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 ABSTRACT 

 The aim of this thesis was to study quadrupolar nuclei using solid-state 17O NMR 

spectroscopy, X-ray crystallography, and computational methods. This thesis reports the 

successful synthesis and characterization of three 17O-labelled epoxides, [17O]-(2S*,3S*)-2,3-

bis(4-nitrophenyl)oxirane, [17O]-(2S*,3R*)-2,3-bis(4-nitrophenyl)oxirane, and [17O]-2,2,3-

triphenyloxirane. The 17O NMR tensors (measured using solid-state 17O NMR spectroscopy and 

calculated using computational methods) and structural parameters (measured using single crystal 

X-ray crystallography and calculated using computational methods) of the three epoxides were 

compared. The dependence of ethereal 17O NMR tensors on bond geometry was computationally 

analyzed. A new model for visualizing quadrupolar coupling tensor components using valence p-

orbital population anisotropies was also developed. This model is a simple adaption to the Townes-

Dailey method that allows for the visualization of each quadrupolar coupling tensor component 

(χii ii = xx, yy, zz) using only a single parameter (ΔPii), whereas the traditional Townes-Dailey 

method requires three parameters. This new model was demonstrated to deliver comparable 

quadrupolar coupling tensor components to those calculated using direct g09 NMR calculation 

methods for 14N, 17O, and 127I. Finally, iodosylbenzene, a candidate for containing the strongest 

halogen bonds, was studied using solid-state 17O NMR and computational methods. Using 

computational methods, its σ-hole was quantified and its magnitude was compared to that of other 

halogen bond donors. 
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CHAPTER 1  
INTRODUCTION 

 

1.1 Background 

 Solid-state nuclear magnetic resonance spectroscopy (SSNMR) is a powerful tool for 

studying the local electronic and molecular structure in solid materials. While oxygen containing 

functