atom increasing as its polarizability 

increases and as the strength of the electron-withdrawing substituent increases. Figure 1-5 

depicts the phenomenon whereby the size and strength of the -hole increases as the atomic 

number of the tetrahedral tetrel donor atom increases (C < Si < Ge < Sn < Pb). V(r) values 

taken from the centre of the -hole are shown to systematically increase from carbon down to 

lead (Table 1-1). Interestingly, however, the MESP diagram for carbon shows that while a -

hole is present, it is very weak compared to the other molecules. This is not surprising, as 

carbon is the least polarizable element in group 14. The calculated electrostatic potential is 

very similar to the surrounding hydrogen atoms, making it possible for weak CH···X 

hydrogen bonds to form in competition with the -hole. The inherent weakness of a carbon 

-hole is unavoidable, but its relative strength can be improved by adding stronger electron-

withdrawing substituents, such as depicted in Figure 1-5, where the hydrogen atoms are 

replaced with fluorines.  
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Figure 1-5. MESP diagrams of TH3NH3+ (T = C, Si, Ge, Sn and Pb) depicting a σ-hole on 

tetrahedral tetrel bond donor atoms, as observed from the opposite end of the C-N covalent 

bond. The MESP diagrams were generated from calculations using Gaussian 09 using the 

B3LYP functional with a 6-31G* basis set for molecules containing C, Si and Ge, and the 

LANL2DZ basis set for the heavier elements Sn and Pb. The molecular electrostatic potential, 

V(r) of the centre of the -hole, in units of a.u., taken at the 0.001 electrons Bohr-3 isodensity 

surface, are shown in Table 1-1. The colour red corresponds to values ≤ 0.170 a.u., while blue 

areas correspond to values ≥ 0.217 a.u. 
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Table 1-1. Values of V(r) taken at the centre of the σ-holes for the molecules depicted in 

Figure 1-5. 

Donor Atom 
V(r) at σ-hole 

/ a.u. 
C 0.186 
Si 0.220 
Ge 0.228 
Sn 0.231 
Pb 0.235 

 

An MESP map over 1,3-dimethyluracil, a structural analogue to caffeine and 

theophylline (to be discussed in Chapter 2), was generated to demonstrate that -holes are 

relevant to structures more complex than simple gas-phase molecules. Figure 1-6 depicts the 

MESP generated at the 0.001 electron Bohr-3 isosurface of 1,3-dimethyluracil, in which it is 

clear that a -hole is positioned on the extension of an N-CH3 covalent bond. While the -

hole itself is somewhat delocalized with the hydrogen atoms bonded to carbon, it demonstrates 

the possibility for a Lewis base acceptor atom to engage carbon at this site.  

In the last decade over which the concept of sigma-hole bonding has piqued many 

chemists' curiosity, there have been numerous studies, primarily computational on simple 

model systems, investigating the ability for tetrel centres to interact electrophilically with 

anions. Over the years, there have been numerous reviews written to discuss the subject. 146-

148 More recently, for example, the idea of tetrel bonding has been explained using other 

examples. For example, tetrel bonding from -electrons on aromatic rings is known to 

occur.149  
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Figure 1-6. (a) Chemical structure of 1,3-dimethyluracil (b) Geometry optimized structure of 

1,3-dimethyluracil with the corresponding (c) MESP diagram depicting a weak -hole at the 

centre of the N-CH3 methyl carbon (indicated by the arrow). The MESP diagrams were 

generated from calculations using Gaussian 09 using the B3LYP functional with a 6-31G* 

The MESP map was generated at the 0.001 electrons Bohr-3 isodensity surface. The colour 

red corresponds to V(r) values ≤ 0.01 a.u., while blue areas correspond to values ≥ 0.013 a.u. 

Not surprisingly, lead has been studied extensively in recent years due to the apparent 

ease with which it readily forms tetrel bonds. Pb(II) based tetrel bonds are vital in stabilizing 

various supramolecular complexes in hemidirectionally coordinated complexes.150-156 Pb(II), 

as opposed to Pb(IV) has the unique characteristic of adopting either hemidirected or 
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holodirected geometry, based on the stereoactivity of the 6s2 lone pair of electrons. The 

stereochemical activity of this lone pair is related to the coordination environment around 

Pb(II), with the lone pair becoming inactive, or holotropic, when the coordination number 

exceeds 5.157,158 Of course, as seen in Chapter 3, Pb(II) ligands can be chosen in such a way 

that the geometry of the Pb(II) ion is forced to be hemidirectional. The tetrel bonds to lead 

centres are relatively easily studied by computational techniques such as quantum chemical 

computational techniques, including Hirshfeld surface analysis and quantum theory of atoms-

in-molecules (QTAIM) calculations. Such calculations can confirm the presence of PbX 

tetrel bonds in the aforementioned Pb(II) complexes.150 Pb(IV), which forms tetrahedral 

geometry, is also shown to form tetrel bonds in several examples.159 

Tetrel bonding is important in both organic chemical and biological reactions. One of 

the easiest ways to demonstrate the importance of a tetrel bond in chemistry is by indicating 

its role as the precursor to SN2 displacement reactions.160,161 In biochemical applications, the 

tetrel bond has been observed to induce the conversion of amino acids into zwitterions via 

proton transfer.162 There is also evidence that the tetrel bond plays a vital role in some 

biological processes.163 A survey of AdoMet-bound methyltransferase structures resulted in 

geometries that suggest methyl tetrel bonding to electronegative atoms in small molecule 

inhibitors, solvent molecules, and ions may have an important role in catabolism and other 

processes.164 In another study, carbon tetrel bonds in proteins contribute enthalpically to the 

protein structure's overall hydrophobic interaction and play a role in other metabolic 

processes.165 

It has become evident that the tetrel bond is an imperative class of noncovalent 

interaction. From investigating the nature of the interaction to understanding what can affect 
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a tetrel bond's strength, much work has collectively gone into developing a general picture of 

what is going on with tetrel bonds. Models such as valence shell electron pair repulsion 

(VSEPR) theory166 and valence bond theory167 have helped describe tetrel bonds. At the basic 

level, there is some debate about the degree to which electrostatics versus charge transfer plays 

a role in the tetrel bond. Many works argue that charge transfer at least partially168 explains 

the tetrel bond. For example, in tetrahedral carbons169, complexation results in charge transfer 

from the Lewis base to the tetrel bond donor. 

Furthermore, a stronger interaction results in a shorter interaction length, which results 

from covalent character.170,171 The addition of electron-withdrawing substituents on pyridine 

rings affects tetrel bond strength in tetrel bonds from nitrogen. 172 In that work, Laplacian and 

energy densities are calculated to be positive in complexes with CH3F, which indicates that 

the interaction features closed-shell atoms and that the interaction is purely electrostatic. 

However, when the tetrel element is either Si or Ge, the calculated Laplacian remains positive, 

but the electron density is negative, suggesting some covalency in the bond. Charge transfer, 

calculated as the sum of all atomic natural bond orbital charges, is observed for all of the 

studied species, and the amount of charge transfer that occurs correlates with interaction 

energy, which depends on the nature of the electron-withdrawing substituent. The correlation 

of charge transfer with the interaction energy is supported by other work.173 While the 

electrostatic model is often associated with inconsistencies regarding the bonding energy, it is 

still viewed as the dominant effect.169 In one particular study, an analysis of the bond energy 

decomposition revealed that electrostatic contribution plays a significant role in the studied 

tetrel bonded complexes.174 In another example175, tetrel bonds involving tetrel anions as 

acceptors are shown to form strong interactions with bonding energies as large as 90 kcal/mol, 
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with the strength increasing as the acceptor tetrel anion becomes smaller in size or as the donor 

tetrel atom becomes larger. Calculations showed that the electrostatic component is dominant 

and calculated to comprise up to 55-70% of the total interaction energy.  

This thesis does not attempt to determine the precise nature of a tetrel bond. Nor is it 

written to argue one descriptive model over the other. Generally speaking, the tetrel bond, like 

the other -hole interactions to which it is related, can be explained by both electrostatic 

effects and charge transfer, which are not mutually exclusive. Instead, this thesis attempts to 

describe the NMR response to tetrel bonding to be applied to the broad field of NMR 

crystallography. Before writing this work, both computational and experimental techniques 

have been used to study the spectroscopic properties of the tetrel bond. In recent studies, the 

tetrel bond formation has been related to responses in vibrational, rotational and NMR 

spectroscopic methods.176-181 In one notable example, computational vibrational spectroscopic 

data has provided a means to calculate tetrel bond strengths directly.182 In the study, bond 

strengths over a series of complexes were calculated to be between -1.4 to -26 kcal/mol, with 

the more robust bonds resulting from the addition of electron-withdrawing substituents to the 

tetrel bond donor molecule. This, in turn, affects the tetrel bond's partial covalency and the 

degree to which the electrons delocalize from the HOMO of the acceptor molecule to the 

LUMO of the tetrel bond donor.  

Before embarking on this thesis's work, this author had written the only previous solid-

state NMR study that had been performed to understand the NMR response resulting from 

tetrel bond formation.183 In that work, there was a clear trend observed between the 13C 

chemical shift and the formation of a CO tetrel bond in two cocrystals featuring small 

organic molecules. This work is, therefore, a continuation of that initial investigation and 
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presents a systematic study of the NMR response to three different NMR-active tetrel bond 

donors with the primary goal of understanding how, and under what circumstances, must a 

tetrel bond be considered when applying solid-state NMR to understanding the crystal 

structure of compounds featuring tetrel bonds. 
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Chapter 2 The Experimental 13C and 1H Solid-State NMR 

Response in Weakly Tetrel Bonded Methyl Groups 

The study of tetrel bonding begins in period 2 of the periodic table. Like halogens, 

pnictogens, and chalcogens, group 14 tetrel atoms can exhibit areas of elevated electrostatic 

potential on their surfaces (σ-holes, Figure 1-5) which can engage in non-covalent interactions 

with electron donors. Evidence for tetrel bonds involving spin-1/2 nuclei, such as 13C, may be 

found by careful observation of the isotropic chemical shift in solid-state NMR experiments.  

Here, we study the 13C and 1H solid-state NMR spectroscopic responses to weak tetrel 

bond formation by examining a series of eight caffeine and theophylline cocrystals along with 

similar compounds not featuring tetrel bonds. Overall, we observe a moderate increase (<5 

ppm) in the methyl 13C chemical shift in cocrystals featuring tetrel bonds compared to their 

non-bonded counterparts. The value of δ(13C) shows a weak inverse correlation with the tetrel 

bond length, while no strong correlation with the tetrel bond angle is observed experimentally. 

The presence of a tetrel bond also influences methyl proton chemical shifts, but no strong 

correlations with structural features are noted based on the experimental data.   

With the aid of DFT calculations, we explore the relationship between the tetrel bond 

and the 13C chemical shift tensor, furthering our understanding of how tetrel bonds and 

potentially competing weak CHO hydrogen bonds affect the NMR response, which is a 

critical step towards the successful application of NMR crystallography. While computations 

generally show clear correlations between chemical shifts and structural features, this 

experimental work demonstrates that other interactions and crystal packing effects can 

weaken and even obscure the expected correlations. 
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2.1 Introduction 

Over the last number of years, studies of non-covalent interactions involving elements 

of groups 14-18 as electrophilic sites have become numerous. Going beyond the well-known 

hydrogen bonds (HB), these noncovalent interactions are known by the name of the group in 

which the donor atom falls in the periodic table1: halogen bonds,2,3 pnictogen bonds,4-6 

chalcogen bonds,7,8 and tetrel bonds are now recognized as being part of an important category 

of non-covalent interactions.9,10 Aerogen bonds have also been proposed.11,12  A σ-hole is an 

area of depleted electron density and higher electrostatic potential that forms on an atom 

bonded to an electronegative substituent, which gives rise to a highly directional and tunable 

interaction.13-17 σ-hole interactions may therefore be described schematically as R—X···Y 

bonds, where R is the electron-withdrawing substituent, X is the bond donor atom, and Y is 

the Lewis base acceptor atom. Generally, the bond's strength depends on the donor atom's 

polarizability, and consequently, carbon atoms will form the weakest bonds out of all the 

Group 14 elements.  

The tetrel bond (TB) has become a popular subject of research due to the abundance 

of carbon in nature and chemistry. Of interest are sp3 carbons, such as methyl carbons, because 

they are found in nearly every organic molecule, pharmaceutical compound, or biomolecule 

and may be a factor in molecular interactions' tunability.18,19 Evidence for tetrel bonds 

involving Si and Sn goes back many years.20-25 However, more recent works have contributed 

to furthering the understanding of tetrel bonds. For example, the tetrel bond was studied in its 

role as a coordinating precursor to SN2 reactions.10 There has also been a push to further the 

understanding of the impact of tetrel bonds on crystal engineering and catalysis.26 For 

example, several organic cocrystals and supramolecular structures were identified featuring 
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tetrel bonds in the literature. Recently, Kumar and coworkers reported a series of tin-based 

tetrel bonds,27 while others have reported lead-based metal-organic frameworks.28,29 There is 

a significant amount of recent computational work that has contributed to our understanding 

of the physical aspects of tetrel bonds.30-34 Given the low polarizability of carbon, the NMR 

spectroscopic effect resulting from carbon tetrel bond formation is expected to be small and 

could be easily overshadowed by other crystallographic effects in solids. 

In a recent study, Scheiner described the calculated NMR shielding response due to 

TBs and HBs on methyl 13C and 1H nuclei in a series of simple model systems.35  In short, it 

was shown that upon complexation, both the 1H and 13C chemical shifts increase. The extent 

to which this occurs depends on the angle and the length of the TB. Upon forming a linear 

TB, the 13C chemical shift was predicted to increase by up to ~ 6 ppm, and the 1H chemical 

shift was predicted to increase only slightly. On the other hand, the formation of a weak 

RCH…O hydrogen bond results in a more considerable increase of the 1H chemical shift, 

whereas the 13C chemical shift only slightly increases. Simultaneously, upon increasing the 

TB or HB bond length, the 13C and 1H chemical shifts were calculated to decrease. Upon 

deviation from the TB linearity towards HB geometry, the 13C chemical shift decreases 

rapidly, while the 1H chemical shift increases. Scheiner’s results clearly demonstrate what 

happens to the NMR response when the geometry of TB at a methyl group changes, but the 

model assumes that there are no other competing factors in the crystal structure. What happens 

when there is a weak hydrogen bond in addition to the TB? Does the C-H bond length affect 

the carbon chemical shift?36 What about other effects occurring over the crystal lattice as a 

result of cocrystallization? Some of these questions have been thoughtfully considered 
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computationally using model structures,35-37 but these are problems that must also be 

addressed by studying tetrel bonds using experimental solid-state NMR methods.  

Experimental evidence has shown that the presence of a tetrel bond can be detected by 

instrumental analysis, including microwave spectroscopy.38 We previously showed that tetrel 

bonds are detectible using solid-state NMR spectroscopy in both carbon- and lead-based tetrel 

bonding systems.39,40 The effect tetrel bond-induced cocrystallization has on the NMR 

response has an important impact on NMR crystallography applications. Understanding how 

tetrel bonds affect the various NMR parameters is key to applying NMR crystallography 

towards understanding the nature of solid-state crystal structures. 

Scheme 1. Chemical structures of caffeine (left) and theophylline (right). Both structures are 

labelled with the numbering system used throughout this work. 

Here, we report a solid-state NMR study on a series of caffeine and theophylline-based 

cocrystal structures featuring weak O∙∙∙CH3 tetrel bonds. Caffeine and theophylline (Scheme 

1) make good candidates for this sort of study. It has been well documented that these

compounds can easily form cocrystals with small organic molecules.41,42 One of the standard 

features of many of these cocrystals is the tendency for contacts to form between the methyl 

carbons of caffeine or theophylline and oxygen atoms. These contacts are often linear (θN-CO 
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= 160o-180o), and the distance between the two atoms tends to be shorter than the sum of their 

van der Waals radii (3.22 Å) (Figure 2-1). A selection of a series of caffeine- and 

theophylline-based cocrystals allows for an easier comparison to be made between crystal 

structures featuring tetrel bonds. This work provides further understanding of the experimental 

NMR chemical shift response upon cocrystallization due to tetrel bonding and the competing 

effects of other phenomena such as hydrogen bonding. 

 

Figure 2-1. Schematic showing the general structure of an N-CH3O tetrel bond with all 

relevant angles and lengths discussed herein. 

 

2.2 Experimental Methods 

2.2.1 Cambridge Structural Database (CSD) Search 

Cocrystals selected for recrystallization were identified from the Cambridge Structural 

Database (CSD) by searching for structural features using ConQuest.43 Cocrystals featuring 

the linear (160-180 degrees) O∙∙∙CH3 motif with C…O TB lengths within the sum of their van 

der Waals radii (3.22 Å) were selected for further study. Structures were visualized using 

Mercury 4.1.344 or later. 
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2.2.2 Preparation of the tetrel bonded cocrystals 

All precursors were obtained from Sigma Aldrich and used without further 

purification. Cocrystals were obtained using either slow evaporation or liquid-assisted 

grinding with a Retsch ball mill and minimal amounts (~10 mg) of organic solvent (See 

Figure S1-1). 

2.2.3 Computational Methods 

Periodic DFT calculations were performed using CASTEP v19.11.45 In all cases, the 

revised Perdew-Burke-Ernzerhof (revPBE) functional was used with on-the-fly-generated 

scalar ZORA pseudopotentials (OTFG). The convergence of the computed parameters was 

tested such that 700 eV was determined to be an adequate cut-off energy for both geometry 

optimizations and magnetic resonance calculations, and the minimum k-point spacing of 0.07 

Å-1 over the Brillouin zone was observed to be sufficient for convergence in balance with our 

computational resource capabilities (see Appendix 1).46 Geometry optimizations were carried 

out using the minimization approach of Broyden, Fletcher, Goldfarb, and Shanno (BFGS) 

with experimental unit cell dimensions fixed.47 Dispersion was accounted for during geometry 

optimizations using the two-body force-field method of Grimme (D2). However, because the 

carbon atoms of interest in each of the crystal structures are involved in tetrel bonds with 

oxygen atoms and are directly bonded to nitrogen atoms, we re-parameterized the damping 

function using the approach of Holmes and Schurko (s6=1.0; d=5.0).48 Calculations of 

magnetic shielding tensors were carried out on the geometry-optimized crystal structures 

using the gauge including projector augmented wave (GIPAW) approach.  
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The calculated 1H and 13C isotropic magnetic shielding values were plotted against the 

experimentally determined isotropic chemical shifts to verify the quality of the calculated 

results. As shown in Figure 2-2, the correlation for 13C is of higher quality than for 1H. Part 

of the reason for this is that the HETCOR spectra were not resolved well enough in all cases 

to assign chemical shifts to each hydrogen atom in the spectrum. The distinct magnetic 

shielding constants are plotted against the average or the centre of the peak observed in the 

HETCOR spectrum if multiple 1H resonances overlapped. 

 

Figure 2-2. Comparison between the calculated isotropic shielding and the observed chemical 

shift corresponding to the compounds studied herein. Calculated values are obtained from 

periodic systems bearing geometry optimized hydrogen positions at the revPBE-D2 level. 

Magnetic resonance calculations were performed using the revPBE functional. 1H magnetic 

shielding values are compared with the ‘average’ 1H chemical shifts observed in the HETCOR 

experiment. 
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The computed isotropic magnetic shielding values were used to assign the 13C and 1H 

experimental isotropic chemical shifts of each compound. A comparison was made between 

the calculated shieldings and the experimental shifts and plotted, excluding the few 1H 

chemical shifts that could not be assigned with confidence. The linear regression analysis is 

shown in Figure 2-2 for both 13C and 1H. The equation of the line of best fit is in the form of: 

 𝛿𝑖𝑠𝑜(𝑐𝑎𝑙𝑐) = 𝜎𝑐𝑎𝑙𝑐 −
𝜎𝑟𝑒𝑓

𝑚
 Eq. 2-1 

 

The calculated isotropic chemical shift is used to determine the root mean square 

(RMS) error. The RMS values for 13C and 1H are calculated using the expression: 

 𝑅𝑀𝑆 = √∑(𝛿𝑖𝑠𝑜(𝑐𝑎𝑙𝑐) − 𝛿𝑖𝑠𝑜(𝑒𝑥𝑝𝑡))
2

𝑛
 Eq. 2-2 

   

where n is the number of observations made and are determined to be 0.197 and 0.067, 

respectively.  

All calculated NMR data were extracted from CASTEP output files using EFGShield49 

v4.5 and visualized using the 2D plotting tool in Magresview v1.6.2.50 

2.2.4 Solid-State NMR Spectroscopy 

SSNMR experiments were conducted at 11.7 T (ν0(1H)=500.35 MHz, ν0(13C)=125.81 

MHz); a Bruker Avance III console was used in combination with a Bruker 4 mm standard-

bore triple resonance MAS probe, or at 9.4 T (ν0(1H)=400.32 MHz, ν0(13C)=100.67 MHz), 

where a Bruker Avance III console was used in combination with a Bruker 4 mm wide-bore 
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triple resonance MAS probe. All data sets were collected at ambient room temperature and 

pressure. 

13C NMR spectra of all compounds were obtained by employing magic-angle spinning 

1H 13C cross-polarization (CP/MAS) experiments. Samples were packed into 4 mm zirconia 

rotors and spun at rotational frequencies of 10.0 to 12.5 kHz to minimize as much as possible 

the overlap over the isotropic peaks with spinning sidebands resulting from chemical shift 

anisotropy at specific 13C sites. Pulse powers and durations were optimized for each sample, 

resulting in 1H π/2 pulses of around 3.0-3.5 μs, contact times of 2000 μs and 1H decoupling 

frequencies of approximately 60 kHz. Caffeine and theophylline were found to require long 

relaxation delays, and in most cases, the recycle delay was set to a minimum of 30-60 s (see 

SI). All spectra were referenced to glycine (13C=O) at 176.4 ppm with respect to adamantane 

(13CH2) at 38.48 ppm, relative to neat tetramethylsilane.51  

1H-13C frequency-switched Lee-Goldburg (FSLG) heteronuclear correlation 

experiments (HETCOR)52-55 were conducted at 11.7 T at spinning speeds of 10.0 kHz.  The 

pulse sequence is shown in Figure 2-3. The sequence begins with a pulse on 1H which rotates 

the magnetization to the magic angle (54.74o), followed by an incremented evolution time, t1, 

during which the FSLG decoupling scheme, consisting of a series of 2𝜋 1H pulses, is applied 

to average all 1H homonuclear dipolar couplings while allowing the 1H chemical shift to 

evolve. The chemical shift encoded 1H magnetization is then rotated to the transverse axis 

using a second 1H pulse, followed by a standard cross-polarization scheme to transfer the 

magnetization to 13C by matching the resonant frequencies to the Hartmann-Hahn condition. 

Finally, the 13C signal is detected while 1H-13C heteronuclear decoupling is applied. It is 

important to note that the 1H chemical shift evolves under the FSLG decoupling, which scales 
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the chemical shift by approximately 0.58. This must be taken into account during the 

processing step.   

Contact times were set to 50-150 s to obtain proximal correlations, as much as 

possible, from only directly bonded 1H atoms. π/2 pulses of 3.15-3.50 μs were employed with 

an effective FSLG 1H decoupling field of ~85 kHz. The chemical shift and scaling in the 1H 

dimension was referenced to tyrosine.HCl. Due to this sort of experiment's impracticality 

when relaxation delays are long, only the minimum number of increments required to resolve 

the peaks in the 1H dimension were acquired. However, this resulted in a significantly 

depreciated resolution in the 1H dimension compared to what would typically be obtained for 

samples with more reasonable relaxation properties. NMR spectra were processed and 

analyzed using the ssNake python application.56 

 

Figure 2-3. Pulse sequence for FSLG-HETCOR.52 The 1H pulses are not standard 𝜋

2
 pulses 

and specifically set to achieve the LG condition (see main text).  

 

It is well documented that a quadrupolar nucleus coupled to a spin-1/2 nucleus can 

indirectly result in a second-order frequency shift.57-59 The dipolar coupling constant is 

calculated to be approximately 0.7 kHz in 14N-13CH3 groups. We can then calculate the 



Chapter 2 

 71 

absolute magnitude of the frequency shift resulting from the m = 1 transitions to be on the 

order of 0.15 ppm or less for 14N-13CH3 sites at 11.7 T. Therefore, the effects of the second-

order frequency shifts are small relative to the observed 13C line widths (~1 ppm). 

2.2.5 Powder X-ray Diffraction 

Data sets were collected on a Rigaku Ultima IV powder diffractometer equipped with 

an automatic sample changer and spinner at room temperature with Cuκα1 radiation with a 

wavelength of 1.54056 Å. The measurements were carried out over a 2θ range of  5o to 65o 

using a continuous scanner with a step size of 0.02o. To confirm the cocrystals' successful 

recrystallizations, their experimental powder patterns are compared to diffraction patterns 

obtained from the published crystallographic information files (CIF) using Mercury software 

(see Figure 2-4 for an example). Patterns were analyzed using Profex v4.260 and are shown 

in the Supporting Information. 

 

Figure 2-4. Experimental powder X-ray diffraction pattern of caffeine 4-nitroaniline (black) 

overlaid with the calculated pattern obtained from Mercury. 
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2.3 Results and Discussion 

2.3.1 Tetrel Bonding 

The goal of this study was to investigate a series of caffeine- and theophylline-based 

cocrystals by SSNMR spectroscopy in order to develop a greater understanding of the NMR 

response to tetrel bonds in the solid-state and what effects, if any, can be observed due to their 

competition with weak CHO hydrogen bonds.  

To this effect, ten compounds characterized previously by X-ray diffraction were 

chosen to be studied by solid-state NMR to explore the tetrel-bond induced effects upon 

cocrystallization. We selected a series of caffeine- and theophylline-based cocrystals 

following a Cambridge Crystal Database search (Table 2-1). These crystal structures are 

depicted in Figure 2-5 and Figure 2-6. 

Table 2-1. X-ray Structures of Caffeine and Theophylline Cocrystals Used in This Work 

Number CSD REFCODE Space 
Group Chemical Name 

CA CAFINE01 P21/c caffeine monohydrate 
1 VAWKOU Pnma caffeine acetic acid 
2 LATGUK P21/c caffeine 4-nitroaniline 
3 IJEZUT P21/c caffeine p-coumaric acid 
4 VAWKEK P21/c caffeine formic acid 
5 GANYEA P21/n caffeine maleic acid 
6 KIGKAN P21/c theophylline citric acid hydrate 
7 RABXOK P1 theophylline acetamide 
8 BAPLOT06 Pna21 theophylline (form II) 
9 WOCHUT P21/c theophylline cinnamic acid 
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Figure 2-5. Excerpts from X-ray crystal structures of caffeine-based cocrystals used in this 

work (left) with their corresponding chemical structure diagrams (right). Tetrel bonding 

contacts are shown with turquoise dotted lines. 
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Figure 2-6. Excerpts from X-ray crystal structures of theophylline-based cocrystals used in 

this work (left) with their corresponding chemical structure diagrams (right). Tetrel bonding 

contacts are shown with turquoise dotted lines. 

In most of the crystal structures presented here, the asymmetric unit contains one 

caffeine or theophylline molecule and one unit of the small molecule with which it 

cocrystallizes. The exceptions to this are the hydrates, and 4, which crystallize with two 

caffeine units in the asymmetric unit. The cocrystals appear to have extensive networks of 

close contacts between hydrogens and electronegative atoms like oxygen and nitrogen. It is 

also clear that in each cocrystal, the hydrogen on C8 forms a close contact with oxygen, which 

suggests that this site is vital in the cocrystallization of these compounds. 

Table 2-2 shows the tetrel bond geometries identified corresponding to carbon sites 

C10, C12, and C14 (see also Figure 2-7). As can be seen, most of these geometries are 
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characteristic of weak tetrel bonds. Although the bonds tend to be quite linear, the length of 

the TB determined by X-ray crystallography is often greater than 3 Å, corresponding to a 

standardized distance parameter of 0.932 with respect to the sum of the van der Waals radii 

(Eq. 2-3) between oxygen and carbon of 3.22 Å. Furthermore, some of these methyl groups 

also have close contacts between the methyl hydrogen and the oxygen to which the methyl 

carbon is bonded or an oxygen atom elsewhere. 

 𝑅 =
𝑑𝐶−𝑂

∑ 𝑑𝑣𝑑𝑊
 Eq. 2-3 

 

 

 

Table 2-2. Experimentally Measured and DFT Calculated Tetrel Bonding Geometries of 

Caffeine- and Theophylline-based Cocrystals.  

Tetrel Bonded 
Carbon 

Co- 
crystal 

dC-O 
/Å 

(exp.) 
RC-O 

(exp.) 

Angle 
/degrees 

(exp.) 

dN-C 
/Å 

(exp.) 

dC-O 
/Å 

(calc.) 
RC-O 

(calc.) 

Angle 
/degrees 
(calc.) 

dN-C 
/Å 

(calc.) 

C10 

4II 3.05 0.947 150.67 1.47 3.07 0.953 149.63 1.458 
4I 3.11 0.965 177.51 1.47 3.14 0.975 177.69 1.46 
9 3.12 0.970 178.90 1.47 3.15 0.978 179.79 1.46 
8 3.10 0.963 158.98 1.47 3.14 0.975 156.67 1.46 
7 3.00 0.932 172.44 1.47 3.01 0.935 172.91 1.46 
5 3.15 0.978 177.71 1.47 3.17 0.984 177.81 1.46 
1 3.09 0.960 172.05 1.45 3.18 0.988 147.60 1.45 

C12 2 2.94 0.913 166.59 1.47 3.18 0.988 171.94 1.45 
3 3.18 0.988 145.82 1.47 3.18 0.988 147.60 1.45 

C14 4I 3.07 0.953 167.38 1.46 2.93 0.910 165.47 1.45 
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Figure 2-7. Tetrel bond geometries of the caffeine and theophylline cocrystals studied in this 

work. Tetrel bond distances and angles (as presented in Table 2-2) are shown at the tetrel 

bonding sites. 

2.3.2 NMR Spectroscopy 

To rationalize the methyl 13C NMR chemical shift response upon TB-induced 

cocrystallization, the compounds selected for this study are compared to caffeine 

monohydrate, the results for which have been obtained previously by Enright and 

colleagues62, and theophylline citric acid hydrate (6), which do not experience TBs. Pure 

theophylline is an obvious point of reference for theophylline-based compounds; however, it 
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experiences a TB at C10. Theophylline in its various polymorphic forms has been studied 

previously by DNP-enhanced cross-polarization solid-state NMR.61 The most common of 

these polymorphs, which is typically obtained from commercial suppliers, is form II. Our 

commercially supplied form of theophylline is indeed form II, as indicated by the four distinct 

carbon signals within the fC CP/MAS spectrum's aromatic region. Pinon and colleagues61 

report that the carbon resonance of C10 is situated at a slightly higher frequency than that for 

C12. However, this distinction is difficult to observe in our work when the spectrum is 

acquired at room temperature and is exacerbated by small dipolar couplings to the nitrogen 

atoms to which they are bound. Nevertheless, we report the chemical shifts of C10 and C12 

as 30.0 and 29.6 ppm, respectively.  

13C CP/MAS NMR spectra were obtained for each of the compounds (Figure 2-8). 

Signals in the methyl region (25-30 ppm) often overlap or are broadened by the effects of 

local disorder or dipolar coupling, which was described previously.41,42 To be sure of our 

chemical shift assignments and to deconvolute overlapping peaks, two-dimensional 1H-13C 

FSLG-HETCOR experiments were performed for each system (see Appendix 1). The 

resulting spectra allow us to assign 13C chemical shifts through their correlations with distinct 

1H environments and enable the measurement of 1H chemical shifts. Combined with the 

magnetic resonance calculations conducted using CASTEP, complete assignments for all 

carbon atoms in each of the cocrystals were carried out either by direct observation or 

interpolation. We could not successfully isolate caffeine monohydrate, which has already 

proven to be challenging to obtain by other authors.62 Consequently, methyl 1H chemical shifts 

are qualitatively compared to each other.  
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Figure 2-8. 13C CP/MAS NMR spectra of caffeine- and theophylline-based cocrystals (11.7 

T). The caffeine-based cocrystals are compared to the previously published62 chemical shift 

of caffeine monohydrate. The theophylline-based cocrystals are compared to theophylline 

citric acid hydrate (6). The spectrum corresponding to caffeine p-coumaric acid (3) was 

obtained at a field strength of 9.4 T. In all cases, the spinning speed was set to 10 kHz. The 

measured 13C chemical shifts are listed in Table 2-3. 
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It will be instructive to compare chemical shifts for methyl groups that are in similar 

chemical environments. C10 and C12 for each cocrystal are structurally similar enough to 

draw comparisons between their 13C chemical shifts (see Scheme 1). Both of these methyl 

groups are situated on the pyrimidinedione ring, whereas C14 is on the imidazole ring in 

caffeine. The difference in chemical environments is taken into account when comparing 

chemical shifts. Table 2-3 shows the experimental 13C, and 1H isotropic chemical shifts and 

the principal components of the DFT calculated magnetic shielding tensors for each cocrystal. 

In most cases, there is an increase in the 13C chemical shift relative to caffeine monohydrate 

or 6. 

2.3.2.1 Caffeine cocrystals 

Figure 2-9 shows a representative 1H-13C FSLG HETCOR spectrum for 1 for the 

assignment of 1H and 13C isotropic chemical shifts. There are a few things that are worth 

pointing out in this spectrum. First, an overlay of the calculated chemical shifts, obtained in 

MagresView50, is shown side-by-side, both assuming motional-averaging of the methyl 

groups (A) or not (B). While we expect motional averaging of the methyl groups at ambient 

temperature in all of the structures, we observe some additional correlations for some of the 

methyl hydrogens; the exact nature of these signals remains unknown, though one possibility 

is that the signals result from longer range correlations elsewhere in the structure.63  
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The peak corresponding to H10 has a 1H isotropic chemical shift of 2.5 ppm. This is 

important because of the increase of the 1H isotropic chemical shift compared to the others, 

which we would expect to see because of a hydrogen bond. However, on careful inspection 

of the crystal structure of 1, H10c forms a cis-interaction with the nearby aromatic ketone, 

putting it nearby (dH-O, calc. = 2.22 Å) according to the geometry-optimized structure. C10 is 

also tetrel bonded (dC…O, expt. = 3.09 Å). Using the correlation at H10, we can measure the 13C 

isotropic chemical shift of C10 as 29.2 ppm. As compared to the same methyl carbon on both 

caffeine monohydrate and 6, there is an increase in the 13C chemical shift of 0.2 and 2.5 ppm, 

respectively.  

Caffeine:4-nitroaniline (2) cocrystallizes with one unit of caffeine and one unit of 4-

nitroaniline. We note a TB (dC…O,expt. = 2.94 Å, θ = 166.59°, Figure 2-6) and a hydrogen bond 

occurring at C12, whereas no TB interactions occur at C10 or C14. In the methyl 13C region 

of the HETCOR spectrum (Figure S1-12), we resolve three 13C peaks: 27.9 ppm (C10), 31.4 

ppm (C12) and 32.1 ppm (C14). Compared to C12 in CA, the 13C chemical shift of 2 is higher 

(by 0.8 ppm), consistent with a tetrel bond.  

Caffeine p-coumaric acid (3) features what appears to be a TB at C12.  The TB angle 

is quite acute, and the length is relatively long (dC…O, expt. = 3.18 Å, θ = 145.82o; see Figure 

2-6). Because these metrics barely qualify to be considered a TB, it is a structure that can 

provide helpful insight into the effects of hydrogen bonding on the 13C chemical shift as the 

geometry moves away from a tetrel bond towards a weak CH…O hydrogen bond. C12 is found 

to have a 13C chemical shift of 29.4 ppm, a decrease of 1.2 ppm compared with CA, and 3.0 

ppm compared to 6.   
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Figure 2-9. 1H-13C FSLG-HETCOR NMR spectra of the methyl-region of caffeine acetic acid 

(1) (CSD: VAWKOU) overlaid with correlations from 1H atoms to the 13C, obtained by DFT 

calculations, indicated by red horizontal and vertical dashed lines, which are labelled with the 

corresponding H and C atoms shown on the molecular scheme. The calculated 1H chemical 

shift values for each methyl group are averaged to represent motional averaging (A) or are 

represented as calculated (B).  A representation of the geometry-optimized asymmetric unit 

of the crystal structure (C) shows the selected close contacts between hydrogens and oxygens 

are shown, and the tetrel bond is shown as measured by the geometry optimization. 
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 While the oxygen atom participating in the tetrel bond to C12 is close enough to fall 

within the sum of their van der Waals radii, it still lies far enough from the hydrogen atoms 

that a hydrogen bond would be weak. The average calculated 1H chemical shift increases by 

0.3 ppm and 0.4 ppm with respect to CA and 6, respectively, which is consistent with the 

notion that the oxygen engages hydrogen in a weak HB rather than a TB.  

Caffeine formic acid (4) has a somewhat more complicated crystal structure. It 

cocrystallizes in a 2:1 ratio of caffeine to formic acid. In 4I, there are two C-O contacts, one 

each at CI10 (dC…O, expt. = 3.11 Å, θ = 177.51o; see Figure 2-6) and CI14 (dC…O, expt. = 3.07 Å, 

θ = 167.08o). At the same time, CI14 appears to experience a hydrogen bond above the plane 

of caffeine. On 4II, we only see one possible contact at C10 (dC…O, expt. = 3.05 Å, θ = 150.67o), 

but the other two methyl carbons are engaged in hydrogen bonds above and below their planes, 

in very similar bonding environments. Upon inspection of the NMR data (Figure S1-13), we 

see several obvious signals in the methyl region of the 13C dimension of the HETCOR 

spectrum. For CII10, we see a signal at δiso(13C) = 28.3 ppm.  

The last caffeine-based cocrystal is caffeine-maleic acid (5), which cocrystallizes in a 

1:1 ratio. This cocrystal features one unique caffeine molecule participating in a tetrel bond 

with maleic acid at C10 (dC…O, expt. = 3.15 Å, θNC-O = 177.7o; see Figure 2-6). Given the long 

distance between C10 and oxygen, it is unlikely that the methyl hydrogen atoms are 

participating in a trifurcated hydrogen bond. The HETCOR spectrum (Figure S1-10) shows 

that tetrel-bonded C10 has a 13C isotropic chemical shift of 28.3 ppm. Indeed, the TB is quite 

long, which explains such a slight change in the 13C chemical shift relative to C10 of CA and 

6. Consequently, if a very weak tetrel bond is present, one may conclude that its effects on the 

chemical shift are likely to be masked by other crystallographic effects.  
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2.3.2.2 Theophylline cocrystals 

The theophylline-based cocrystals are somewhat simpler to study in terms of their 

NMR parameters because there is one less methyl group attached to the molecule frame. We 

start with pure anhydrous theophylline (8). There are several known polymorphs of 

theophylline, but Form II is metastable at room temperature. A possible tetrel bond is present 

at C10 (dC…O, expt. = 3.10 Å, θ = 159.0o; see Figure 2-6). The methyl region of the HETCOR 

and CP/MAS spectra consists of two overlapping 13C peaks. The peak at 30.0 ppm is assigned 

to C10 (vide supra). Thus an increase in the chemical shift is noted for tetrel-bonded C10 

relative to CA and 6 (29 and 27.7 ppm, respectively). 

Theophylline citric acid hydrate (6) is formed by the cocrystallization of theophylline 

and citric acid hydrate. Herein, 6 is used as a standard reference for comparing the C10 and 

C12 carbon sites in the theophylline and caffeine cocrystals because it does not appear to form 

tetrel bonds at either methyl group. Methyl carbons C10 and C12 resonate at 27.7 ppm and 

32.4 ppm, respectively.  

Theophylline acetamide (7) features a tetrel bond at C10 (dC…O, expt. = 3.00 Å, θ = 

172.4o; see Figure 2-6) and possibly a weak hydrogen bond at C12 (dC…O, expt. = 3.62 Å). The 

HETCOR spectrum (Figure S1-15) shows two slightly overlapping peaks attributed to C10 

(δiso(13C) = 29.9 ppm) and C12 (δiso(13C) = 29.7 ppm). The 13C chemical shift at tetrel-bonded 

C10 is thus elevated compared to CA and 6 by 0.9 and 2.2 ppm, respectively.  

Finally, theophylline cinnamic acid (9) cocrystallizes to form a highly linear tetrel 

bond at C10 (dC...O, expt. = 3.12 Å, θ = 178.9o; see Figure 2-6), and a possible CH…N hydrogen 

bond at C12 (dC-N, expt. = 3.45 Å). The HETCOR and CP/MAS spectra show that δiso(13C) = 

29.9 ppm for tetrel-bonded C10; this is elevated by 2.2 and 0.9 ppm relative to CA and 6, 
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respectively. C10 is also correlated to a 1H signal with a higher chemical shift, supporting the 

presence of an intramolecular HB occurring with the oxygen bonded to C6 (dC..O, calc. = 2.31 

Å).  

2.3.2.3 Observed Trends 

A plot of the experimental 13C data for all TBs is shown as a function of the 

experimentally measured tetrel bond length in Figure 2-11A. It must be noted that C14 of 4II 

is omitted from the plots in Figure 2-11 as its chemical environment is too dissimilar to those 

of C10 and C12, resulting in an inherent increase in the carbon chemical shift, so it cannot be 

compared in this way without other examples experiencing tetrel bonds at C14. To 

demonstrate that the trend is consistent with data for other systems not studied herein, the 

experimental data from two other caffeine-based cocrystals are also included41 (caffeine-

malonic acid and caffeine-glutaric acid, as indicated by the blue circles). Generally speaking, 

there is an increase in the 13C chemical shift as the TB length becomes shorter, particularly at 

C10, spanning from ~28 ppm for the longest TB to ~32 ppm for the shortest TB. Generally, 

the increase is observable but small (< 3 ppm). These experimental data agree with previous 

computational evidence presented by us39 and Scheiner35, whereby 13C becomes less shielded 

as C and O are brought together.35  Newly computed shielding constants have been plotted 

against dCO (Figure S1-20); these data are also consistent with the experimental trend shown 

in Figure 2-11. That being said, the correlation is not strong, and this is likely explained by 

the fact that there are other factors, including long-range effects, which may influence the 13C 

chemical shift.  

Analysis of the magnetic shielding tensor components provides a valuable way to 

understand the underlying causes for changes in the isotropic chemical shift. The magnitude 
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of the magnetic shielding tensor can be described by its three principal components (σ11, σ22, 

and σ33, where σ33 ≥ σ22 ≥ σ11).64 The calculated isotropic magnetic shielding is given by σiso = 

(σ11 + σ22 + σ11)/3, the anisotropy of the tensor is described by the span and is given by Ω = 

σ33- σ11, and the asymmetry is quantified by the skew, κ = (2σ22 - σ11 + σ33)/Ω.  

 

Figure 2-10. DFT-computed carbon magnetic shielding tensor orientation in cocrystal 2.  For 

all compounds in this work, 𝜎33 generally lies along the N-C bond and this orientation is only 

subtly perturbed by the formation of a tetrel bond. 

 

Firstly, it is noted that the calculated value of (13C) increases as the TB gets shorter 

(Figure 2-11B). This trend is dominated by a change in 33 (Figure 2-11C). 33, calc. becomes 

more positive as the TB length gets shorter. The skew, , does not seem to correlate well with 

the TB length; however, there is a loose decrease of  as the TB angle approaches linearity 

(Figure 2-12). The large degree of scattering in the observed correlations suggests that while 

the tetrel bond plays a role in the 13C chemical shift response, other competing factors are 

likely, including weak hydrogen bonding and other crystal packing effects.  The direction of 

the 33 eigenvector does not change significantly upon tetrel bond formation (see Figure 

2-10). 
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Figure 2-11. Comparison between (A) the experimental TB length and the experimental 13C 

chemical shift (R2 = 0.4276), (B) the calculated TB length and the calculated magnetic 

shielding tensor span (R2 = 0.8225), and (C) the calculated TB length and σ33 (R2 = 0.7040). 

The red lines are fits for all data corresponding to carbons C10 and C12. In panel A the blue 

circles correspond to the NMR data obtained by Vigilante and Mehta41, where iso (13C) = 

28.24 (C10) and 31.54 (C12) ppm for caffeine:malonic acid, and 27.73 ppm for 

caffeine:glutaric acid.41 
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Figure 2-12. DFT calculated magnetic shielding tensor skew versus the calculated TB angle. 

Figure 2-13 shows the general lack of correlation between isotropic 13C and 1H 

chemical shifts and the TB angle (see also Figure S1-20). There is also no clear trend between 

the average experimental 1H chemical shifts and the TB length. At C10, in some cases, iso(1H) 

increases. In other cases, it decreases with respect to 6. However, in comparing the calculated 

1H shieldings to similar methyl groups on CA and 6, we see that the hydrogen shifts undergo 

a slight change in the negative direction in most cases. It is also important to recognize that 

for C10, the DFT calculations suggest that the methyl hydrogen tends to adopt a cis 

configuration with respect to the aromatic keto oxygen, which may influence the shielding at 

both the 13C and 1H sites of C10. Overall, as the TB approaches a geometry that prefers the 

HB, the 1H response increases subtly, though apart from a few outliers, there is no significant 

change for most of the systems. Scheiner’s results indicated a deshielding at the 1H nucleus 

as the motif adopts more of a hydrogen bond geometry.35  
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Figure 2-13. Lack of correlation between the experimental TB angles and (A) the 

experimental 13C chemical shift (R2 = 0.1912) and (B) the computed 1H magnetic shieldings 

(R2 = 0.1963). The red line is meant to guide the eye towards the generally observed trend and 

fit the data corresponding to carbons C10 and C12. In panel A the blue circles correspond to 

the NMR data obtained by Vigilante and Mehta41, where iso (13C) = 28.24 (C10) and 31.54 

(C12) ppm for caffeine:malonic acid, and 27.73 ppm for caffeine:glutaric acid.41 

 

Two structures with close contacts at C12 are assessed (2 and 3), but the TB angle in 

3 is low (slightly below 160o). Interestingly in these situations, the experimental 13C chemical 

shifts decrease for both 2 and 3 relative to 6.  

The correlations presented here are generally not strong. The 13C isotropic chemical 

shift is very sensitive to the changes in the nearby electronic environment; there are many 

variables at play within a crystal structure, such as strain, long-range noncovalent forces or 

ring currents, which could contribute to the imperfections noted in our correlations. However, 

the tetrel bond is important enough of an interaction that the preceding correlations can be 

understood with careful analysis and computation (vide infra). 
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2.3.3 Isolated Molecules 

Complimentary quantum chemical calculations are required to understand how the 

13C chemical shift response changes are attributable to the tetrel bond in the absence of other 

crystallographic effects. The magnetic shielding constants of the methyl carbons participating 

in the tetrel bonds were calculated for these systems using a “molecule-in-a-box” approach 

using CASTEP, a similar method to single-molecule cluster calculations. In other words, the 

optimized geometries of the two molecules (dimer) involved in the tetrel bond were retained 

while the unit cell was emptied of all other atoms and enlarged to the point that periodic effects 

would not affect the chemical shift. The calculation was repeated with the acceptor molecule 

removed (monomer). Table 2-4 shows the results of these calculations. The trends are 

striking. In agreement with Scheiner,35 upon cocrystallization, the calculated value of σiso(13C) 

decreases by an average of 2.9 ppm over all of the sampled cocrystals, which corresponds to 

a chemical shift increase. Notably, other methyl carbons in the system that do not engage in 

any type of bonding do not undergo any substantial shielding changes upon 

heterodimerization. These data indicate the chemical shift change observed in the absence of 

other crystallographic effects. An increase in the magnitude of Ω and κ upon dimerization is 

also noted. The positive change in Ω is consistent with the trend depicted in Figure 2-11B.  

The results of magnetic shielding calculations on the full crystal structures confirm that while 

the impact of a tetrel bond in isolation on the 13C magnetic shielding constant is to decrease it 

consistently, further inclusion of the whole crystal lattice can obscure this effect (i.e., two out 

of nine data points for the full crystal calculation show that the impact of the lattice is to 

oppose the effect of the tetrel bond in isolation). 
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2.4 Conclusions 

The purpose of this contribution was to provide experimental insight into (i) the effect 

of weak methyl group tetrel bonding on the 13C isotropic chemical shift, (ii) the dependence 

of these shifts on the TB geometry, and (iii) the potential competing influence of weak CH…O 

hydrogen bonds on these shifts.  Although most correlations between experimental shifts and 

structural features are weak, close inspection of the data in concert with computational results 

allows the following conclusions to be drawn: 

1. The tetrel bond influences the 13C experimental chemical shift. As the tetrel bond 

length, measured by X-ray diffraction or optimized with DFT, gets shorter, the 13C 

isotropic chemical shift increases. This increase more strongly correlates with TB 

distance in the absence of competing structural effects. 

 

2. Generally, the 13C chemical shift increases compared to the chemically similar 

methyl carbons in cocrystals that do not feature tetrel bonds. The magnitude of this 

effect (based on present and past experimental and computational work) is up to 

approximately 5 ppm but varies due to other crystallographic effects. Based on our 

assessment of the hydrogen bonding in these systems, one such effect is the NMR 

response to the other weak CHO hydrogen bonds at most methyl sites resulting 

in a competing effect on the 13C chemical shift. For systems featuring a competing 

hydrogen bond, the 13C isotropic chemical shift's overall increase due to the tetrel 

bond is usually not as large as if there were no hydrogen bonds. However, there is 
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also evidence that a competing hydrogen bond can either reinforce or detract from 

the influence of the TB on the 13C chemical shift.  

 

3. While the 1H chemical shift of the methyl hydrogens is also affected by tetrel bond 

formation, all experimentally observed correlations are weak and show a 

significant degree of scatter.  This is consistent with the notion that a range of weak 

interactions influences the overall 1H shift response. 

To summarize, this work has provided experimental NMR data to address the question 

of how tetrel bonds influence chemical shifts. Given the low polarizability of carbon and the 

weakness of the TBs studied presently, the lack of strong experimental correlations with 

structural features is perhaps not surprising. This work could prove to be a valuable resource 

for future computational analyses to explore further the relationship between chemical shifts 

and various non-covalent interactions, particularly in the solid state. These results may also 

find utility in NMR crystallographic approaches to solve and refine structures that may feature 

tetrel bonds. 
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Chapter 3 Prospects for 207Pb Solid-State NMR Studies of Lead 

Tetrel Bonds 

In this chapter, the feasibility and value of 207Pb solid-state NMR experiments on 

compounds featuring lead tetrel bonds are explored. Although the definition remains to be 

formalized, lead tetrel bonds may be qualitatively described as existing when there is evidence 

of a net attractive interaction between an electrophilic region associated with lead in a 

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

Unambiguous identification of lead tetrel bonds can be challenging due to the hypervalent 

tendency of lead.  

We report a series of 207Pb solid-state NMR experiments on five metal-organic 

frameworks featuring lead coordinated to hydrazone-based ligands. Such frameworks may be 

held together in part by lead tetrel bonds. The acquisition of 207Pb solid-state NMR spectra for 

such materials is feasible and is readily accomplished using a combination of magic-angle 

spinning and Carr-Purcell-Meiboom-Gill methods in moderate to low applied magnetic fields. 

The lead centres are characterized by 207Pb isotropic chemical shifts ranging from -426 to -

2591 ppm and chemical shift tensor spans ranging from 910 to 2681 ppm. Careful inspection 

of the compounds' structures and the literature 207Pb NMR data may suggest that a tetrel bond 

to lead results in chemical shift parameters, which are intermediate to those characteristic of 

holodirected and hemidirected lead coordination geometries. Challenges associated with DFT 

computations of the 207Pb NMR parameters are discussed. In summary, the 207Pb data for the 

compounds studied herein show a marked response to the presence of non-coordinating 
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electron-rich moieties in close contact with the electrophilic surface of formally 

hemidirectionally coordinated lead compounds. 

The work presented in this chapter was the subject of an oral presentation at the 

Faraday Discussion on Halogen Bonding in Supramolecular and Solid State Chemistry held 

in Ottawa on July 10-12th, 2017. The Faraday discussions are a series of conferences that 

began in 1907 by the Faraday Society, intending to promote the study of chemical physics, 

among other subjects.1 Since then, a detailed account of each meeting, including the oral 

discussions held, has been published in various journals that have evolved to the modern 

publication Faraday Discussions. The journal provides a unique format for sharing scientific 

ideas, and this chapter is now included in its historical record. A record of the oral discussion 

held at the conference is included in Appendix 3 for the reader's interest.  

3.1 Introduction 

Non-covalent interactions play critical roles in the structures, properties, and dynamics 

of broad classes of materials, biochemical systems, and simple chemical compounds and 

cocrystals.  The most well-known of such interactions include, for example, hydrogen bonds, 

van der Waals’ interactions, and -stacking.  In recent years, halogen bonds have also taken 

on increased prominence.2,3  A halogen bond “occurs when there is evidence of a net attractive 

interaction between an electrophilic region associated with a halogen atom in a molecular 

entity and a nucleophilic region in another, or the same, molecular entity.”4  Cavallo et al. 

have proposed a generalization of this concept, whereby additional interactions are named per 

the electrophilic site's identity.5 Thus, one may speak of pnictogen bonds, chalcogen bonds, 

tetrel bonds, and aerogen bonds, for example.6-10  The precise definitions of some of these 
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non-covalent bonds are currently being assessed through a project of the International Union 

of Pure and Applied Chemistry (IUPAC) entitled “Categorizing Chalcogen, Pnictogen, And 

Tetrel Bonds, and Other Interactions Involving Groups 14-16 Elements”.11 

Solid-state NMR spectroscopy proves to be a valuable tool for characterizing various 

interactions mentioned above, rather in analogy to NMR's role in characterizing hydrogen 

bonds.  In addition to a growing body of work on halogen bonds,12-14 we have recently reported 

a computational study and initial experimental assessment of carbon tetrel bonding via NMR 

spectroscopy.15  The tetrel elements include carbon, silicon, germanium, tin, and lead.  Shown 

in Table 3-1 are the NMR properties of the most abundant spin-active nuclides of this group.  

All of these except for germanium have spin-1/2 isotopes, which are quite amenable to study 

by NMR spectroscopy.  The purpose of the current contribution is to discuss and explore the 

prospects of 207Pb solid-state NMR spectroscopy for characterizing lead tetrel bonds. 

207Pb is a spin-1/2 nuclide with a natural abundance of 22.1% and an NMR receptivity 

relative to 13C of 11.8.  These characteristics suggest that 207Pb NMR spectra should be 

relatively easy to obtain in reasonable amounts of time. Indeed, there is a substantial body of 

207Pb solid-state NMR literature.16  Perhaps most interesting is its sizeable chemical shift range 

of about 17000 ppm.  Such a large range suggests that 207Pb NMR chemical shifts may be 

exquisitely sensitive to the lead atom's chemical environment and that perhaps weak tetrel 

bonding interactions may manifest themselves in relatively substantial chemical shift changes.  

Such changes could be much more significant than the modest shifts on the order of a few 

ppm that we have recently noted for carbon tetrel bonds using 13C solid-state NMR 

spectroscopy.15  In the solid-state, the full 207Pb anisotropic chemical shift tensor is available 

through experiments carried out on magic-angle spinning (MAS) or stationary powdered 
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samples.  The three principal components of this tensor (11, 22, and 33) may offer further 

insight into the lead atom's molecular and electronic environment. 

Table 3-1. NMR properties of the first five tetrel (group 14) elements.17 

NMR-active 
isotope I 

natural 
abundance / % 

magnetogyric 
ratio / 107 rad T-1 

s-1 
relative 

receptivitya 

chemical 
shift range 

/ ppm 
13C ½ 1.07 6.728284 1.00 250 
29Si ½ 4.6832 -5.3190 2.16 900 
73Ge 9/2 7.73 -0.9360303 0.642 1200 
115Sn ½ 0.34 -8.8013 0.711 2600 
117Sn ½ 7.68 -9.58879 20.8 2600 
119Sn ½ 8.59 -10.0317 26.6 2600 
207Pb ½ 22.1 5.58046 11.8 17000 

a The relative receptivity is an intrinsic measure of the intensity of an NMR signal obtained 
for a given nuclear spin at natural abundance relative to another to which it is being 
compared at a constant magnetic field. The relative receptivity has a 𝛾3𝐼(𝐼 + 1) dependence 
arising from the spin angular momentum. 

Frontera and co-workers coined the term ‘tetrel bonding’18 in 2013 and provided an 

account of the field in 2016.19  Their discussion was largely within the framework of -hole 

interactions, and they rightly noted that heavy elements like Pb are perhaps more prone to 

form hypervalent structures than to engage in -hole interactions.  In this context, it is useful 

to recall that, as mentioned above, the IUPAC definition of the tetrel bond is only now being 

discussed.11  For example, one may wonder whether the concept of the -hole must be used 

in defining the tetrel bond, or whether the more general concept advanced as part of the 

definition of the halogen bond (that the bonding occurs between ‘an electrophilic region’ of 

an atom) is apposite.  In the case of lead, the situation may become particularly murky given 

this element’s ability to have a coordination number of up to fifteen potentially20 and readily 

engage in covalent and ionic bonding.  In the absence of a highly localized -hole, how does 

one clearly differentiate between the lead tetrel bond and a weak covalent or ionic interaction?  
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Is this differentiation needed?  This contribution does not aim to answer these questions, but 

it is important to be aware of these issues when attempting to ascribe a spectral shift to a 

particular interaction. In this light, the discussion of our results will thus proceed cautiously. 

As a starting point, we have selected metal-organic frameworks featuring Pb(II) ions, 

which have been described previously in the literature as featuring lead tetrel bonds.21  

Nicotinoyl hydrazone species are ideal candidates for coordinating Pb(II) to become 

hemidirectional, with an open face available for non-covalent bonding. There have been 

several recent studies suggesting that supramolecular frameworks built from these classes of 

ligands are, in fact, a result of lead tetrel bonding interactions.21-25  We have chosen these and 

related novel systems to assess the prospects for 207Pb solid-state NMR studies of lead tetrel 

bonds. 

3.2 Experimental 

3.2.1 Synthetic details 

3.2.1.1 Synthesis of 2-pyridinecarbaldehyde isonicotinoyl hydrazone (L1) and 2-

acetylpyridine isonicotinoyl hydrazone (L3) 

The ligand 2-pyridinecarbaldehyde isonicotinoyl hydrazone (L1; Figure 3-1) was 

prepared by condensation reaction following a known synthetic procedure.26 A round bottom 

flask was charged with isoniazid (7.72 g, 52.7 mmol) along with 2-pyridine carboxaldehyde 

(2.5 mL, 52.7 mmol) and dissolved in 150 mL ethanol to which were added roughly 20 drops 

of acetic acid. The apparatus was equipped with a condenser and a stir bar, and the reaction 

was refluxed under a steady stream of N2 gas for 12 h.  The solution was allowed to cool to 
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room temperature, after which time a white precipitate formed.  The solid was collected and 

washed with 200 mL of ethanol to give the product in quantitative yield.  

The same general procedure was followed to synthesize 2-acetylpyridine isonicotinoyl 

hydrazone (L3;Figure 3-1), following a known recipe.26,27  However, 1-(2-pyridinyl)-

ethanone was used as a reagent in place of 2-pyridine carboxaldehyde to form the product.  

3.2.1.2 Preparation of Pb(L1)(NO3)2 (1) and Pb(L1)Cl2 (2) 

A 5 mL solution of 2-pyridinecarbaldehyde isonicotinoyl hydrazone (0.0227 g, 0.1 

mmol) was filtered and slowly added to a 10 mL filtered solution of Pb(NO3)2 (0.0331 g, 0.1 

mmol) in methanol.  The solvent was allowed to evaporate slowly over a few days, after which 

time off-white microcrystals of Pb(L1)(NO3)2 (1) were collected and air-dried.  Pb(L1)Cl2 (2) 

was prepared as per the same procedure by replacing lead nitrate with PbCl2 (0.0278g, 0.1 

mmol).  

3.2.1.3 Preparation of Pb(L3)(SCN)2 (polymorph A) (3), Pb(L3)(SCN)2 (polymorph B) (4), 

and Pb(L3)(SCN)2∙CH3OH (5) 

Pb(SCN)2 (0.323g, 1 mmol) and L3 (0.227 g, 1 mmol) were mixed in 100 mL of 

methanol (5), ethanol (4), or acetonitrile (3) and stirred at 60°C for 2 h.  Each solution was 

cooled to room temperature, filtered, and the solvent allowed to evaporate over several days. 

Yellow crystals of all three samples were collected and air-dried. 5 is a methanol solvate and 

is a different polymorph than that reported previously.21 
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3.2.2 X-ray Crystallography 

3.2.2.1 Single crystal X-ray diffraction 

Single crystals of 1, 2, and 5 were each individually mounted on thin glass fibres using 

paraffin oil. Prior to data collection, the crystals were cooled to 200(2) K.  The data were 

collected on a Bruker AXS single-crystal diffractometer equipped with a sealed Mo tube 

(wavelength 0.71073 Å) and APEX II CCD detector.  The raw data collection and reduction 

were made with the Bruker APEXII software package.28  Semi-empirical absorption 

corrections based on equivalent reflections were applied.29  Systematic absences in the 

diffraction dataset and unit cell parameters were consistent with monoclinic P21/c (#14) for 5 

and 1 (the latter was solved in the alternative setting P21/n), and orthorhombic Pbca (#61) for 

2. The structures were solved by direct methods and refined with full-matrix least-squares 

procedures based on F2, using SHELXL30 and WinGX.31  All non-H atoms were refined 

anisotropically.  No constraints or restraints were applied to the displacement parameters, 

bond lengths, or non-H atoms' angles.  The hydrogen atoms bonded to the nitrogen (H(9) in 

1, H(9) in 2) and oxygen atoms (H(23) in 5) were located in a difference Fourier map and 

refined freely while the remaining hydrogen atoms were placed in idealized positions. 

Uncertainties were estimated using PLATON.32 

3.2.2.2 Powder X-ray diffraction 

Sample phase purity was assessed by X-ray powder diffraction (see Appendix 2) using 

a Rigaku Ultima IV Diffractometer operating at room temperature (298 ± 1 K) with a copper 

source and a diffracted beam monochromator and with 2θ ranging from 5º to 60º in increments 
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of 0.02º at a rate of 1º per minute. Simulations were generated using Mercury 3.6 software 

from the Crystallographic Data Center. 

3.2.3 Solid-State NMR Spectroscopy 

207Pb solid-state NMR experiments were conducted on a Bruker AVANCE III 

spectrometer in a magnetic field strength of 4.7 T (L (207Pb) = 41.747 MHz) using a Bruker 

7 mm triple resonance probe.  Spectra were referenced to solid spinning Pb(NO3)2 powder at 

-3490 ppm with respect to the primary reference, tetramethyl lead (0 ppm).  Experiments were 

carried out at room temperature.  The magic angle of 54.74o was verified by maximizing the 

number of spinning sidebands in the 79Br NMR spectrum of powdered KBr.  Conventional 

Bloch decay MAS NMR spectra were collected at 4000, 4500, or 5000 Hz spinning 

frequencies.  These experiments were conducted using 5.5 s radiofrequency pulses and 

continuous wave proton decoupling.  Due to probe ringing problems, spectral distortions were 

corrected for using a pre-scan delay of at least 30 μs and linear backwards prediction 

throughout the processing.  MAS sidebands were analysed by the Herzfeld-Berger 

methodology33 using HBA ver. 1.7.534 to provide a starting point for more precise fitting of 

static line shapes.  Due to the wide chemical shift range associated with 207Pb, static Carr-

Purcell-Meiboom-Gill (CPMG) NMR spectra were acquired using variable transmitter 

offsets.  The complete powder patterns were produced by either the co-addition of CPMG 

sub-spectra or by overlaying CPMG sub-spectra using the sky-line method. All spectra were 

simulated using WSolids1 ver. 1.21.3.35 
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3.2.4 Computational details 

Calculation of molecular electrostatic potential (MESP) isosurfaces was done with the 

Amsterdam Density Functional package (ADF)36 ver. 2016 running at the Centre for 

Advanced Computing (http://cac.queensu.ca/).  Cluster models were built using the atomic 

coordinates available from the single-crystal X-ray structures to contain one lead centre 

coordinated by the ligand and two counterions above and below the ligand's plane.  The 

calculations were initiated using the BP86 functional and an all-electron doubly polarized 

triple- basis set for all atoms except Pb, on which a quadruply polarized quadruple- basis 

set was employed. ESPs were generated at the 0.001 au surface density for all compounds.  

Cluster model calculations of the lead magnetic shielding tensors were conducted on 

dimers of the compounds using ADF. All coordinates were obtained from the corresponding 

crystal structures.  In all cases, the fifth or higher coordination shell around the Pb(II) centre 

of interest was included, as long-range effects are known to play essential roles in the 

calculation of lead NMR parameters.37,38 As much as possible, whole ligand molecules were 

used, and in some cases, when the crystal structure was missing hydrogen atoms on the 

hydrazine group, one was added to ensure charge balance for converging the self-consistent 

field.  The BP86 or the B3LYP exchange-correlation functionals were used as indicated, and 

doubly polarized triple- all-electron basis sets were used on all atoms.  DFT calculations, 

including MESPs, were run using the relativistic zeroth-order regular approximation 

(ZORA)39 and Grimme’s dispersion correction40 as indicated.  The calculated NMR 

parameters were extracted from the ADF output files using EFGShield ver. 4.2.41 
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3.3 Results and Discussion 

3.3.1 Structures 

 

Figure 3-1. Synthetic routes and compound numbering. (a) Lead frameworks formed with 

ligand L1. (b) Lead frameworks formed with ligand L3.  Purported tetrel bond acceptors, as 

seen in the X-ray crystal structures of compounds 1 to 5, are not shown here.  3 and 4 are 

polymorphs, and 5 is a methanol solvate. 

Samples of each compound were prepared as described above and as depicted in 

Figure 3-1.  The single-crystal X-ray structures were solved, and relevant crystallographic 

data are summarized in Table 3-2.  The local lead environments are depicted in Figure 3-2 
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and crystal packing diagrams are shown in Figure 3-3.  Powder X-ray diffraction was used to 

confirm the identity of the powdered samples being analyzed (Figure S2-1 to Figure S2-5), 

and to ensure that the compounds maintained their structures after grinding them into fine 

powders for solid-state NMR experiments.  Good agreement is observed in each of the cases.  

Exceptionally, 1 and 3 show additional peaks, indicating perhaps the starting material or a 

second polymorph of the compound of interest.  The origins of these additional peaks are 

elucidated using the corresponding 207Pb solid-state NMR spectra (vide infra). 

In all five compounds, a consistent pattern of five bonds to lead is preserved.  Pb(II) 

is coordinated by the hydrazone group's nitrogen, the keto-oxygen, and a nitrogen atom from 

the adjacent pyridine ring of the same ligand (Figure 3-2).  These atoms form three in-plane 

bonds to lead.  In each compound, there are also two further bonds, roughly orthogonal to the 

plane of the three bonds to the ligand: to two nitrate oxygens in 1, to two chloride anions in 2, 

and the nitrogen or sulphur atoms of thiocyanate ions in 3, 4, and 5.  By this geometry, the 

Pb(II) atom is hemidirectionally coordinated, leaving an area of the Pb(II) surface directly 

opposite the in-plane bonds to the hydrazone group available for interactions with other 

moieties.   

Table 3-3 presents some geometrical features associated with the nearest atoms that 

may be engaged in tetrel bonding with the lead centre (see also dotted lines in Figure 3-2).  

The contacts noted in the table are those for which the distance between the two atoms is 

smaller than the sum of their van der Waals (vdW) radii (Pb-N: 3.57 Å; Pb-Cl: 3.77 Å; Pb-O: 

3.54 Å; Pb-S: 3.82 Å).42  The reduced distance parameter, RPb-X, may be used for comparing 

the non-covalent interaction distances between species with different vdW radii (where X is 

the tetrel bond acceptor) (see Eq. 2-3). 
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Figure 3-2. Diagrams of the compounds studied in this work, in coordination with their 

ligands and showing the closest molecules to the open face of the hemidirected Pb(II) centres. 

(a) 1 (b) 2 (c) 3 (d) 4 (e) 5. Only pyridyl fragments of some of the ligands on adjacent lead 

centres are shown in (a), (b), (c), and (e). Atoms are coloured according to the following 

scheme: carbon (white); hydrogen (grey); oxygen (red); sulphur (yellow); nitrogen (blue); 

lead (teal). 
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Figure 3-3.  Crystal packing diagrams of (a) 1 (b) 2 (c) 3 (d) 4 (e) 5. 
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The RPb-X values listed in Table 3-3 are less than unity in all cases, providing an 

additional indication that they are all candidates for a tetrel bonding interaction.  As mentioned 

in the introduction, the definition of a tetrel bond involving lead, in particular, may not be so 

clear-cut for a variety of reasons.  In addition to questions about how to differentiate between 

various possible classes of weak interactions, the van der Waals’ radius of lead (2.02 Å) may 

also not be particularly reliable.42  Nevertheless, it appears that tetrel bonds are formed along 

the extensions of one (in 5) or two (in 1, 2, 3, and 4) of the five preserved bonds described 

above (see Table 3-3).  For example, in all five metal-organic frameworks, an anion is 

positioned opposite the carbonyl oxygen.  The C=O…Pb…X angles (where X is the interacting 

electron donor) range from 133.89° for the C=O…Pb…SCN- interaction in 5 to 162.94° for the 

C=O…Pb…ONO2- angle in 1.  In addition, in 1, 2, and 3, a pyridyl nitrogen atom (from the 

next lead centre) is positioned opposite the pyridyl nitrogen atom of the directly-bonded 

ligand, with N…Pb…N angles of roughly 160° in each case.  Compound 4 features the sulphur 

of a thiocyanate anion opposite the pyridyl nitrogen atom of the directly-bonded ligand with 

an N…Pb…SCN angle of 148.33°. 

Table 3-2. Selected crystallographic data for the lead compounds studied herein. 
 1 2 3a 4a 5 

formula  C12H10N6O7Pb C12H10Cl2N4OPb C13H12N7S2OPb C13H12N7S2OPb C13H12N7S2OPb 
crystal system  monoclinic  orthorhombic  monoclinic triclinic  monoclinic 
space group  P21/n  Pbca  P21/n P1  P21/c 

a, Å  7.9846(2)  14.0154(6)  7.0449(7) 7.2730(7) 12.964(4) 
b, Å  17.4996(4)  12.5288(5)  17.2171(19) 8.9632(9) 8.401(3) 
c, Å  11.4514(3)  16.4104(6)  12.4641(14) 13.6742(13) 18.917(6) 

α, deg  90  90  90 88.354(2 90 
β, deg  93.0640(10)  90  96.364(3) 84.972(2) 105.216(3) 
γ, deg  90  90  90 83.215(2) 90 

cell volume, Å3  1597.79  2881.6  1502.49 881.611 1987.9(11) 
Z  4  8  0 0 4 

a. Compounds 3 and 4 are reported in reference 21. 
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 Table 3-3. Geometries of possible tetrel bonds to lead in each compound.  They are indicated 

by dashed lines in Figure 3-2. 
Compound Pb-X distances Reduced Distance Parameter Y…Pb…X angles 

1 Pb-N (pyr) 2.774 
Pb-O (NO3) 3.010 

Pb-N (pyr) 0.78 
Pb-O (NO3) 0.85 

N…Pb…N      162.76° 
CO…Pb…O   162.94° 

2 Pb-N (pyr) 2.715 
Pb-Cl  2.834 

Pb-N (pyr) 0.76 
Pb-Cl  0.75 

N…Pb…N      166.65° 
CO…Pb…Cl   158.99° 

3 Pb-N (pyr) 2.813 
Pb-N (SCN) 3.540 

Pb-N (pyr) 0.79 
Pb-N (SCN) 0.99 

N…Pb…N      159.58° 
CO…Pb…N   152.97° 

4 Pb-S (SCN) 3.403 
Pb-S (SCN) 3.472 

Pb-S (SCN) 0.89 
Pb-S (SCN) 0.91 

CO…Pb…S    135.99° 
N…Pb…S       148.33° 

5 Pb-S (SCN) 3.362 Pb-S (SCN) 0.88 CO…Pb…S    133.89° 
 

A non-covalent interaction may involve -hole bonding, whereby an area of relatively 

depleted electrostatic charge forms opposite of a covalent bond between the donor atom and 

the acceptor atom. A suitable probe for the presence of the -hole is the calculated electrostatic 

surface potential.  Previously, our group showed that -holes could form on carbon atoms15 

while others have shown these areas to exist on Pb(II) centres.21-24  Figure 3-4 shows similarly 

that an area of positive potential appears on the open face of the Pb atom hemidirectionally 

coordinated to the ligands. In each case, this area corresponds to a surface potential of ca. 0.04 

to 0.08 au, comparable to hydrogen atoms situated on the ligands. The magnitude of this 

surface potential seems to depend, in part, on species' identity and geometries above and below 

the ligand plane, also in coordination with the Pb(II) centre.  
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Figure 3-4. Electrostatic potential at the 0.001 au surface of (a) 1 (b) 2 (c) 3 (d) 4 (e) 5. Each 

surface has been computed by VWN-BP86 with a doubly-polarized triple-zeta basis set on all 

atoms, including spin-orbit relativistic effects. The maximum and minimum electrostatic 

potential values are listed in Table S2-1, and all scales have been modified so that the deepest 

blue represents 0.0800 a.u. to emphasize the colours around the Pb atom. 

Interestingly, two areas of relatively high electrostatic potential are clearly visible on 

the open surface of 3 and, to a lesser extent, 1 (Figure 3-4). While not immediately visible in 

the rest of the figures, similar areas of slightly elevated electrostatic potential as each of the 
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compounds feature ligands with the same basic framework. These regions' presence could 

suggest that a tetrel bonding interaction does play a role in constructing the supramolecular 

structures of these species without the formation of a well-defined -hole.  Murray et al. 

provide a timely discussion of such diffuse areas of positive electrostatic potential, consistent 

with what is shown in Figure 3-4.43 

3.3.2 Solid-State 207Pb NMR Spectroscopy 

Solid-state NMR has been a useful tool for probing non-covalent interaction involving 

halogen bonds44-50and, recently, tetrel bonds.15  The chemical shift is an NMR parameter that 

is highly sensitive to changes in a particular nucleus's electronic environment and is therefore 

expected to change as it participates in a non-covalent interaction with another species.  207Pb 

line widths in the solid-state are usually very broad (often several thousand ppm), leading to 

some challenges in acquiring undistorted spectra.  However, some success has been observed 

in the literature for obtaining solid-state NMR spectra of Pb(II) coordination polymers.51,52 In 

particular, it has been shown that the CPMG methodology of obtaining wide line shapes 

corresponding to 207Pb(II) provides the most accurate information.16,53-55 

For this work, conventional Bloch decay magic-angle spinning spectra were generally 

recorded at two spinning frequencies to obtain the isotropic chemical shift of the 207Pb(II) 

centre and obtain the principal components of the chemical shift tensor using a Herzfeld-

Berger analysis33 of the spinning sideband intensities. Static CPMG spectra were also 

obtained, and these data were also fit to improve the accuracy and precision of the reported 

lead chemical shift tensors.  All the experimental data are reported in Table 3-4. 

A moderately low magnetic field of 4.7 T was used in these studies; this proved highly 

useful.  Since chemical shift anisotropy is the dominant source of spectral broadening for 
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207Pb, and since this broadening increases in Hz with the strength of the applied magnetic 

field, narrower lines are obtained in lower magnetic fields.  A field of 4.7 T (1H resonance 

frequency of 200 MHz) offers an excellent compromise between sensitivity and line width. 

Table 3-4. Experimentally measured 207Pb chemical shift tensors parameters for each of the 

compounds.a,b 
compound iso / ppm  / ppm κ 11 /ppm 22 /ppm 33 /ppm 

1c -2591 910 0.21 -2168 -2527 -3078 
2 -1732 1071 0.18 -1228 -1670 -2299 
3d -426 2681 0.48 700 3 -1981 
4 -1036 2259 0.53 -106 -638 -2365 
5 -556 2192 0.72 277 -30 -1915 

a. The data are presented using the Herzfeld-Berger convention, where  𝛿𝑖𝑠𝑜 =
𝛿11+𝛿22+𝛿33

3
 and 𝛿11 ≥ 𝛿22 ≥ 𝛿33

. The 

span is calculated by Ω = 𝛿11 − 𝛿33
 and the skew is given by 𝜅 =

3(𝛿22−𝛿𝑖𝑠𝑜)

Ω
. 

b. Errors in 𝛿𝑖𝑠𝑜
 are estimated at ±1 ppm, and errors in each of the principal components are estimated at ±10 ppm. 

c. Impurity (or different polymorph) characterized by the following principal components: -2563, -2790, -3492 ppm. 

d. Line shape fitting also included a contribution from Pb(SCN)2 with principal components -832, -1845, -2100 ppm. 

The first series of compounds was made by coordinating the L1 ligand with PbCl2 or 

Pb(NO3)2. The 207Pb NMR spectra for 1 are shown in Figure 3-5.  While not visible at a 

spinning speed of 5 kHz, an impurity becomes apparent at 4 kHz. The isotropic chemical shifts 

of each of these compounds are separated by a frequency of 15 kHz (at 4.7 T), meaning that 

at a MAS spinning frequency of 5 kHz, the sidebands overlap perfectly.  The impurity has a 

207Pb chemical shift of -2948 ppm, a span () of 929 ppm, and a skew () of 0.51 (see footnote 

to Table 3-4 for parameter definitions). The signal is due to an unknown polymorph of 1 and 

not residual Pb(NO3)2; shown in Figure 3-5a is the spectrum for pure Pb(NO3)2 (iso = -3471 

ppm56).  Using the results of DFT calculations described in a later section, it is possible to 

attribute the known polymorph of 1 to the NMR powder pattern described by a 207Pb chemical 

shift of -2591 ppm, with  = 910 ppm and  = 0.21. The powder X-ray diffractogram supports  
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Figure 3-5. (a) 207Pb CPMG NMR spectrum of Pb(NO3)2.  (b), (c) 207Pb MAS and (d) 

stationary CPMG spectra of 1.  Two MAS spectra are shown to demonstrate a second powder 

pattern that is clearly resolved at slower spinning frequencies. The MAS spinning speeds are 

(b) 4500 Hz and (c) 5000 Hz.  In all cases, the experimental spectrum is shown in black.  

Simulated spectra are shown in red.  The co-addition of individual sub spectra formed the 

CPMG spectrum with the transmitter frequency separated by 6 kHz offsets. 

this assignment for this sample (Figure S2-1).  In summary, the 207Pb NMR spectra of 1, in 

addition to being much broader than those for Pb(NO3)2, are characterized by a larger (less 

negative) isotropic chemical shift. 
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2 is the second compound prepared using the L1 ligand.  It features a 

crystallographically unique Pb(II) centre in complex with the ligand and two distinct chlorine 

atoms; one in the plane of the ligand and one perpendicular (Figure 3-2).  The distance 

between the in-plane Cl atom and the Pb(II) centre is 2.834 Å, and the distance from the 

pyridyl nitrogen from an opposing ligand molecule is 2.715 Å, resulting in RPb-X parameters 

of 0.76 and 0.75, respectively.  The 207Pb NMR spectra of 2 (Figure 3-6) show an axially 

asymmetric chemical shift tensor characterized by a skew of 0.18.  The line shape is broad, 

spanning 1071 ppm, and the isotropic lead chemical shift is -1732 ppm.  In comparison, the 

spectrum corresponding to the precursor, PbCl2 (Figure 3-6a), has a chemical shift of -1716 

ppm, spans 543 ppm, and has a skew of  = 0.5.  Like 1, this material experiences an increase 

in its chemical shift and its span relative to the starting material. 

The second family of compounds was formed from the complex of Pb(SCN)2 with L3 

in three different solvents, forming two polymorphs and a methanol solvate.  Each species' 

unit cell varies significantly (Table 3-2); however, each contains a single unique Pb(II) centre 

in coordination with the ligand.  While 3 and 4 have been reported in the literature, to the best 

of our knowledge, 5 is a newly reported solvate. In 3, made in acetonitrile, the Pb(II) centre is 

coordinated by L3 and is close in proximity to two SCN- molecules above and below the 

ligand's plane.  Opposite the open face of the Pb(II) centre are the pyridyl nitrogen (2.813 Å) 

and the nitrogen of a third SCN- anion coordinated with the next Pb(II) centre (3.540 Å). The 

RPb-X parameters are 0.79 and 0.99.  Qualitatively, it is unlikely that the SCN- nitrogen is close 

enough to the Pb(II) centre to play any real role in tetrel bonding.    
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Figure 3-6. (a) 207Pb CPMG NMR spectrum of PbCl2. (b) 207Pb MAS and (c) stationary 

CPMG spectra of 2.  The CPMG spectrum was formed by the overlay (sky-line) of individual 

subspectra with the transmitter frequency separated by 10 kHz offsets. In all cases, the 

experimental spectrum is shown in black.  Simulated spectra are shown in red.   

Figure 3-7 shows the 207Pb MAS and CPMG NMR spectra for 3.  From the MAS 

NMR spectrum, two crystallographically distinct lead sites exist in this sample.  One of the 

sites corresponds to a residual amount of starting material, which is evident when compared 

to the spectrum of pure Pb(SCN)2 (Figure 3-7a).  This was confirmed by simulating the 

spinning sidebands of the impurity in the MAS spectrum. The chemical shift parameters 

correspond precisely to Pb(SCN)2, with iso = -1592 ppm,  = 1268, and  = -0.60.  The 

starting material exists in the sample in a quantity of roughly 10%.  This can also be observed  
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Figure 3-7. (a) 207Pb static CPMG spectrum of Pb(SCN)2. (b) 207Pb MAS and (c) stationary 

CPMG spectra of 3. The MAS spinning frequency is 5000 Hz. The CPMG spectrum of 3 is 

constructed by the coaddition of individual sub-spectra with transmitter offsets of 28 kHz. The 

spikelet separation was set to 4000 Hz.  

in the corresponding powder X-ray diffraction pattern in the form of a few additional 

reflections (Figure S2-3).  However, the site of interest for 3 has a chemical shift of -426 ppm, 

a span, Ω, of 2681 ppm, and a skew, κ, of 0.48, characteristic of a relatively asymmetric and 

anisotropic 207Pb chemical shift tensor. 4, made in ethanol (Figure 3-8), shows similar 207Pb 

chemical shift tensors parameters, though the excitation appears deficient due to a lower 

sample volume available: Ω = 2259 ppm and κ = 0.53.  
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Figure 3-8. (a) 207Pb static CPMG spectrum of Pb(SCN)2. (b) 207Pb MAS and (c) stationary 

CPMG spectra of 4. The MAS spinning frequency is 5000 Hz. The CPMG spectrum of 4 is 

constructed by the coaddition of several sub-spectra acquired with transmitter offsets of 10 

kHz. The spikelet separation was set to 2000 Hz. 

The key difference between 3 and 4 is that iso = -1036 ppm for the latter, which is 

almost 500 ppm more shielded than 3.  The polymorph 4 is similar to 3 except that the Pb(II) 

centre is near two sulphur atoms from SCN- anions in coordination with the next nearest Pb(II) 

centres (3.403 Å, 3.472 Å; RPb-X = 0.88, 0.91).  The last compound, the methanol solvate 5, 

features a Pb(II) centre, which is only near one sulphur atom (3.362 Å; RPb-X = 0.88) from an 

opposing SCN- anion.  The 207Pb NMR spectra of 5 (Figure 3-9) are characterized by chemical 

shift tensor parameters similar to those for 3 (iso = -556 ppm and  = 2192 ppm).  
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Figure 3-9. (a) 207Pb static CPMG spectrum of Pb(SCN)2. (b) 207Pb MAS and (c) stationary 

CPMG spectra of 5. The MAS spinning frequency is 5000 Hz. The CPMG spectrum of 5 is 

constructed by the coaddition of individual sub-spectra with transmitter offsets of 10 kHz. The 

spikelet separation was set to 2000 Hz. 

We can generate a full picture of the local environments surrounding the lead (II) 

centres using the 207Pb NMR parameters.  Based on the measurements of the 207Pb chemical 

shift tensor spans, two groups can be established.  The lead centres in compounds 1 and 2 each 

have spans of roughly 1000 ppm. The lead centres in the other three compounds each have 

spans of over 2000 ppm.  These values are characteristic of holodirected and hemidirected 

geometries around Pb(II) centres, respectively.57  The skews for 1 and 3 are each below 0.5, 

with 4 falling slightly higher. These values are within the range recently observed for 
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holodirected Pb species (<0.55).37,57  On the other hand, 5 experiences a skew of 0.72, which 

falls close to the range observed previously for hemidirected Pb(II) centres (>0.6).  Therefore, 

the 207Pb chemical shift tensor spans and skews are consistent with holodirected geometries 

for 1 and 2, and hemidirected for 5.  Interestingly, compounds 3 and 4 have spans consistent 

with hemidirected geometries even though their skews imply holodirected Pb species.  Finally, 

the measured isotropic chemical shifts of 1 and 2 are < -1500 ppm, which are consistent with 

a more holodirected geometry, while the remaining compounds have chemical shifts > -1100 

ppm, suggestive of hemidirected coordination.57   

Taken together, these data suggest that the lead centres in 1 and 2 are indeed engaged 

in non-covalent interactions opposite the L1 ligand (causing the NMR parameters to report a 

more holodirected geometry). In contrast, the lead centres in 3 and 5 are perhaps engaged in 

weaker non-covalent interactions opposite L3 (as reflected in the NMR parameters largely 

characteristic of hemidirected coordination).  Based on the NMR data, the intermediate case 

is for the lead centre in 4 because its isotropic chemical shift (as well as the 11 and 22 

principal components) is intermediate between those typical of holodirected and hemidirected 

lead centres.  The observed data are consistent with the trends observed for other lead 

compounds whereby more holodirected geometry invariably leads to more negative chemical 

shifts than hemidirected Pb(II) structures.37,57  The chemical shift of 4, in particular, may 

provide evidence for the tetrel bonding interaction introducing partial holodirectional 

character to the Pb(II) centre. 

3.3.3 DFT Calculations of 207Pb Magnetic Shielding Tensors 

DFT calculations of 207Pb NMR parameters can provide useful insights into 

experimental trends.37,38  One of the significant challenges associated with 207Pb is that it is a 
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relatively heavy nucleus and is therefore affected by relativistic effects.  In this work, a series 

of DFT calculations were done on cluster models of 1 to 5.  Two different functionals were 

tested (BP86 and B3LYP), the role of spin-orbit relativistic effects on the computed NMR 

parameters was assessed, and the importance of Grimme’s dispersion correction was also 

checked.40   

In general, this series of compounds is difficult to work with due to the heavy Pb(II) 

centre coordinated with the ligand and because these systems are very difficult to converge.  

One of the problems is that the separation between the HOMO and the LUMO of each 

compound is calculated to be very small, and consequently, the self-consistent field (SCF) 

either does not converge easily or converges with partially occupied molecular orbitals.  By 

varying the size of the cluster model employed and ensuring that the charges were balanced 

correctly, proper convergence could be reached (see Experimental Section).  This is important 

because the NMR parameters depend heavily on the SCF being converged and orbitals being 

appropriately filled. 

The calculated NMR parameters are shown in Table 3-5 in comparison with 

experimental values.  Data for Pb(CH3)4 were calculated at each level of theory to serve as a 

reference in converting the calculated magnetic shielding tensors to chemical shift tensors.  

The magnetic shielding parameters are presented using the Herzfeld-Berger convention.33 The 

calculated iso values were converted to iso by the following formula: 

 𝛿𝑖𝑠𝑜 =
𝜎𝑟𝑒𝑓 − 𝜎𝑖𝑠𝑜

1 − 𝜎𝑟𝑒𝑓
 Eq. 3-1 

 

where 𝜎𝑟𝑒𝑓 is the calculated isotropic shielding value of Pb(CH3)4 (𝛿𝑖𝑠𝑜 = 0 ppm) using the 

same computational methodology. 



Chapter 3 

 128 

From the calculations, it is clear, as observed previously,55 that the omission of 

relativistic effects results in a complete failure to obtain reliable NMR parameters for 207Pb.  

However, upon the inclusion of scalar or spin-orbit relativistic effects, the calculated data 

become more correlated with the experimental values.  The correlation between isotropic 

components is shown in Figure 3-10.  The best correlation occurs using the B3LYP functional 

with spin-orbit relativistic and Grimme’s dispersion correction. The correlation can be 

attributed in part to the exchange-correlation component of the B3LYP functional for dealing 

with the Pb(II) centre.37  The correlation results in a fit with an R2 value of only 0.8.  Despite 

this, the general trend follows that of the measured experimental chemical shifts, so the 

calculations provide some value compared to experimental parameters. 

 Concerning the span, the experimental values are not well reproduced by the B3LYP 

functional. None of the methods seem to reproduce experimental values reliably.  A similar 

result is observed for the skew. This results from the magnetic shielding tensor's principal 

components being overestimated or underestimated in the calculations by several hundred to 

a thousand ppm in some cases.  Further improvements to the computational methods could be 

made by incorporating the valence model's strategies58, involving an increase of the 

coordination shell around the Pb(II) centre by at least five, and accounting for dangling bonds 

by altering atomic charges.  While we ensured that the cluster models' geometry extended to 

five shells, it is perhaps possible that the full extent of the effects of the supramolecular 

framework has not been modelled sufficiently, and even larger cluster models are required to 

obtain reliable results.  The downside is that this can rapidly exceed reasonable computational 

resources.  Many of these observations are not new for 207Pb and not specific to tetrel bonded 

species. 
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Figure 3-10. Comparison between the DFT calculated 207Pb isotropic shielding constants and 

the experimentally measured isotropic 207Pb chemical shifts.  Yellow diamonds: 

ZORA/B3LYP/Grimme/Spin-orbit; blue circles: ZORA/BP86/Grimme/Spin-orbit; orange 

diamonds: ZORA/BP86/Grimme/Scalar. 
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3.4 Concluding Remarks 

We have presented 207Pb solid-state NMR spectra of framework materials featuring 

putative lead tetrel bonds.  The acquisition of  207Pb solid-state NMR spectra for such materials 

is feasible and is readily accomplished using a combination of magic-angle spinning and 

CPMG methods in moderate to low applied magnetic fields.  The lead centres are 

characterized by 207Pb isotropic chemical shifts ranging from -426 to -2591 ppm and chemical 

shift tensor spans ranging from 910 to 2681 ppm. Careful examination of the compounds' 

structures and the literature 207Pb NMR data may suggest that a tetrel bond to lead results in 

NMR parameters intermediate between those that are characteristic of holodirected and 

hemidirected lead coordination geometries.  The computation via DFT methodologies of 207Pb 

NMR parameters is challenging due to the simultaneously important roles of relativity, 

dispersion, and the influence of the extended crystal lattice.   

This work has clearly shown that 207Pb NMR spectroscopy can be a valuable tool in 

studying compounds featuring lead tetrel bonds.  One of the outstanding challenges is 

distinguishing between the effects (both in terms of structures and in terms of NMR data) of 

various classes of weak interactions.  We expect progress to be made as the definitions for the 

pnictogen, chalcogen, and tetrel bonds are formalized.  In the meantime, the 207Pb data for the 

compounds studied herein do show a clear response to the presence of non-coordinating 

electron-rich moieties in close contact with the electrophilic surface of formally 

hemidirectionally coordinated lead compounds. 
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Chapter 4 Tin Tetrel Bonds 

4.1 Introduction 

Before this chapter, this thesis addresses directly addresses tetrel bonded complexes 

featuring both 13C and 207Pb electrophilic donor sites. Coupled with previous experimentation, 

it is clear that the tetrel bond can be detected by solid-state NMR and that the chemical shift 

is diagnostic in the assessment of tetrel bonds in NMR crystallography. To date, however, 

there has been no experimentation work done to assess the effect of tetrel bonds on the other 

NMR parameters, including direct dipolar coupling, indirect spin-spin coupling and an 

assessment of the quadrupolar and EFG tensor information of quadrupolar nuclei directly 

bonded to tetrel bond donors as an indirect probe. The purpose of this chapter is to assess and 

discuss observations of J-coupling across Sn-Cl covalent bonds in response to the strength of 

tetrel bonds in a series of organotin complexes. 

Like the other tetrel elements studied herein, both 119Sn and 117Sn are spin-1/2 nuclides 

with a natural abundance of 8.59% and 7.68%, respectively. Due to the slightly higher natural 

abundance of 119Sn, it is commonly the observed nucleus in tin NMR. Like 207Pb, 119Sn has a 

wide chemical shift range, and its NMR response is particularly sensitive to its bonding 

environment and oxidation state.1 119Sn spectra can be acquired in a reasonable amount of 

time. However, this depends significantly on the concentration of 119Sn in the sample. In 

situations where larger molecular structures flank the tin, significantly more extended periods 

of time are required to acquire a good signal-to-noise ratio. Furthermore, 119Sn coordinated in 

organotin complexes require excessively long relaxation times, even up to several minutes, 
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leading to long experimental times due to the need for more extended periods between each 

scan.  

Early on, it was made clear that the 1H-119Sn CP/MAS center band line shapes for 

organotin chloride compounds exhibit substantial influences resulting from the coupling 

between 119Sn and 35/37Cl,2,3 suggesting that 119Sn is highly sensitive to its immediate structural 

environment4, particularly when a quadrupolar nucleus directly bonded. Indeed, the effect 

arises from the fact that MAS does not entirely suppress the effects of dipolar coupling 

between a spin-1/2 and a quadrupolar nucleus (I > ½) in situations where the quadrupolar 

interaction is considerable in comparison to the Zeeman interaction.2,5-8 J-coupling is of 

interest in solid-state NMR spectroscopy because of the relatively few examples noted in 

comparison to solution NMR. In the liquid state, J-couplings between spin-1/2 and 

quadrupolar nuclei are seldom observed due to the rapid relaxation of the quadrupolar nuclei 

in solution. Consequently, solid-state NMR affords an ideal opportunity to observe these 

relatively rare J-couplings.  

For spin-1/2 nuclei coupled to quadrupolar nuclei, the isotropic signals often appear 

as doublets or triplets, giving rise to helpful information about the dipolar coupling and 

1J(119Sn-35/37Cl) coupling. Analysis of the line shapes can also determine the anisotropy of the 

J-coupling tensor, ΔJ.9 To date, there have been numerous observations of 1J(119Sn-35/37Cl) 

coupling in organic compounds10-15 in addition to 1J(119Sn-13C).16 Furthermore, the NMR 

parameters measured from coupled spin-1/2 quadrupolar spin pairs have been used to gain 

insights about the CS and J-tensors' orientations at nuclei undergoing halogen bonds in single-

crystal solid-state NMR studies.17 The 119Sn anisotropic chemical shift tensor can be measured 

by carrying out experiments on magic-angle spinning (MAS) samples. The three principal 



Chapter 4 

 142 

components of this tensor (11, 22, and 33) offer some information about the local 

environment at the 119Sn site. 

Kumar and coworkers recently presented a series of 10 new tetrel bonded cocrystals 

between organotin chloride donor molecules and various N-oxide, carbonyl, and pyridyl 

acceptor molecules.18 These structures feature strong and linear tetrel bonds on the extension 

of the Sn-Cl covalent bond. In an extension to that work, this study fully characterizes some 

of the tetrel bonded complexes presented and attempts to relate the solid-state NMR 

observables to the structural elements of the tetrel bond to tin. 

4.2 Experimental Methods 

4.2.1 Synthetic Details and Characterization by X-ray Diffraction 

For this follow-up study, all compounds studied were prepared for a recent manuscript 

where their crystal structures were studied in detail.18  The following is a brief overview of 

the synthetic procedure carried out by the authors. 

Triphenyl tin chloride was obtained commercially and used as the tetrel bond donor 

molecule. Under argon, the triphenyl tin chloride was refluxed in ethanol in the presence of a 

stoichiometric amount of the tetrel bond acceptor molecule. After some time, the solution was 

cooled to room temperature, and the solvent was removed. The resulting materials were then 

cleaned and filtered, and finally recrystallized for single crystal and powder X-ray diffraction 

analysis. 
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Figure 4-1. Representation of the cocrystal structures18 of organotin chloride structures 

studied herein. The cocrystals are denoted using alphanumeric reference codes, and include 

triphenyl tin, 1, and (a) pyridine N-oxide, PNO; (b) 2-methylpyridine N-oxide, 2MPNO; (c) 

3,5-dimethylpyridine N-oxide, 35DMPNO; (d) 4-phenyl pyridine N-oxide, PPNO; (e) 4’4-

dipyridyl N,N’-oxide, DPNO; (f) dimethylurea, DMU; and, (g) diphenyl sulfoxide, DPSO. 

 

4.2.2 Solid-State NMR Spectroscopy 

119Sn solid-state NMR experiments were carried out at room temperature on a Bruker 

AVANCE III spectrometer and in a magnetic field strength of 4.7 T (L (119Sn) = 74.61 MHz) 
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or 9.4 T (L (119Sn) = 149.28 MHz). At 4.7 T, the samples were packed in a 7 mm (outer 

diameter, O.D.) zirconia rotor and measurements were carried out in a Bruker 7 mm triple 

resonance probe. At 9.4 T, samples were packed into 4 mm O.D. zirconia rotors and data were 

acquired using a Bruker 4 mm triple resonance probe for both magic angle spinning and static 

experiments. In each case, where there was not enough sample to fill the rotors, spacers made 

from either Teflon or KelF were used to centre the powder in the middle of the coil. Spectra 

were referenced to an external standard of a spinning sample of trimethyl tin chloride 

(SnClCH3) at -97.35 ppm with respect to the primary reference, tetramethyl lead (0 ppm).4,19 

The magic angle of 54.74o was verified by maximizing the number of spinning sidebands in 

the 79Br NMR spectrum of powdered KBr. Cross-polarization magic angle spinning 

(CP/MAS) experiments were carried out at both fields by subjecting the samples to a rotational 

frequency of 2.35 kHz and 4.5 kHz at 4.7 T and 4.5 kHz and 10 kHz at 9.4 T. This was done 

to identify the isotropic chemical shift for each compound and minimize the error in measuring 

other NMR parameters discussed herein. The CP parameters used for each compound were 

obtained by optimization on a sample of triphenyl tin chloride. At 4.7 T, the experiments were 

conducted using 4.0 s radiofrequency pulses using proton decoupling, while at 9.4 T, the 

experiments were conducted using 4.0 s radiofrequency pulses using SPINAL64 proton 

decoupling and polarization transfer times of 2,500 s. Recycle delays were set to between 30 

s and 260 s depending on the sample and the signal-to-noise acquired after ~64 scans. The 

number of scans acquired was maximized over reasonable experimental times for each 

spectrum, so between 256 and 1024 scans were typically collected depending on the recycle 

delay. In each MAS spectrum, the isotropic peak used for the simulation analysis was obtained 

via a summation of all spinning sidebands. An iterative procedure was performed to extract 
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the isotropic chemical shift, the 119Sn-35/37Cl J-coupling and the 119Sn-35/37Cl dipolar coupling. 

35Cl quadrupolar coupling constants were obtained from periodic GIPAW DFT calculations 

and used as a starting point for the simulations. The 37Cl coupling constants were inputted by 

scaling the 35Cl coupling constant by a factor of their quadrupolar moments, Q. All isotropic 

signal patterns were simulated using WSolids1 ver. 1.21.3.20 

The integrals of the MAS sidebands were measured and analyzed by the Herzfeld-

Berger methodology21 using HBA ver. 1.7.522 to provide an estimate of the static line shapes 

(to be referred to herein as HBA analysis). The chemical shift tensor parameters were obtained 

by performing HBA analysis at each magnetic field and spinning speed. The average CS 

tensor parameters obtained from each of the data sets acquired at multiple fields are reported 

herein. 

4.2.3 Computational details 

Periodic DFT calculations were performed using CASTEP v19.11.23 In all cases, the 

revised Perdew-Burke-Ernzerhof (revPBE) functional was used with on-the-fly-generated 

scalar ZORA pseudopotentials (OTFG). ZORA has been identified previously as being useful 

for the calculation of coupling constants involving 119Sn.24 The convergence of the computed 

parameters was tested such that 600 eV was determined to be an adequate cut-off energy for 

both geometry optimizations and magnetic resonance calculations, and the minimum k-point 

spacing of 0.07 Å-1 over the Brillouin zone was observed to be sufficient for convergence.25 

Geometry optimizations were carried out on hydrogen atoms only using the minimization 

approach of Broyden, Fletcher, Goldfarb, and Shanno (BFGS) with experimental unit cell 

dimensions fixed.26 During geometry optimizations, the dispersion was accounted for using 

the two-body force-field method of Grimme (D2) with a re-parameterized the damping 
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function (s6=1.0; d=5.0).27 Calculations of magnetic shielding tensors were carried out on the 

geometry-optimized crystal structures using the gauge including projector augmented wave 

(GIPAW) approach. The calculated NMR parameters were extracted from the output files 

using EFGShield ver. 4.528 

4.3 Results and Discussion 

4.3.1 119Sn Solid-State NMR 

Tetrel bonded complexes featuring triphenyltin chloride bond donors were subjected 

to CP/MAS experiments at two magnetic field strengths (4.7 T and 9.4 T) to extract accurate 

chemical shifts and J-coupling constants. For the sake of comparison, the tetrel bond donor 

remains the same across all complexes (triphenyl tin chloride) and engages an Sn-O tetrel 

bond with the acceptor molecules. All of the acceptor molecules are N-oxides, except for two, 

which feature carbonyl or sulfoxide acceptor atoms. 

The isotropic peaks for each of the compounds are presented herein. In most cases, the 

signal features an asymmetric triplet. The chlorine isotopes are indistinguishable because they 

overlap; however, a small shoulder can often be identified on the right side of the higher-

frequency singularity resulting from the 1J(119Sn-37Cl) coupling being scaled from 1J(119Sn-

35Cl) by a factor of 𝛾( Cl)/𝛾( Cl)3537 . For this manuscript, only 1J(119Sn-35Cl) is reported and 

discussed. The isotropic chemical shift can be obtained by measuring the centre of gravity at 

each signal, but the J-coupling constant is obtained from iterative analysis as described in the 

Experimental Methods. 
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Figure 4-2. 1H-119Sn CP/MAS spectra of the isotropic signal for triphenyl tin pyridine N-

oxide. The magnetic field strengths and MAS spinning frequencies were (a) 4.7 T, 4.5 kHz; 

(b) 9.4 T, 10.0 kHz. The asterisk corresponds to an artifact. 

1PNO features a classic representation of an asymmetric triplet at iso (119Sn) = -235.3 

ppm dominated by a relatively large J-coupling (Figure 4-2). The crystal structure features a 

linear Cl-SnO tetrel bond length of 2.37 Å, with an angle of 177.7 degrees resulting in a 

dipolar coupling constant, RDD = 282 Hz. The Cl-Sn covalent bond's measured length is 2.51 

Å, associated with a measured 1J(119Sn-35Cl) of 185 Hz. HBA analysis over the combination 

of MAS spinning frequencies indicates a span of 424 ppm and a skew of -0.59. Figure 4-10 

shows the complete spinning sideband manifold acquired for 1-PNO and serves to 

demonstrate the spans of the other spectra, which are not shown here. 

The addition of one or more methyl groups, either meta- or ortho- to the oxygen 

acceptor atom, introduces some steric effects29 which seem to tilt the molecule from 1 in 

comparison with 1-PNO. In 12MPNO, there are two distinct tetrel bonds, with Cl-SnO 

tetrel bond lengths of 2.37 and 2.39 Å, with angles of 175.4 and 175.9 degrees. However, 

these two contacts are too similar to be distinguished in the 119Sn CP/MAS spectra (Figure 
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4-3) and are considered identical to fit the NMR spectra. At lower field (B0 = 4.7 T), the 

asymmetric triplet pattern of the isotropic peak (iso (119Sn) = -231.0 ppm) is less well defined 

than the last structure. It completely collapses into a broad peak at 9.4 T, likely resulting from 

the combined effects of four overlapping 119Sn signals resulting from the presence of two sites, 

and a change in the degeneracy resulting from the interaction between the Zeeman term of 

119Sn and the 35/37Cl quadrupolar interactions. The 1J(119Sn-35Cl) was measured from the 

spectra acquired at two spinning speeds at 4.7 T (Figure 4-3a) and was 185 Hz, which is 

similar to 1-PNO given the Sn-Cl bond lengths in these structures are 2.51 Å. The simulation 

of the spectrum acquired at 9.4 T (Figure 4-3b) was carried out using the same parameters as 

those found at the lower field, with a significant amount of line broadening applied. 1-

3,5DMPNO features only one tetrel bond with a Cl-SnO bond length of 2.47 Å and an angle 

of 178.9 degrees. The measured Cl-Sn bond length 2.48 Å. Coupled with a shorter tetrel bond 

length, not surprisingly, the isotropic signal (iso (119Sn) = -203.6 ppm, Figure 4-4) exhibits a 

1J(119Sn-35Cl) which is relatively higher than the last three complexes at 194 Hz. 

1PPNO features two tetrel bonds; this time, differing substantially enough in their 

geometries that two distinguishable 119Sn sites with significantly different chemical shifts at 

4.7 T (iso (119Sn) =-234.5 and -247.1ppm) can be discerned (Figure 4-5a). Site 1 features a 

linear tetrel bond with a length of 2.33 Å and an angle of 176.6 degrees. Conversely, site 2 

features a tetrel bond that deviates more from linearity with an angle of 171.5 degrees (2.34 

Å) as opposed to the other complexes studied herein, which all feature angles close to 175-

176 degrees. With the help of periodic DFT calculations, 1J(119Sn-35Cl) was measured to be 

178 Hz for the site with the shorter tetrel bond and 184 Hz for the other. The difference 

between the combinations of tetrel bond lengths and angles results in a chemical shift  
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Figure 4-3. 1H-119Sn CP/MAS spectra of the isotropic signal for triphenyl tin 2-

methylpyridine N-oxide. The magnetic field strengths and MAS spinning frequencies were 

(a) 4.7 T, 4.5 kHz; (b) 9.4 T, 10.0 kHz.  

 

 

Figure 4-4. 1H-119Sn CP/MAS spectra of the isotropic signal for triphenyl tin 3,5-

dimethylpyridine N-oxide. The magnetic field strengths and MAS spinning frequencies were 

(a) 4.7 T, 4.5 kHz; (b) 9.4 T, 10.0 kHz.  

difference of 12.6 ppm. The results contrast with 12MPNO where both sites have the same 

angle (ca. 175.5 degrees) and bond lengths (2.37 and 2.39 Å). The data suggest that the tetrel 
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bond angle's magnitude has a noticeable influence on the 119Sn chemical shift. However, when 

the spectrum acquired at 4.7 T is compared to those acquired at 9.4 T (Figure 4-5b and c), a 

significant change in the lower frequency 119Sn signal's chemical shift is observed. This site's 

chemical shift changes from -251.5 ppm to -244.9 ppm when subjected to the stronger 

magnetic field, while the higher frequency signal remains mostly unaffected (< 2 ppm). Thie 

data suggests that the site experiences a substantial second-order quadrupolar frequency shift 

due to its coupling to 35/37Cl. Based on a structural analysis of the two tetrel bonded complexes, 

there should be no reason for the NMR properties to differ substantially from the other tetrel 

bonded cocrystals, so a further look into this phenomenon is required. Consequently, this site 

is excluded from any comparison of its CS tensor to the other tetrel bonds.  

Finally, the remaining N-oxide 1DPNO, features a bridging dipyridine acceptor 

forming two crystallographically equivalent tetrel bonds with lengths of 2.39 Å and almost 

perfectly linear angles of 178.2 degrees. This tetrel bonded complex experiences the least 

negative chemical shift observed from all of the compounds (iso (119Sn) = -193.1 ppm). 

Notably, it also features the longest tetrel bond, suggesting in comparison to the other 

cocrystals that the geometry of the tetrel bond highly influences the 119Sn chemical shift. 

Again, this system features an asymmetric triplet reflecting a J-coupling value of 189 Hz 

(Figure 4-6).  

The remaining two tetrel bonded complexes involve carbonyl acceptors rather than N-

oxides. 1DMU is similar to the remaining five compounds in that it features an oxygen atom 

as the tetrel bond acceptor, along with an over structure containing only carbons, nitrogens 

and hydrogens. The chemical shift outside of the same range as the others (iso (119Sn) = -

260.5 ppm, Figure 4-7), and the measured 1J(119Sn-35Cl) is 272 Hz. 1DPSO features a  
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Figure 4-5. 1H-119Sn CP/MAS spectra of the isotropic signal for triphenyl tin 4-phenyl 

pyridine N-oxide, showing a second-order quadrupolar frequency shift of the lower frequency 
119Sn site. The magnetic field strengths and MAS spinning frequencies were (a) 4.7 T, 4.5 

kHz; (b) 9.4 T, 4.5 kHz; and (c) 9.4 T, 10.0 kHz. 

 

sulfoxide, which seems to result in a significantly longer tetrel bond than the other 

cocrystals. The TB length is 2.48 Å, resulting in a chemical shift of iso (119Sn) = -209.7 ppm 

(Figure 4-8). Given that this crystal structure is the only sulfoxide assessed in this study, it 

must b e treated separately from the N-oxides and the carbonyl due to the difference in its  
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Figure 4-6. 1H-119Sn CP/MAS spectra of the isotropic signal for triphenyl tin 4’4-dipyridyl 

N,N’-oxide. The magnetic field strengths and MAS spinning frequencies were (a) 4.7 T, 4.5 

kHz; (b) 9.4 T, 10.0 kHz.  

 

chemical composition. Therefore, it is excluded from direct comparison to the other 

compounds, except for 1J(119Sn-35Cl) which should follow a similar trend resulting from the 

change in the Sn centre's bonding environment. 

4.3.2 119Sn-35Cl Spin-Spin (J) Coupling 

 The NMR data used to simulate each spectrum are summarized in Table 4-1. The 

tetrel bonded complexes are listed in order of their tetrel bond lengths. In general, some key 

trends are noticeable. First, as the tetrel bond length decreases, the 1J(119Sn-35Cl) trends 

downward. There also seems to be a loose correlation between the tetrel bond length and the 
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Figure 4-7. 1H-119Sn CP/MAS spectra of the isotropic signal for triphenyl tin dimethylurea. 

The magnetic field strengths and MAS spinning frequencies were (a) 4.7 T, 4.5 kHz; (b) 9.4 

T, 10.0 kHz.  

 

Figure 4-8. 1H-119Sn CP/MAS spectra of the isotropic signal for triphenyl tin diphenyl 

sulfoxide. The magnetic field strengths and MAS spinning frequencies were (a) 4.7 T, 4.5 

kHz; (b) 9.4 T, 10.0 kHz. 
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length of the Sn-Cl covalent bond. When these two sets of data are considered together, it 

becomes clear that the tetrel bond affects the Sn-Cl covalent bond and the associated J-

coupling. 

J-coupling arises from the coupling of two nuclei mediated by electrons, implying a 

direct contact either via a covalent or non-covalent bond. In the case of triphenyl tin chloride, 

which features two crystallographically distinct Sn sites, 1J(119Sn-35Cl) is reported to be 280 

and 275 Hz.15 Previous studies have shown that J-couplings can give rise to a quantitative 

measurement of bond strengths.30,31 

Table 4-1. NMR parameters used to simulate the experimental isotropic peaks obtained from 
1H-119Sn CP/MAS spectra for each tetrel bonded complex 

Sample 

Cl-SnO 
TB length 

/ Å 

Cl-SnO 
TB angle 
/ degrees 

Sn-Cl 
length 

/ Å 
RDD 
/ Hz 

CQ (35Cl) 
/ MHz 

1J(119Sn-
35Cl) 
/ Hz 

ΔJ 119Sn-
35Cl) 
/ Hz 

Β 
/ deg 

1DMU 2.31 175.90 2.53 272.0 -24.5 154 30 0 
1PPNO 
(Site 1) 2.33 176.56 2.51 278.0 -23.0 178 40 2 

1PPNO 
(Site 1) 2.35 171.50 2.51 279.0 -23.0 184 40 2 

12 MPNO 2.37 175.41 2.51 279.0 -23.0 185 40 0 
3,5 DMPNO 2.37 178.94 2.48 290.0 -24.6 194 20 3 

1PNO 2.37 177.66 2.51 282.0 -24.7 185 40 2 
1DPNO 2.39 178.20 2.50 294.0 -25.0 189 60 2 
1DPSO 2.48 175.82 2.48 294.0 -25.8 202 20 12 

 

The J-coupling values can be measured by careful analysis of the splitting of the 

isotropic peak in experimental spectra. The isotropic peaks all exhibit asymmetric triplets, 

which are, in reality, quartets under the influence of strong quadrupolar couplings to 35/37Cl.11 

The result is a frequency shift of each of the peaks in the quartet, so the lower frequency peaks 

collapse onto one another resulting in the triplet. The frequency shift on 119Sn (I) resulting 

from 35/37Cl (S) is given by: 
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 Δ𝑣𝑚 = −𝑚𝑠𝐽𝐼𝑆 +
3𝐶𝑄𝐷′

10𝑣𝐿
(

5

4
− 𝑚𝑠

2) Eq. 4-1 

 

where 𝑚𝑠 is the magnetic quantum number, 𝑣𝐿 is the Larmor frequency of the quadrupolar 

nucleus, S, and 𝐶𝑄 is the quadrupolar coupling constant. The nuclear quadrupole moments, Q, 

for 35Cl and 37Cl are 2.264 x 107 and 2.184 x 107 rad s-1 T-1, respectively. 𝐷′ is the effective 

dipolar coupling constant, which is dependent upon the direct dipolar coupling constant, 𝑅𝐷𝐷, 

and the anisotropy of the J-coupling tensor, 𝚫𝐉, given by: 

 𝐷′ = 𝑅𝐷𝐷 −
𝚫𝐉

3
 Eq. 4-2 

 

It becomes immediately clear that no matter the value of 𝑚𝑠 this frequency shift is heavily 

dependent on the 𝐽𝐼𝑆,  𝑅𝐷𝐷 and 𝚫𝐉. However, it is important to note that Eq. 4-1 is only valid 

in the limit of 𝐶𝑄

4𝑆(2𝑆−1)𝑣𝐿
≪ 1 under MAS.32 It must also be noted that only the effective dipolar 

coupling, 𝐷′, is measurable from the NMR spectra due to the codependence of 𝑅𝐷𝐷 and 𝚫𝐉. 

In order to properly extract the J-coupling using iterative fitting routines, one must 

first consider the dipolar coupling. As mentioned previously, the dipolar coupling can be 

calculated directly from the crystal structure and used for the simulations. Also, the calculated 

quadrupolar coupling constant, CQ, is used for the fitting procedure, while the asymmetry, ηQ, 

did not have a noticeable effect on the spectra and is assumed to be zero in all cases. These 

calculated parameters provide useful starting points for the fitting because they are otherwise 

difficult to measure experimentally. 

The angle between the largest principal component of the EFG tensor and the Sn-Cl 

bond, β, was observed to affect the spectra and was therefore optimized. In most cases, the 

magnitude of β was small, landing at 1-3 degrees. The exception was 1DPSO likely resulting 
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from a substantial change of the EFG tensor orientation compared to the other structures. 

Finally, 1J(119Sn-35Cl) and ΔJ were accounted for in the simulations, with the latter remaining 

relatively similar between each of the tetrel bonded complexes. 

A plot of the experimental 1J(119Sn-35Cl ) coupling constants versus the experimentally 

measured tetrel bond distances is shown in Figure 4-9. This plot includes the J-coupling 

measured for all compounds. The magnitude of 1J(119Sn-35Cl ) increases as the tetrel bonds to 

Sn get longer. The data are fit with both using an asymptotic regression model, which within 

the limits of a TB, predicts that 1J(119Sn-35Cl ) adopts a value more reflective of the absence 

of a tetrel bond when the TB lengthens. The results can be rationalized by similar effects seen 

resulting from P=SeI halogen bond formation.33 A natural localized molecular orbital 

(NLMO) analysis of the halogen bonded complexes suggests that the Se lone-pair orbital 

contributes the most to the J-coupling trends, while the P=Se bonding orbital accounts for the  

 

Figure 4-9. A plot of the experimental 1J(119Sn-35Cl) values corresponding to the tetrel bonded 

complexes. The plot is modelled with an asymptotic regression fit (𝑦 = 𝑎 − (𝑎 − 𝑏)𝑒−𝑐𝑥) 

where   𝑎 = 199.08, 𝑏 = −2.83 x 1028 and 𝑐 = 26.71. 𝑅2 = 0.8966. 
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second-largest contribution to the J-couplings, and the iodine lone pair orbital does not 

contribute much to the J-coupling at all. In our structures, the magnitude of J-coupling 

changes as the TB shortens, while the calculated CQ decreases in magnitude. The data suggests 

that Lewis bases’ contribution to the TB results in a systematic weakening of the Sn-Cl 

covalent bond, resulting in chlorine that adopts a slightly elevated ionic character.   

Further computational studies will need to be carried out on the organotin chloride 

complexes discussed herein to understand the relationship between the tetrel bond and 

1J(119Sn-35Cl). However, this work establishes that the 1J(119Sn-35Cl ) coupling constant is a 

valuable indicator of the presence of a Cl-SnO/S tetrel bond. 

4.3.3 Chemical Shift Tensors 

119Sn CP/MAS experiments of the tetrel bonded complexes were carried out at 

multiple fields and multiple spinning frequencies to identify the isotropic peaks amongst the 

spinning sidebands. An example of spectra acquired at multiple fields is shown in Figure 

4-10. A Herzfeld-Berger analysis was carried out on the spinning sidebands' integrals on

spectra acquired at 9.4 T for each spectrum. The CS tensor components are shown in Table 

4-2. It is important to note that while the HBA analysis can provide useful information about

the CS tensor, it can only provide accurate data when other effects such as the dipolar coupling 

interaction are absent. In cases where a very significant influence on the CS from a large 

dipolar coupling, the HBA method cannot be used. For example, when the dipolar coupling 

magnitude is comparable to the CS tensor span, the HBA method can only provide weak 

estimates of the CS tensor parameters. For the compounds studied here, the largest dipolar 

coupling constant calculated over all 119Sn-35/37Cl spin pairs at 9.4 T corresponds to a bond 

length of 2.49 Å and is 290 and 241 Hz for 35Cl and 37Cl, respectively. Therefore, the dipolar 
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coupling constants are on the order of less than 2 ppm, meaning that for all of the compounds, 

which have CS spans of  >400 ppm, the dipolar coupling effects on the 119Sn CS tensor from 

35/37Cl are minimized. The HBA analysis is, however, still imperfect. The spectral integrals 

are adversely affected by the relatively low signal-to-noise ratio of all of the obtained spectra, 

the presence of the two overlapping signals resulting from the tin-chlorine isotopologues, and 

complications arising from the splitting due to J-coupling. Therefore, the HBA analysis 

discussed herein must be accepted as providing only an estimate of the 119Sn CS tensor data 

to obtain only general insight into the tetrel bond's effects. The measured CS tensor data must 

therefore be interpreted with caution. 

Over the series of tetrel bonded complexes, there are a few critical observations made. 

First, the experimental 119Sn chemical shift is observed to decrease as the tetrel bond length 

decreases (Figure 4-11a). This trend is reproduced by the DFT calculations, showing an 

increase in the isotropic magnetic shielding constant (Figure 4-11d). A change in the negative 

direction is also reflected in the experimental skews (Figure 4-11c and f), whereas a lack of 

correlation is observed in the experimental or calculated spans (Figure 4-11b and e).  

When broken down into the individual tensor components, clearer experimental trends 

are observed and reproduced by GIPAW DFT calculations. δ11 and δ22 are observed to 

decrease in response to a shortened tetrel bond (Figure 4-12). Overall, δ11 experiences a 

decrease from 42 ppm to -5 ppm, while δ22 decreases from -385 ppm to -227 ppm. While δ33 

is also observed to change, the trend is influenced by a higher degree of scatter. Both δ11 and 

δ22 lead to an overall decrease in the isotropic chemical shift in response to a shorter tetrel 

bond length. Similar trends have been observed in chalcogen bonded complexes.34 Periodic 

DFT calculations of the 119Sn magnetic shielding tensors corroborate the experimental trends,  
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Figure 4-10. Experimental 119Sn CP/MAS spectra of triphenyl tin pyridine N-oxide acquired 

at 4.7 and 9.4 T at spinning frequencies as indicated. A downward-pointing arrow labels the 

isotropic chemical shift. 

 

with the magnetic shielding tensor's principal components, σ33 and σ22, increasing as the tetrel 

bond length gets shorter.  

Table 4-2. Estimated CS Tensor data for the tetrel bonded complexes obtained at 9.4 Ta 

 1PPNO 
(Site 1)b 

1PPNO 
(Site 2)b 

12MPN
O 

3,5DMPN
O 1DMU 1DPN

Ob 1PNO 1DPSO 

iso 
/ppm -234.9(3) -245.0(1) -231.0(0) -203.6(0) -260.4(3) -193.1 -235.3(0) -209.8(1) 

Ω 
/ppm 433(11) 418(10) 444(5) 412(0) 407(6) 427 425(3) 405(1) 

κ -0.57(8) -0.45(3) -0.64(5) -0.58(2) -0.92(6) -0.24 -0.61(4) -0.29(2) 
11 

/ppm 23(16) -5(3) 38(0) 42(2) 5(1) 37 20(1) 12(2) 

22 
/ppm -317(10) -307(4) -325(5) -283(3) -385(6) -227 -322(5) -248(3) 

33 
/ppm -410(11) -423(7) -405(5) -369(2) -402(7) -389 -405(4) -393(1) 

a. Data were obtained by an HBA analysis of the integrals of the spinning sidebands obtained from 1H-119Sn CP/MAS acquired 

at 9.4 T, with MAS frequencies of 4.5 kHz and 10 kHz. Standard deviations for the averages are reported. All CS data are given 

in units of ppm. 

b. A spectrum was not obtained at 9.4 T and a MAS frequency of 4.5 kHz. The error is estimated to be 5%. 
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Figure 4-11. Linear comparisons between the correlations between the tetrel bond length and 

the experimental 119Sn (a) isotropic chemical shift (R2 = 0.7084), (b) span (R2 = 0.0269), and 

(c) skew ((R2 = 0.4146) and the GIPAW DFT calculated (d) magnetic shielding constant (R2 

= 0.7880), (e) span (R2 = 0.1454), and (f) skew (R2 = 0.4848). 

 

4.4 Conclusions 

This contribution presents experimental 119Sn solid-state NMR spectra of some tetrel 

bonded tin complexes featuring short and linear tetrel bonds. This work's primary goal is to 

provide experimental insights into the dependence of the 119Sn NMR parameters on the 

geometric features of the tetrel bonds. Insights into the tetrel bonding mechanism's nature are 

revealed by close observations of the 1J(119Sn-35Cl ) coupling constants, clearly shown to 

correlate with the tetrel bond length. The estimated 119Sn CS tensor parameters are also 

observed to correlate with the tetrel bond's length, whereby as the tetrel bond length between 
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Figure 4-12. Correlation between (a, b and c) the experimentally measured values of δ11 (R2 

= 0.4272), δ22 (R2 = 0.6089) δ33 (R2 = 0.2901) and the tetrel bond lengths. The corresponding 

correlations to the GIPAW DFT computed values of σ22 (R2 = 0.7441) and σ33 (R2 = 0.4319), 

and a lack of correlation to σ11 are shown (e, f and d, respectively). 

 

Sn and N-oxides gets shorter, the magnitude of the 119Sn chemical shift increases in the 

negative direction. This trend arises primarily from changes in δ11 and δ22. However, it is 

essential to note that more work will need to be done to finalize the comparisons between the 

experimental and calculated CS data and confirm the trends observed in this preliminary data. 

Further analysis of static 119Sn spectra may afford more precise CS tensor data. However, the 

results show clear correlations between the chemical shift and the Cl-SnO tetrel bonds. 

This work provides more experimental NMR data to support our previous studies 

showing how NMR parameters are influenced by tetrel bonds (see chapters 3 and 4 of this 

thesis). This work will augment how σ-hole interactions influence NMR spectra and how the 
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data may be incorporated into NMR crystallographic approaches for crystal structure 

refinement. 
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Chapter 5 General Conclusions 

5.1 Summary 

In this thesis, considerable efforts have been made to demonstrate the effect that the 

tetrel bond has on the solid-state NMR response. A systematic study of group 14 elements 

began with carbon in Chapter 2. An analysis of organic cocrystals featuring either caffeine or 

theophylline tetrel bond donors revealed the weak nature of carbon tetrel bonding at methyl 

centres. Indeed, the tetrel bond’s weakness resulted in very loose correlations between 

experimental shifts and structural features. However, this work showed that one must be 

cautious when assigning chemical shifts to specific structural elements. It became clear that 

computational chemistry must be used alongside the experimental NMR data to interpret the 

NMR spectrum when tetrel bonding is suspected correctly. For example, regarding the tetrel 

bond’s influence on the 13C experimental chemical shift, it was demonstrated that as the tetrel 

bond's length gets shorter, the 13C isotropic chemical shift increases, albeit only slightly. The 

13C chemical shift increases compared to similar methyl carbons in cocrystals that do not 

feature tetrel bonds. The computational study showed that, in fact, the increase more strongly 

correlates with TB distance in the absence of competing structural effects. One must carefully 

consider that other crystallographic effects can significantly alter the chemical shift change 

due to tetrel bonds. One such example is the competition of weak CH…O hydrogen bonds 

observed in many of the complexes studied. These hydrogen bonds may either amplify or 

decrease the tetrel bond’s effect on the 13C chemical shift.  

Next, 207Pb solid-state NMR spectra of supramolecular structures that feature lead 

tetrel bonds were presented.  This work focused on relating the 207Pb solid-state NMR spectra, 
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acquired by static and magic angle spinning techniques, to structural features at the Pb(II) 

centre in hemidirectionally coordinated tetrel bond donors. Interestingly, Pb(II) features 

unique NMR parameters if it is in hemidirectional versus holodirectional geometry. For each 

of the five compounds assessed, the 207Pb isotropic chemical shifts range from -426 to -2591 

ppm and chemical shift tensor spans ranging from 910 to 2681 ppm.  The data suggest that a 

tetrel bond to lead results in NMR parameters intermediate between those characteristic of 

holodirected and hemidirected lead coordination geometries. The work demonstrated that 

207Pb NMR spectroscopy is beneficial not only for studying tetrel bonds between non-

coordinating electrophiles and Pb(II) centres and understanding how a tetrel bond may affect 

an NMR response.   

The final stop on the periodic table is tin. The work’s focus was not only to assess the 

119Sn chemical shift response to short and linear tetrel bonds in organotin chloride complexes 

but also to relate the observable 1J(119Sn-35Cl) coupling to either the tetrel bond lengths. 

Indeed, the 119Sn CS tensor parameters appear to correlate well with the tetrel bond’s length: 

as the Sn…O tetrel bond’s length gets shorter, the 119Sn chemical shift becomes more 

negative, resulting from changes primarily in δ11 and δ22. More convincingly, a clear logistic 

correlation is observed between the tetrel bond length and 1J(119Sn-35Cl), showing J-coupling 

to be a sensitive probe to tetrel bonding. 

5.2 Impact and Future Directions 

The results of this work will be helpful in NMR crystallographic approaches to solve 

and refine structures that may feature tetrel bonds. This thesis's work comprises the first 

attempts to detect the tetrel bond by solid-state NMR and understand its effects on the NMR 

spectrum. However, the work is far from over: this author only considers this to be the 
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beginning of what might prove to be a long but fruitful project. There is still much left to be 

done to explore the tetrel bond by solid-state NMR, and several proposals for future directions 

are outlined in the following few paragraphs. 

Briefly, there is a real opportunity to investigate the indirect coupling between 17O and 

207Pb centres using enriched tetrel bond acceptor molecules. More work also needs to be done 

to investigate the effects of tetrel bond formation on other atoms within the donor and acceptor 

molecules. A systematic study of the effects of electron-withdrawing substituents on the tetrel 

bond and the subsequent effect on NMR observables must be investigated.  

In an extension of this thesis's theme, other tetrel bond donors must be explored, not 

examined here. For example, silicon-based tetrel bonded complexes show promise for the 

study of solid-state NMR. 29Si is a spin-1/2 nucleus easily detected by MAS NMR and is 

already used extensively to study materials1 such as zeolites2 and other inorganic solids.3 

There are already some examples of simple systems4 having been identified and studied by 

rotational spectroscopy.5,6  However, Si-based tetrel bonded systems seem to be generally 

underexplored. However, Si tetrel bonds have been identified to form intramolecular tetrel 

bonds in systems applicable to solid-state NMR.7-10 While the intramolecular tetrel bonds can 

certainly be studied by solid-state NMR, the identification of other complexes featuring tetrel 

bonded heteromolecules would be a good starting point to demonstrate the applicability of Si 

tetrel bonds in crystal engineering.  

In addition to Si, the remaining nuclide of interest for solid-state NMR studies is 73Ge. 

This isotope is a spin-9/2 quadrupolar nuclide which has a very large quadrupole moment (Q 

= -19.2 fm2) and a low gyromagnetic ratio ( = -0.936 x 107 rad T-1 s-1), making it very difficult 

to study by solid-state NMR due to the significant broadening observed for systems whereby 
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an EFG is present at a non-symmetric 73Ge site. As a result, very few studies have traditionally 

used 73Ge solid-state NMR, though, in more recent years, some works have demonstrated the 

applicability of 73Ge solid-state NMR at higher magnetic field strengths (B0 = 21.1 T) where 

the effects of quadrupolar broadening are reduced.11-13 Consequently, structures featuring Ge 

tetrel bonds14 could be potentially studied by solid-state NMR. 

Beyond the tetrel elements, there is a need to study nuclei directly or indirectly 

involved in the tetrel bond but are structurally close to the site of interest. Sometimes, atoms 

such as those covalently bound to the donor atom also display effects induced by noncovalent 

bonds' formation. For example, 17O NMR has been used to probe iodine-based halogen bond 

P=O···I-C) motifs.15 Similar experiments for most of the compounds studied in this thesis 

would provide useful insights into the tetrel bond's role in the acceptor atom's solid-state NMR 

response. Complimentary NLMO calculations could provide insights about the orbital 

contributions to either the EFG tensors of the 17O acceptor nucleus or J-coupling across the 

tetrel bond if it is observed. 

While it is weak, the tetrel bond can significantly impact the fields of chemistry and 

biochemistry. It is anticipated that tetrel bonding will be recognized as an important force in 

developing pharmaceutical solids and their polymorphs to improve drug design to increase 

their affinity to biological molecules such as proteins or enzymes. Perhaps harnessing the 

cumulative strength of multiple CH3 or CF316 tetrel bonds to oxygen or other electronegative 

atoms in biological active sites can be used to minimize the overall binding energies at the site 

of protein-ligand interactions. While these are perhaps very early suppositions, in the 

immediate term, it is foreseen that tetrel bonding will be more applicable to the field of crystal 

engineering.  



Chapter 5 

 170 

In conclusion, this thesis provides new experimental insights into the tetrel bond. It 

has demonstrated experimental solid-state NMR responses to the formation of a tetrel bond 

and its geometry. Careful analysis of both experimental and computation data has paved the 

way towards understanding how the tetrel bond may manifest itself in NMR data from an 

NMR crystallographic point of view. It is important to stress that tetrel elements, compared to 

their cousins, the chalcogens, pnictogens and halogens, are the least polarizable, and indeed, 

in the case of carbon, give rise to the weakest trends between structural and NMR data.  

There can be no mistake about the importance of this work, however. The International 

Union of Pure and Applied Chemistry (IUPAC) has projects underway to define the various 

sigma hole interactions.17 In both chalcogen18 bonding and halogen19 bonding, one of the 

critical elements of their definitions is that they usually affect NMR observables of nuclei in 

both the donor and acceptor molecules. This work is fundamental and provides the data to 

support such a claim in the upcoming IUPAC definition of tetrel bonding. 
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Appendix 1 Supplementary Information for Chapter 2 

A1.1 Synthesis 

A1.1.1 Ball-Milling 

Cocrystallization of certain products was carried out by liquid assisted grinding (LAG) 

using a Retsch ball mill and minimal amounts of organic solvent, as indicated in Table S1-1. Each 

milling jar was charged with two steel balls, and the experiments were run with a milling frequency 

of 30 Hz for 30 minutes. 

A1.1.2  Slow-evaporation 

Theophylline citric acid hydrate (CSD KIGKAN) was produced by slow evaporation, 

as described previously.1 

Theophylline p-coumaric acid (CSD IJEZUT) was obtained by dissolving 194.0 mg of 

p-coumaric acid in 4.0 mL of acetone and stirring 600 uL of the resulting solution with a solution 

of 32.7 mg theophylline dissolved in 5.0 mL of methanol.2 The resulting mixture was left in a 

small vial to evaporate, producing the product's resulting crystals. 

 

 

 

(Intentionally left blank) 
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Table S1-1. Details for the cocrystallization by ball-milling. 

Number 
Chemical 

Name 
CSD 

REFCODE Reagents Comments 

Product 
melting 
point 

1 Caffeine acetic 
acid VAWKOU 

146.2 mg caffeine 
43 ul acetic acid 
4 drops of heptane 

The resulting product was a fine, 
white powder. 110 oC 

2 Caffeine 4-
nitroaniline LATGUK 

193.5 mg caffeine 
139.5 mg 4-
nitroaniline 
5 drops of 
methanol 

A yellow powder was extracted. 162 oC 

4 
Caffeine 

formic acid 
(2:1) 

VAWKEK 195.5 mg caffeine 
50 ul formic acid A white, flaky powder was extracted. 238 oC 

5 Caffeine 
maleic acid GANYEA 

204.7 mg 
theophylline 
129.8 mg maleic 
acid 
6 drops of 
methanol 

A grey powder was extracted and left 
overnight to evaporate residual 
solvent. 

95 oC 

7 Theophylline 
acetamide RABXOK 

200 mg 
theophylline 
80 mg acetamide 
6 drops of ethanol 

A grey-white chunky powder was 
extracted and left to dry at ambient 
conditions for 1 hour. 

270 oC 

9 Theophylline 
cinnamic acid WOCHUT 

205.6 mg 
theophylline 
163.7 mg 
cinnamic acid 
5 drops of acetone 

A white powder was extracted. 194 oC 

 

 

 

 

 

(Intentionally left blank) 
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A1.2 Powder X-ray Diffraction Patterns 

 

Figure S1-1. Powder X-ray diffraction pattern of caffeine maleic acid (CCDC refcode GANYEA). 

 

 

Figure S1-2. Powder X-ray diffraction pattern of caffeine.p-coumeric acid (CCDC refcode 

IJEZUT). 
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Figure S1-3. Powder X-ray diffraction pattern of caffeine 4-nitroanaline (CCDC refcode 

LATGUK). 

 

Figure S1-4. Powder X-ray diffraction pattern of caffeine acetic acid (CCDC refcode VAWKEK). 



Appendix 1 

178 
 

 

Figure S1-5. Powder X-ray diffraction pattern of caffeine formic Acid (CCDC refcode 

VAWKOU). 

 

 

Figure S1-6. Powder X-ray diffraction pattern of theophylline acetamide (CCDC refcode 

RABXOK). 
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Figure S1-7. Powder X-ray diffraction pattern of theophylline citric acid hydrate (CCDC refcode 

KIGKAN). 

 

Figure S1-8. Powder X-ray diffraction pattern of theophylline cinnamic acid (CCDC refcode 

WOCHUT). 

A1.3 CASTEP Convergence 

CASTEP convergence was tested on theophylline's crystal structure by running single-

point energy calculations with increasing energy cutoffs and numbers of k-points using the revPBE 

functional. The convergence was tested to a maximum force of 0.05 eV/Å.  The CASTEPConv 
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python script was used to set up input files and extract and compile each calculation’s results (see 

Table S1-2). Gnuplot was used to generate the resulting convergence graphs. 

For all calculations, an energy cutoff of 700 eV was selected coupled with a minimum k-

point spacing of 0.07 Å to balance a suitable level of convergence with computational resources. 

 

Figure S1-9. Plot of convergence of CASTEP calculation parameters for theophylline. 

 

 

 

 

 

(space intentionally blank) 
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Table S1-2. Raw CASTEP energy and k-point cutoff calculation results obtained by 

CASTEPConv. 
  

Energy (eV) Energy/Atom (eV) Forces (eV/A) Total stresses (GPa) 

Cutoff (eV) 

200 -12222.597 -145.50711 14.688032 59.086376 

300 -12567.177 -149.60925 13.2561639 45.923727 

400 -12756.387 -151.86174 8.89261538 31.837262 

500 -12827.161 -152.70429 8.6782444 26.495088 

600 -12843.813 -152.90254 8.63232232 24.233578 

700 -12846.955 -152.93994 8.61958311 23.546167 

800 -12847.438 -152.94569 8.61445735 23.336696 

900 -12847.517 -152.94663 8.61309148 23.276061 

1000 -12847.545 -152.94696 8.61386164 23.271949 

1100 -12847.555 -152.94709 8.61296104 23.267422 

1200 -12847.559 -152.94713 8.61302893 23.267173 

1300 -12847.562 -152.94717 8.61264444 23.266745 

k-points 

4 -12222.597 -145.50711 14.688032 59.086376 

32 -12223.589 -145.51891 14.670804 59.190628 

108 -12223.259 -145.51499 14.6757276 59.34062 

256 -12223.369 -145.5163 14.6757726 59.279774 

500 -12223.356 -145.51615 14.6750248 59.279928 

1008 -12223.351 -145.51608 14.6756721 59.270006 

1568 -12223.359 -145.51618 14.6759192 59.259179 

2304 -12223.331 -145.51584 14.6754774 59.28133 

3240 -12223.332 -145.51585 14.6755924 59.272879 

4400 -12223.325 -145.51578 14.6761112 59.268132 

 

  



Appendix 1 

182 
 

A1.4 NMR Experimental Parameters 

A1.4.1 CP/MAS 

 

 

Table S1-3. Key experimental solid-state CP/MAS NMR parameters used for each cocrystal (B0 

= 11.7 T) 

Number Chemical Name 
CSD 

REFCODE 
Number of 

Scans 
90o 1H Pulse 

Duration (s) 
Contact Pulse 
Duration (s) 

Recycle 
Delay (s) 

1 Caffeine Acetic Acid VAWKOU 512 3.35 2500 25 
2 Caffeine 4-nitroaniline LATGUK 4380 3.2 2000 5 
3 Caffeine p-coumeric acid IJEZUT 16 3.15 2000 3 

4 Caffeine Formic Acid 
(2:1) VAWKEK 828 3.2 2000 20 

5 Caffeine Maleic Acid GANYEA 1024 3.2 2000 15 

6 Theophylline Citric Acid 
Hydrate KIGKAN 1024 3.42 2500 20 

7 Theophylline Acetamide RABXOK 1024 3.2 2000 5 
8 Theophylline (Form II) BAPLOT06 1024 3.4 2500 25 

9 Theophylline Cinnamic 
Acid WOCHUT 5120 3.2 2000 20 

 

 

 

 

Table S1-4. Key experimental solid-state CP/MAS NMR parameters used for each cocrystal (B0 

= 9.4 T) 

Number Chemical Name 
CSD 

REFCODE 
Number of 

Scans 
90o 1H Pulse 

Duration (s) 
Contact Pulse 
Duration (s) 

Recycle 
Delay (s) 

1 caffeine acetic acid VAWKOU 3072 3.0 2000 5 
2 caffeine 4-nitroaniline LATGUK 4096 3.5 2000 15 

3 caffeine p-coumeric 
acid IJEZUT 4096 3.5 2000 15 

4 caffeine formic acid 
(2:1) VAWKEK 4096 3.0 2000 15 

5 caffeine maleic acid GANYEA 400 3.0 2000 60 

6 theophylline citric acid 
hydrate KIGKAN 1080 3.5 2000 10 

7 theophylline acetamide RABXOK 1024 3.0 2000 60 
8 theophylline (form ii) BAPLOT06 256 2.75 2000 60 

9 theophylline cinnamic 
acid WOCHUT 300 3.0 2000 60 
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A1.4.2 1H-13C FSLG-HETCOR 

Table S1-5. Experimental solid-state FSLG-HETCOR NMR parameters used for each cocrystal. 

Number 
Chemical 

Name 
CSD 

REFCODE 
Number of 

Scans Slices 

Proton spin 
nutation 

frequency / Hz 
90o 1H Pulse 
Duration / s 

Contact 
Pulse 

Duration / s 

Recycle 
Delay  

/ s 

1 caffeine 
acetic acid VAWKOU 64 42 74074 3.35 50 20 

2 caffeine 4-
nitroaniline LATGUK 1024 32 119048 3.15 150 15 

3 
caffeine p-
coumeric 

acid 
IJEXUT 256 32 119048 3.15 50 5 

4 
caffeine 

formic acid 
(2:1) 

VAWKEK 64 64 119048 3.15 150 15 

5 caffeine 
maleic acid GANYEA 64 128 119048 3.15 150 30 

6 
theophylline 
citric acid 
hydrate 

KIGKAN 256 64 119048    3.15 150 4 

7 theophylline 
acetamide RABXOK 64 42 74074 3.43 50 20 

8 theophylline 
(form ii) BAPLOT06 64 42 74074 3.4 50 20 

9 
theophylline 

cinnamic 
acid 

WOCHUT 64 42 74074 3.5 50 25 

A1.4.3 Two-dimensional 1H-13C FSLG heteronuclear correlation (HETCOR) spectra.  

     
Figure S1-10. Caffeine maleic acid (CCDC refcode GANYEA). 
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Figure S1-11. Caffeine.p-coumeric acid (CCDC refcode IJEZUT). 

 

Figure S1-12. Caffeine 4-nitroanaline (CCDC refcode LATGUK). 
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Figure S1-13. Caffeine formic acid (CCDC refcode VAWKEK). 

 

Figure S1-14. Caffeine formic acid (CCDC refcode VAWKOU). 
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Figure S1-15. Theophylline acetamide (CCDC refcode RABXOK). 

 

Figure S1-16. Theophylline citric acid hydrate (CCDC refcode KIGKAN). 
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Figure S1-17. Theophylline cinnamic acid (CCDC refcode WOCHUT). 

 

Figure S1-18. Theophylline (CCDC refcode BAPLOT06). 
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A1.5 Supplemental Data Figures for Chapter 2. 

 

Figure S1-19. Comparison between the experimental TB length and (A) the NC-O amine bond 

length, and (B) comparison between the experimental 1H chemical shifts and calculated TB angles. 

In panel A the blue circles correspond to the data for caffeine malonic acid and caffeine glutaric 

acid.  

 

Figure S1-20. Plot of the calculated isotropic shielding constant versus the tetrel bond length from 

geometry optimized crystal structures. The orange circles represent structures where the tetrel bond 

angle lies below 160o. The fitting is based solely on tetrel bonds where the angle is between 160o 

and 180o (black circles).  
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Appendix 2 Supplementary Information for Chapter 3 

Table S2-1. Minimum and maximum computed electrostatic potential values (a.u.) 

compound minimum electrostatic potential maximum electrostatic potential 
1 -0.0814 0.130 
2 -0.0746 0.129 
3 -0.0732 0.117 
4 -0.0555 0.120 
5 -0.0821 0.122 
 

 

Figure S2-1. Powder X-Ray diffractogram for 1. The calculated pattern (red) obtained from 

Mercury is offset above the experimental data (black). The origins of additional reflections are 

addressed in Chapter 3.  
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Figure S2-2. Powder X-Ray diffractogram for 3. The calculated pattern (red) obtained from 

Mercury is offset above the experimental data (black). The presence of additional peaks of low 

intensity is attributed to residual lead thiocyanate.  

 

 

Figure S2-3. Powder X-Ray diffractogram for 2. The calculated pattern (red) obtained from 

Mercury is offset above the experimental data (black).  
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Figure S2-4. Powder X-Ray diffractogram for 4. The calculated pattern (red) obtained from 

Mercury is offset above the experimental data (black).  

 

Figure S2-5. Powder X-Ray diffractogram for 5. The calculated pattern (red) obtained from 

Mercury is offset above the experimental data (black).  
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Appendix 3 An Excerpt from the Published Record of the Oral 

Discussion held on the Subject of Chapter 3 at the Faraday 

Discussion on Halogen Bonding in Supramolecular Chemistry, 2017 

A3.1 Permissions 

C. B. Aakeröy, S. Alavi, P. D. Beer, N. K. Beyeh, L. Brammer, D. L. Bryce, T. Clark, S. J. Cottrell, 

J. E. Del Bene, A. J. Edwards, C. Esterhuysen, T. Friščić, T. N. Guru Row, P. Kennepohl, G. O. 

Lloyd, A. Roy Choudhury, S. Scheiner, S. A. Southern, M. S. Taylor, S. Tsuzuki and I. Vargas-

Baca, Faraday Discuss., 2017, 203, 227-244. DOI: 10.1039/C7FD90062G 

 

Reproduced by permission of the Royal Society of Chemistry. 
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Appendix 4 Sample Input Files for Quantum Chemical 

Calculations 

A4.1 Gaussian 09 input file for geometry optimization with the generation of a 

Formcheck file to obtain MESP diagrams 

%nprocshared=4 
%mem=200MB 
%chk=silicon.chk 
# opt freq b3lyp/6-31g(d,p) geom=connectivity formcheck 
 
Tetrahedral Silicon Tetrel Bond 
 
1 1 
 N                  0.47176187   -0.09171326   -1.20048906 
 H                  0.13694817    0.85057064   -1.20140399 
 H                  1.47176022   -0.09014192   -1.19957546 
 H                  0.13991633   -0.56416833   -2.01698446 
 Si                -0.15158225   -0.97323159    0.32635983 
 H                  0.33623136   -0.27872264    1.52660781 
 H                 -1.62157982   -0.97554108    0.32501653 
 H                  0.34059347   -2.35838907    0.32770483 
 
 1 2 1.0 3 1.0 4 1.0 5 1.0 
 2 
 3 
 4 
 5 6 1.0 7 1.0 8 1.0 
 6 
 7 
 8 
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A4.2 ADF input script for a geometry optimization for a molecular model of a tetrel-

bonded Pb(II) isonicotinoyl hydrazone structure 

#!/bin/bash 
#$ -N AA00006.run  
#$ -S /bin/bash 
#$ -q abaqus.q 
#$ -l qname=abaqus.q 
#$ -M (intentionally removed) 
 
#$ -m be 
#$ -o AA00006.out 
#$ -e AA00006.err 
#$ -cwd 
#$ -V 
#$ -pe shm.pe 8 
 
$ADFBIN/adf -n $NSLOTS << eor 
Title AA000023 
 
Basis 
 Core None 
 Pb $ADFRESOURCES/ZORA/TZ2P/Pb 
 N $ADFRESOURCES/ZORA/TZ2P/N 
 O $ADFRESOURCES/ZORA/TZ2P/O 
 H $ADFRESOURCES/ZORA/TZ2P/H 
 C $ADFRESOURCES/ZORA/TZ2P/C 
 S $ADFRESOURCES/ZORA/TZ2P/S 
End 
 
SAVE TAPE10 
 
relativistic spinorbit zora 
 
ATOMS 
1 S      -7.473300000000       8.607000000000       9.330000000000     
2 O      -4.716800000000      11.075800000000       9.463900000000     
3 C      -3.663600000000       7.477400000000      10.601000000000     
4 C      -4.011600000000       6.342800000000       9.710400000000     
5 C      -3.767400000000       5.034300000000      10.098100000000     
6 H      -3.314900000000       4.841400000000      10.910700000000     
7 C      -4.203800000000       4.011600000000       9.260700000000     
8 H      -4.060500000000       3.104200000000       9.504800000000     
9 C      -4.839000000000       4.311200000000       8.090100000000     
10 H      -5.156600000000       3.625900000000       7.514100000000     
11 C      -5.004100000000       5.643800000000       7.770500000000     
12 H      -5.426500000000       5.855500000000       6.946800000000     
13 C      -4.161499998000      10.853700000000      10.593600000000     
14 C      -3.913000000000      12.021000000000      11.485500000000     
15 C      -3.225400000000      11.881500000000      12.679600000000     
16 H      -2.945600000000      11.024100000000      12.981900000000     
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17 C      -2.955800000000      13.016100000000      13.420400000000     
18 H      -2.486500000000      12.912800000000      14.240400000000     
19 C      -4.000200000000      14.365900000000      11.914100000000     
20 H      -4.292500000000      15.230200000000      11.647800000000     
21 C      -4.307600000000      13.289900000000      11.095300000000     
22 H      -4.781200000000      13.420700000000      10.281500000000     
23 C      -2.925800000000       7.250100000000      11.869500000000     
24 H      -2.809500000000       8.104100000000      12.336500000000     
25 H      -2.047200000000       6.864500000000      11.672500000000     
26 H      -3.434400000000       6.633700000000      12.436800000000     
27 C      -8.540200000000       9.101000000000       8.158300000000     
28 N      -3.770300000000       9.689800000000      11.078000000000     
29 N      -4.060200000000       8.655000000000      10.215800000000     
30 N      -4.605400000000       6.657900000000       8.553400000000     
31 N      -3.315900000000      14.255800000000      13.055000000000     
32 N      -9.307100000000       9.428100000000       7.371700000000     
33 N      -6.147600000000      11.569900000000       6.861300000000     
34 O      -7.548400000000      14.749900000000       3.270200000000     
35 C      -6.495200000000      18.348300000000       4.407400000000     
36 C      -6.843200000000      19.482900000000       3.516800000000     
37 C      -6.599100000000      20.791400000000       3.904500000000     
38 H      -6.146500000000      20.984200000000       4.717100000000     
39 C      -7.035400000000      21.814100000000       3.067100000000     
40 H      -6.892200000000      22.721400000000       3.311100000000     
41 C      -7.670700000000      21.514500000000       1.896500000000     
42 H      -7.988200000000      22.199700000000       1.320500000000     
43 C      -7.835800000000      20.181900000000       1.576900000000     
44 H      -8.258200000000      19.970100000000       0.753100000000     
45 C      -6.993200000000      14.972000000000       4.400000000000     
46 C      -6.744600000000      13.804700000000       5.291900000000     
47 C      -6.057100000000      13.944100000000       6.486000000000     
48 H      -5.777300000000      14.801500000000       6.788200000000     
49 C      -5.787500000000      12.809500000000       7.226700000000     
50 H      -5.318100000000      12.912800000000       8.046800000000     
51 C      -6.831900000000      11.459700000000       5.720500000000     
52 H      -7.124100000000      10.595400000000       5.454100000000     
53 C      -7.139300000000      12.535800000000       4.901700000000     
54 H      -7.612800000000      12.404900000000       4.087800000000     
55 C      -5.757500000000      18.575500000000       5.675900000000     
56 H      -5.641200000000      17.721600000000       6.142900000000     
57 H      -4.878900000000      18.961200000000       5.478900000000     
58 H      -6.266000000000      19.191900000000       6.243200000000     
59 N      -6.602000000000      16.135900000000       4.884300000000     
60 N      -6.891900000000      17.170600000000       4.022200000000     
61 N      -7.437000000000      19.167800000000       2.359800000000     
62 H      -9.321000000000       0.964700000000       6.618400000000     
63 S      -7.998100000000       8.610100000000       3.057300000000     
64 O     -10.754600000000       6.141300000000       2.923400000000     
65 C     -11.807800000000       9.739700000000       1.786200000000     
66 C     -11.459800000000      10.874300000000       2.676900000000     
67 C     -11.704000000000      12.182800000000       2.289200000000     
68 H     -12.156500000000      12.375700000000       1.476600000000     
69 C     -11.267600000000      13.205500000000       3.126600000000     
70 H     -11.410900000000      14.112900000000       2.882500000000     
71 C     -10.632400000000      12.905900000000       4.297200000000     
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72 H     -10.314800000000      13.591200000000       4.873200000000     
73 C     -10.467200000000      11.573300000000       4.616700000000     
74 H     -10.044800000000      11.361600000000       5.440500000000     
75 C     -11.309900000000       6.363400000000       1.793700000000     
76 C     -11.558400000000       5.196100000000       0.901800000000     
77 C     -12.246000000000       5.335600000000      -0.292300000000     
78 H     -12.525700000000       6.193000000000      -0.594600000000     
79 C     -12.515600000000       4.201000000000      -1.033100000000     
80 H     -12.984900000000       4.304300000000      -1.853100000000     
81 C     -11.471200000000       2.851200000000       0.473200000000     
82 H     -11.178900000000       1.986900000000       0.739500000000     
83 C     -11.163700000000       3.927200000000       1.292000000000     
84 H     -10.690200000000       3.796400000000       2.105800000000     
85 C     -12.545500000000       9.967000000000       0.517800000000     
86 H     -12.661800000000       9.113000000000       0.050800000000     
87 H     -13.424200000000      10.352600000000       0.714700000000     
88 H     -12.037000000000      10.583400000000      -0.049500000000     
89 C      -6.931100000000       8.116100000000       4.229000000000     
90 N     -11.701100000000       7.527300000000       1.309300000000     
91 N     -11.411200000000       8.562100000000       2.171500000000     
92 N     -10.866000000000      10.559200000000       3.833900000000     
93 N     -12.155500000000       2.961300000000      -0.667700000000     
94 N      -6.164300000000       7.789000000000       5.015600000000     
95 O      -7.923000000000       2.467200000000       9.117000000000     
96 C      -8.976100000000      -1.131200000000       7.979900000000     
97 C      -8.628100000000      -2.265800000000       8.870500000000     
98 C      -8.872300000000      -3.574300000000       8.482800000000     
99 H      -9.324900000000      -3.767100000000       7.670200000000     
100 C      -8.435900000000      -4.597000000000       9.320200000000     
101 H      -8.579200000000      -5.504300000000       9.076200000000     
102 C      -7.800700000000      -4.297400000000      10.490800000000     
103 H      -7.483100000000      -4.982600000000      11.066800000000     
104 C      -7.635600000000      -2.964800000000      10.810400000000     
105 H      -7.213200000000      -2.753000000000      11.634100000000     
106 C      -8.478200000000       2.245100000000       7.987300000000     
107 C      -8.726700000000       3.412400000000       7.095400000000     
108 C      -9.414300000000       3.273000000000       5.901300000000     
109 H      -9.694100000000       2.415600000000       5.599100000000     
110 C      -9.683900000000       4.407600000000       5.160500000000     
111 H     -10.153200000000       4.304300000000       4.340500000000     
112 C      -8.639500000000       5.757400000000       6.666800000000     
113 H      -8.347200000000       6.621700000000       6.933200000000     
114 C      -8.332100000000       4.681300000000       7.485600000000     
115 H      -7.858500000000       4.812200000000       8.299500000000     
116 C      -9.713900000000      -1.358400000000       6.711400000000     
117 H      -9.830200000000      -0.504500000000       6.244400000000     
118 H     -10.592500000000      -1.744100000000       6.908400000000     
119 H      -9.205400000000      -1.974800000000       6.144100000000     
120 N      -8.869400000000       1.081200000000       7.503000000000     
121 N      -8.579500000000       0.046500000000       8.365100000000     
122 N      -8.034400000000      -1.950700000000      10.027500000000     
123 N      -9.323800000000       5.647200000000       5.526000000000     
124 S      -0.428400000000       8.607000000000       9.330000000000     
125 C      -1.495300000000       9.101000000000       8.158300000000     
126 N      -2.262200000000       9.428100000000       7.371700000000     
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127 Pb      -5.036199998000       9.264100000000       8.029000000000     
128 S     -15.043000000000       8.610100000000       3.057300000000     
129 C     -13.976000000000       8.116100000000       4.229000000000     
130 N     -13.209200000000       7.789000000000       5.015600000000     
131 Pb     -10.435200000000       7.953000000000       4.358300000000     
132 H     -12.152700000000       7.643700000000       0.424700000000     
133 H      -6.150400000000      16.252400000000       5.768900000000     
134 H      -3.318700000000       9.573400000000      11.962600000000     
END 
 
GUIBONDS 
1 1 27 1.0 
2 1 127 1.0 
3 2 13 1.0 
4 2 127 1.0 
5 3 29 1.0 
6 3 4 1.0 
7 3 23 1.0 
8 4 30 1.0 
9 4 5 1.5 
10 5 6 1.0 
11 5 7 1.5 
12 7 8 1.0 
13 7 9 1.5 
14 9 10 1.0 
15 9 11 1.5 
16 11 12 1.0 
17 11 30 1.0 
18 13 28 1.0 
19 13 14 1.0 
20 124 125 2.0 
21 14 21 1.5 
22 14 15 1.5 
23 15 16 1.0 
24 15 17 1.5 
25 17 18 1.0 
26 17 31 1.5 
27 19 20 1.0 
28 19 31 1.5 
29 19 21 1.5 
30 21 22 1.0 
31 23 25 1.0 
32 23 26 1.0 
33 23 24 1.0 
34 27 32 3.0 
35 28 134 1.0 
36 28 29 1.0 
37 29 127 1.0 
38 30 127 1.0 
39 130 131 1.0 
40 33 51 1.0 
41 33 49 1.0 
42 126 127 1.0 
43 34 45 2.0 
44 35 60 2.0 
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45 35 36 1.0 
46 35 55 1.0 
47 36 61 1.5 
48 36 37 1.5 
49 37 38 1.0 
50 37 39 1.5 
51 39 40 1.0 
52 39 41 1.5 
53 41 42 1.0 
54 41 43 1.5 
55 43 44 1.0 
56 43 61 1.5 
57 45 59 1.0 
58 45 46 1.0 
59 46 47 1.5 
60 46 53 1.5 
61 47 48 1.0 
62 47 49 1.0 
63 49 50 1.0 
64 129 130 2.0 
65 51 52 1.0 
66 125 126 2.0 
67 51 53 1.0 
68 53 54 1.0 
69 55 57 1.0 
70 55 58 1.0 
71 55 56 1.0 
72 59 133 1.0 
73 59 60 1.0 
74 128 129 2.0 
75 63 89 1.0 
76 63 131 1.0 
77 64 75 1.0 
78 64 131 1.0 
79 65 91 1.0 
80 65 66 1.0 
81 65 85 1.0 
82 66 92 1.0 
83 66 67 1.5 
84 67 68 1.0 
85 67 69 1.5 
86 69 70 1.0 
87 69 71 1.5 
88 71 72 1.0 
89 71 73 1.5 
90 73 74 1.0 
91 73 92 1.0 
92 75 90 1.0 
93 75 76 1.0 
94 75 131 1.0 
95 76 77 1.5 
96 76 83 1.5 
97 77 78 1.0 
98 77 79 1.5 
99 79 80 1.0 
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100 79 93 1.5 
101 81 82 1.0 
102 81 93 1.5 
103 81 83 1.5 
104 83 84 1.0 
105 85 87 1.0 
106 85 88 1.0 
107 85 86 1.0 
108 89 94 3.0 
109 90 132 1.0 
110 90 91 1.0 
111 91 131 1.0 
112 92 131 1.0 
113 95 106 2.0 
114 96 121 2.0 
115 96 97 1.0 
116 96 116 1.0 
117 97 122 1.5 
118 97 98 1.5 
119 98 99 1.0 
120 98 100 1.5 
121 100 101 1.0 
122 100 102 1.5 
123 102 103 1.0 
124 102 104 1.5 
125 104 105 1.0 
126 104 122 1.5 
127 106 120 1.0 
128 106 107 1.0 
129 107 114 1.5 
130 107 108 1.5 
131 108 109 1.0 
132 108 110 1.5 
133 110 111 1.0 
134 110 123 1.0 
135 112 113 1.0 
136 112 123 1.0 
137 112 114 1.5 
138 114 115 1.0 
139 116 118 1.0 
140 116 119 1.0 
141 116 117 1.0 
142 120 62 1.0 
143 120 121 1.0 
END 
 
CONSTRAINTS 
ATOM 3 
ATOM 4 
ATOM 5 
ATOM 7 
ATOM 9 
ATOM 11 
ATOM 13 
ATOM 14 
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ATOM 15 
ATOM 17 
ATOM 19 
ATOM 21 
ATOM 23 
ATOM 27 
ATOM 35 
ATOM 36 
ATOM 37 
ATOM 39 
ATOM 41 
ATOM 43 
ATOM 45 
ATOM 46 
ATOM 47 
ATOM 49 
ATOM 51 
ATOM 53 
ATOM 55 
ATOM 65 
ATOM 66 
ATOM 67 
ATOM 69 
ATOM 71 
ATOM 73 
ATOM 75 
ATOM 76 
ATOM 77 
ATOM 79 
ATOM 81 
ATOM 83 
ATOM 85 
ATOM 89 
ATOM 96 
ATOM 97 
ATOM 98 
ATOM 100 
ATOM 102 
ATOM 104 
ATOM 106 
ATOM 107 
ATOM 108 
ATOM 110 
ATOM 112 
ATOM 114 
ATOM 116 
ATOM 125 
ATOM 129 
ATOM 28 
ATOM 29 
ATOM 30 
ATOM 31 
ATOM 32 
ATOM 33 
ATOM 59 
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ATOM 60 
ATOM 61 
ATOM 90 
ATOM 91 
ATOM 92 
ATOM 93 
ATOM 94 
ATOM 120 
ATOM 121 
ATOM 122 
ATOM 123 
ATOM 126 
ATOM 130 
ATOM 2 
ATOM 34 
ATOM 64 
ATOM 95 
ATOM 127 
ATOM 131 
ATOM 1 
ATOM 63 
ATOM 124 
ATOM 128 
END 
 
Integration 6.0 
 
qtens 
 
XC 
   LDA VWN 
   GGA BP86 
   DISPERSION Grimme3  
End 
 
Geometry  
Optim Cartesian  
Contraints FullConverge 
Iterations 500  
Converge 1e-5  
End 
 
End Input 
Eor 
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A4.3 CASTEP v19.11 input files (.cell and .param) for a geometry optimization of a 

caffeine-based cocrystal 

A4.3.1 Example of .cell file 

#************************************************************************************ 
#*                  Generated by cif2cell 1.2.11 2020-01-13 14:12                   * 
#*  T. Bjorkman, Comp. Phys. Commun. 182, 1183-1186 (2011). Please cite generously. * 
#*                                                                                  * 
#*                                         ()                                       * 
#*             Failed to get author information, No journal information             * 
#************************************************************************************ 
 
%BLOCK LATTICE_CART 
ang    # angstrom units 
   6.522500000000000   0.000000000000000   0.000000000000000 
   0.000000000000000  10.647399999999999   0.000000000000000 
  -1.614567354854244   0.000000000000000  23.188257882312737 
%ENDBLOCK LATTICE_CART 
 
%BLOCK POSITIONS_FRAC 
O    0.043580000000000   0.180820000000000   0.976840000000000  
O    0.956420000000000   0.819180000000000   0.023160000000000  
O    0.043580000000000   0.319180000000000   0.476840000000000  
O    0.956420000000000   0.680820000000000   0.523160000000000  
O    0.566770000000000   0.242900000000000   0.107910000000000  
O    0.433230000000000   0.757100000000000   0.892090000000000  
O    0.566770000000000   0.257100000000000   0.607910000000000  
O    0.433230000000000   0.742900000000000   0.392090000000000  
O    0.298770000000000   0.280840000000000   0.189560000000000  
O    0.701230000000000   0.719160000000000   0.810440000000000  
O    0.298770000000000   0.219160000000000   0.689560000000000  
O    0.701230000000000   0.780840000000000   0.310440000000000  
O    0.425630000000000   0.678600000000000   0.090270000000000  
O    0.574370000000000   0.321400000000000   0.909730000000000  
O    0.425630000000000   0.821400000000000   0.590270000000000  
O    0.574370000000000   0.178600000000000   0.409730000000000  
O    0.326100000000000   0.757860000000000   0.172900000000000  
O    0.673900000000000   0.242140000000000   0.827100000000000  
O    0.326100000000000   0.742140000000000   0.672900000000000  
O    0.673900000000000   0.257860000000000   0.327100000000000  
N    0.806180000000000   0.214390000000000   0.042390000000000  
N    0.193820000000000   0.785610000000000   0.957610000000000  
N    0.806180000000000   0.285610000000000   0.542390000000000  
N    0.193820000000000   0.714390000000000   0.457610000000000  
N    0.088880000000000   0.350200000000000   0.034930000000000  
N    0.911120000000000   0.649800000000000   0.965070000000000  
N    0.088880000000000   0.149800000000000   0.534930000000000  
N    0.911120000000000   0.850200000000000   0.465070000000000  
N    0.821860000000000   0.475170000000000   0.146830000000000  
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N    0.178140000000000   0.524830000000000   0.853170000000000  
N    0.821860000000000   0.024830000000000   0.646830000000000  
N    0.178140000000000   0.975170000000000   0.353170000000000  
N    0.100110000000000   0.525750000000000   0.101480000000000  
N    0.899890000000000   0.474250000000000   0.898520000000000  
N    0.100110000000000   0.974250000000000   0.601480000000000  
N    0.899890000000000   0.025750000000000   0.398520000000000  
C    0.697720000000000   0.101920000000000   0.020590000000000  
C    0.302280000000000   0.898080000000000   0.979410000000000  
C    0.697720000000000   0.398080000000000   0.520590000000000  
C    0.302280000000000   0.601920000000000   0.479410000000000  
C    0.984620000000000   0.244470000000000   0.015620000000000  
C    0.015380000000000   0.755530000000000   0.984380000000000  
C    0.984620000000000   0.255530000000000   0.515620000000000  
C    0.015380000000000   0.744470000000000   0.484380000000000  
C    0.275790000000000   0.384890000000000   0.008210000000000  
C    0.724210000000000   0.615110000000000   0.991790000000000  
C    0.275790000000000   0.115110000000000   0.508210000000000  
C    0.724210000000000   0.884890000000000   0.491790000000000  
C    0.018110000000000   0.418350000000000   0.078920000000000  
C    0.981890000000000   0.581650000000000   0.921080000000000  
C    0.018110000000000   0.081650000000000   0.578920000000000  
C    0.981890000000000   0.918350000000000   0.421080000000000  
C    0.845640000000000   0.384440000000000   0.105450000000000  
C    0.154360000000000   0.615560000000000   0.894550000000000  
C    0.845640000000000   0.115560000000000   0.605450000000000  
C    0.154360000000000   0.884440000000000   0.394550000000000  
C    0.726300000000000   0.278210000000000   0.088000000000000  
C    0.273700000000000   0.721790000000000   0.912000000000000  
C    0.726300000000000   0.221790000000000   0.588000000000000  
C    0.273700000000000   0.778210000000000   0.412000000000000  
C    0.666910000000000   0.479870000000000   0.189020000000000  
C    0.333090000000000   0.520130000000000   0.810980000000000  
C    0.666910000000000   0.020130000000000   0.689020000000000  
C    0.333090000000000   0.979870000000000   0.310980000000000  
C    0.976400000000000   0.556230000000000   0.142530000000000  
C    0.023600000000000   0.443770000000000   0.857470000000000  
C    0.976400000000000   0.943770000000000   0.642530000000000  
C    0.023600000000000   0.056230000000000   0.357470000000000  
C    0.840840000000000   0.010630000000000   0.178490000000000  
C    0.159160000000000   0.989370000000000   0.821510000000000  
C    0.840840000000000   0.489370000000000   0.678490000000000  
C    0.159160000000000   0.510630000000000   0.321510000000000  
C    0.007540000000000   0.000470000000000   0.144300000000000  
C    0.992460000000000   0.999530000000000   0.855700000000000  
C    0.007540000000000   0.499530000000000   0.644300000000000  
C    0.992460000000000   0.500470000000000   0.355700000000000  
C    0.162580000000000   0.089340000000000   0.147560000000000  
C    0.837420000000000   0.910660000000000   0.852440000000000  
C    0.162580000000000   0.410660000000000   0.647560000000000  
C    0.837420000000000   0.589340000000000   0.352440000000000  
C    0.153120000000000   0.190300000000000   0.185080000000000  
C    0.846880000000000   0.809700000000000   0.814920000000000  
C    0.153120000000000   0.309700000000000   0.685080000000000  
C    0.846880000000000   0.690300000000000   0.314920000000000  



Appendix 4 

210 
 

C    0.989860000000000   0.200870000000000   0.220100000000000  
C    0.010140000000000   0.799130000000000   0.779900000000000  
C    0.989860000000000   0.299130000000000   0.720100000000000  
C    0.010140000000000   0.700870000000000   0.279900000000000  
C    0.836320000000000   0.111670000000000   0.216650000000000  
C    0.163680000000000   0.888330000000000   0.783350000000000  
C    0.836320000000000   0.388330000000000   0.716650000000000  
C    0.163680000000000   0.611670000000000   0.283350000000000  
C    0.669590000000000   0.922810000000000   0.174610000000000  
C    0.330410000000000   0.077190000000000   0.825390000000000  
C    0.669590000000000   0.577190000000000   0.674610000000000  
C    0.330410000000000   0.422810000000000   0.325390000000000  
C    0.629940000000000   0.835660000000000   0.134120000000000  
C    0.370060000000000   0.164340000000000   0.866025403784439  
C    0.629940000000000   0.664340000000000   0.634120000000000  
C    0.370060000000000   0.335660000000000   0.365880000000000  
C    0.446730000000000   0.755900000000000   0.135660000000000  
C    0.553270000000000   0.244100000000000   0.864340000000000  
C    0.446730000000000   0.744100000000000   0.635660000000000  
C    0.553270000000000   0.255900000000000   0.364340000000000  
H    0.591100000000000   0.079500000000000   0.046500000000000  
H    0.408900000000000   0.920500000000000   0.953500000000000  
H    0.591100000000000   0.420500000000000   0.546500000000000  
H    0.408900000000000   0.579500000000000   0.453500000000000  
H    0.795400000000000   0.032300000000000   0.018800000000000  
H    0.204600000000000   0.967700000000000   0.981200000000000  
H    0.795400000000000   0.467700000000000   0.518800000000000  
H    0.204600000000000   0.532300000000000   0.481200000000000  
H    0.634100000000000   0.118600000000000   0.981900000000000  
H    0.365900000000000   0.881400000000000   0.018100000000000  
H    0.634100000000000   0.381400000000000   0.481900000000000  
H    0.365900000000000   0.618600000000000   0.518100000000000  
H    0.342100000000000   0.455200000000000   0.029400000000000  
H    0.657900000000000   0.544800000000000   0.970600000000000  
H    0.342100000000000   0.044800000000000   0.529400000000000  
H    0.657900000000000   0.955200000000000   0.470600000000000  
H    0.241600000000000   0.409900000000000   0.968100000000000  
H    0.758400000000000   0.590100000000000   0.031900000000000  
H    0.241600000000000   0.090100000000000   0.468100000000000  
H    0.758400000000000   0.909900000000000   0.531900000000000  
H    0.369600000000000   0.312900000000000   0.009100000000000  
H    0.630400000000000   0.687100000000000   0.990900000000000  
H    0.369600000000000   0.187100000000000   0.509100000000000  
H    0.630400000000000   0.812900000000000   0.490900000000000  
H    0.689400000000000   0.554400000000000   0.213400000000000  
H    0.310600000000000   0.445600000000000   0.786600000000000  
H    0.689400000000000   0.945600000000000   0.713400000000000  
H    0.310600000000000   0.054400000000000   0.286600000000000  
H    0.677200000000000   0.404300000000000   0.213100000000000  
H    0.322800000000000   0.595700000000000   0.786900000000000  
H    0.677200000000000   0.095700000000000   0.713100000000000  
H    0.322800000000000   0.904300000000000   0.286900000000000  
H    0.529900000000000   0.484000000000000   0.169000000000000  
H    0.470100000000000   0.516000000000000   0.831000000000000  
H    0.529900000000000   0.016000000000000   0.669000000000000  
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H    0.470100000000000   0.984000000000000   0.331000000000000  
H    0.996100000000000   0.628300000000000   0.166400000000000  
H    0.003900000000000   0.371700000000000   0.833600000000000  
H    0.996100000000000   0.871700000000000   0.666400000000000  
H    0.003900000000000   0.128300000000000   0.333600000000000  
H    0.014700000000000   0.931700000000000   0.118500000000000  
H    0.985300000000000   0.068300000000000   0.881500000000000  
H    0.014700000000000   0.568300000000000   0.618500000000000  
H    0.985300000000000   0.431700000000000   0.381500000000000  
H    0.275500000000000   0.081300000000000   0.124100000000000  
H    0.724500000000000   0.918700000000000   0.875900000000000  
H    0.275500000000000   0.418700000000000   0.624100000000000  
H    0.724500000000000   0.581300000000000   0.375900000000000  
H    0.389000000000000   0.264300000000000   0.164300000000000  
H    0.611000000000000   0.735700000000000   0.835700000000000  
H    0.389000000000000   0.235700000000000   0.664300000000000  
H    0.611000000000000   0.764300000000000   0.335700000000000  
H    0.984100000000000   0.269100000000000   0.246300000000000  
H    0.015900000000000   0.730900000000000   0.753700000000000  
H    0.984100000000000   0.230900000000000   0.746300000000000  
H    0.015900000000000   0.769100000000000   0.253700000000000  
H    0.725100000000000   0.119100000000000   0.240700000000000  
H    0.274900000000000   0.880900000000000   0.759300000000000  
H    0.725100000000000   0.380900000000000   0.740700000000000  
H    0.274900000000000   0.619100000000000   0.259300000000000  
H    0.576000000000000   0.928100000000000   0.204100000000000  
H    0.424000000000000   0.071900000000000   0.795900000000000  
H    0.576000000000000   0.571900000000000   0.704100000000000  
H    0.424000000000000   0.428100000000000   0.295900000000000  
H    0.720500000000000   0.825200000000000   0.104200000000000  
H    0.279500000000000   0.174800000000000   0.895800000000000  
H    0.720500000000000   0.674800000000000   0.604200000000000  
H    0.279500000000000   0.325200000000000   0.395800000000000  
H    0.307000000000000   0.632200000000000   0.093000000000000  
H    0.693000000000000   0.367800000000000   0.907000000000000  
H    0.307000000000000   0.867800000000000   0.593000000000000  
H    0.693000000000000   0.132200000000000   0.407000000000000  
%ENDBLOCK POSITIONS_FRAC 
 
# Commented out pseudopotential block for easy editing 
#%BLOCK SPECIES_POT 
# H   H_00.usp 
# C   C_00.usp 
# O   O_00.usp 
# N   N_00.usp 
#%ENDBLOCK SPECIES_POT 
 
%BLOCK SYMMETRY_OPS 
# Symm. op. 1 
  1.000000000000000   0.000000000000000   0.000000000000000  
  0.000000000000000   1.000000000000000   0.000000000000000  
  0.000000000000000  -0.000000000000000   1.000000000000000  
  0.000000000000000   0.000000000000000   0.000000000000000  
# Symm. op. 2 
 -1.000000000000000   0.000000000000000   0.000000000000000  
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  0.000000000000000  -1.000000000000000   0.000000000000000  
  0.000000000000000   0.000000000000000  -1.000000000000000  
  0.000000000000000   0.000000000000000   0.000000000000000  
# Symm. op. 3 
  1.000000000000000   0.000000000000000   0.000000000000000  
 -0.000000000000000  -1.000000000000000   0.000000000000000  
  0.000000000000000   0.000000000000000   1.000000000000000  
  0.000000000000000   0.500000000000000   0.500000000000000  
# Symm. op. 4 
 -1.000000000000000   0.000000000000000   0.000000000000000  
  0.000000000000000   1.000000000000000   0.000000000000000  
  0.000000000000000  -0.000000000000000  -1.000000000000000  
  0.000000000000000   0.500000000000000   0.500000000000000  
%ENDBLOCK SYMMETRY_OPS 
 
# Commented out pseudopotential block for easy editing 
%BLOCK SPECIES_POT 
C19 
%ENDBLOCK SPECIES_POT 
 
FIX_ALL_CELL  : TRUE 
KPOINTS_MP_SPACING 0.07 1/ang 
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A4.3.2 Example of .param file 

TASK                        :   geometryoptimization 
COMMENT                     :   Holmes et al., JPCA, 2020 
XC_FUNCTIONAL               :   rpbe 
CUT_OFF_ENERGY              :   700 eV 
SEDC_APPLY                  :   true 
SEDC_SCHEME                 :   G06 
SEDC_S6_G06                 :   1.0 
SEDC_D_G06                  :   5.0 
 
FINE_GRID_SCALE             :   1.927248223 
ELEC_ENERGY_TOL             :   5.0e-7 
SPIN_POLARIZED              :   false 
MAX_SCF_CYCLES              :   100 
 
RELATIVISTIC_TREATMENT      :   zora 
 
GEOM_METHOD                 :   bfgs 
GEOM_MAX_ITER               :   200 
GEOM_FORCE_TOL              :   0.01 eV/ANG 
GEOM_DISP_TOL               :   5.0e-4 ANG 
GEOM_STRESS_TOL             :   0.02 GPa 
GEOM_ENERGY_TOL             :   5.0e-6 eV 
#GEOM_PRECONDITIONER        :   exp 
 
CALCULATE_STRESS            :   true 
 
OPT_STRATEGY                :   speed 
IPRINT                      :   1 
PAGE_WVFNS                  :   0 
 
WRITE_CELL_STRUCTURE        :   true 
WRITE_CIF_STRUCTURE         :   true 
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A4.4 CASTEP v19.11 input files for the calculation of magnetic resonance shieldings 

and J-couplings 

A4.4.1 Example of .param for shielding tensors 

TASK                        :   magres 
XC_FUNCTIONAL               :   RPBE 
CUT_OFF_ENERGY              :   700 eV 
MAGRES_TASK                 :   NMR 
ELEC_ENERGY_TOL             :   0.000005 
ELEC_FORCE_TOL              :   0.01 eV/ANG 

A4.4.2 Example of .param for J-couplings  

TASK                        :   magres 
XC_FUNCTIONAL               :   RPBE 
CUT_OFF_ENERGY              :   700 eV 
MAGRES_TASK                 :   jcoupling 
ELEC_ENERGY_TOL             :   0.000005 
ELEC_FORCE_TOL              :   0.01 eV/ANG
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Appendix 5 Conference Presentations 

Southern, S. A.; West, M.; Bradshaw, M.; Bryce, D. L. Understanding the Nature of the 13C and 

1H Chemical Shift Response to Tetrel and Hydrogen Bonds. Virtual poster presentation at 

the 4th International Symposium on Halogen Bonding, Hosted in Stellenbosch, South 

Africa, November 2nd to 5th, 2020. 

 

Southern, S. A.; Kumar, V.; Brinkmann, A.; Bryce, D. L. Solid-State NMR Crystallographic 

Investigations of Pharmaceutical Hydrochloride Salts: The Cases of Chlorpromazine HCl 

and Clenbuterol HCl. Virtual oral presentation at the 2020 Ottawa-Carleton Chemistry 

Institute Research Day, Ottawa, ON, June 4th, 2020. 

 

Southern, S. A.; Brinkmann, A.; Bryce, D. L. Solid-State NMR Crystallographic Investigations of 

Pharmaceutical Compounds: The Cases of Chlorpromazine and Clenbuterol. Accepted for 

oral presentation at the 103rd Canadian Chemistry Conference and Exhibition in Winnipeg, 

MB, May 24th to 28th, 2020.  

**This conference was cancelled due to the SARS-COVID-19 pandemic; however, the 

contribution was published in a virtual program: 

https://www.xcdsystem.com/cic/program/DeXjh0C/index.cfm 

 

Southern, S. A.; West, M.; Bradshaw, M.; Bryce, D. L. NMR Crystallographic Investigations of a 

Series of Organic Cocrystals Exhibiting Tetrel Bonds. Oral presentation at the International 

Conference on Noncovalent Interactions, Lisbon, Portugal, September 2nd to 6th, 2019. 
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Southern, S. A.; West, M.; Bradshaw, M.; Bryce, D. L. NMR Crystallographic Investigations of a 

Series of Organic Cocrystals Exhibiting Tetrel Bonds. Poster Presentation at the ISMAR 

EUROMAR Joint Conference, Berlin, Germany, August 25th to 30th, 2019. 

 

Southern, S. A.; Errulat, D.; Frost, J. M.; Gabidullin, B.; Bryce, D. L.  Prospects for 207Pb solid-

state NMR studies of lead tetrel bonds. Oral Presentation and discussion at the Faraday 

Discussion on Halogen Bonding in Supramolecular and Solid-State Chemistry, Ottawa, 

ON, July 10th, 2017. 

 

Southern, S. A.; Errulat, D. Frost, J. M.; Bryce, D. L. 207Pb Solid-state NMR Studies of Lead Tetrel 

Bonds. Oral Presentation at the 100th Canadian Chemistry Conference and Exhibition, 

Toronto, ON, May 30th, 2017. 

 

Southern, S. A.; Errulat, D.; Frost, J.; Bryce, D. L. Solid-State NMR Investigations of Tetrel 

Bonds. Poster Presentation at the 2016 CASTEP Training Workshop, Department of 

Materials, University of Oxford, United Kingdom, August 16th, 2016. 

 

Southern, S. A.; Errulat, D.; Frost, J.; Bryce, D. L. Solid-State NMR Investigations of Tetrel 

Bonds. Poster Presentation at the 2nd International Symposium on Halogen Bonding, 

Gothenburg, Sweden, June 10th, 2016. 

 

Deshkar, A.; Southern S.; Kobera, L.; Bryce, D. L.; McCloy, J.; Marcial, J.; Goel, A. 

Crystallization Behavior of Nepheline (Na2O•Al2O3•2SiO2) Based Glasses Designed in 
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Na2O - CaO - Al2O3 - SiO2 System. Poster Presentation at the WM2016 Conference 

(Contributing Author), March 6th, 2016. 

 

Southern, S. A.; Bryce, D. L. Computational Assessment and Initial Investigations of NMR Trends 

in Carbon Tetrel Bonds. Poster presentation at the 28th Annual MOOT NMR Conference, 

McMaster University, ON, October 24th, 2015. 

 

Southern, S. A.; Bryce, D. L. Solid-State NMR and Computational Investigations of Non-Covalent 

Tetrel Bonds. Poster presentation at the 98th Canadian Chemistry Conference and 

Exhibition, Ottawa, ON, June 16th, 2015. 

 

Southern, S. A.; Bryce, D. L. Solid-State NMR and Computational Investigations of Non-Covalent 

Tetrel Bonds. Oral and poster presentation at the 2nd Crystal Engineering and Emerging 

Materials Workshop of Ontario and Quebec, University of Guelph, ON, June 11th, 2015. 

 

Southern, S. A.; Bryce, D. L. Carbon-13 Solid-State NMR and Computational Investigations of 

Non-Covalent Tetrel Bonds. Oral presentation at the 27th MOOT NMR Symposium, 

University de Québec à Montréal, QC, October 18th, 2014. 
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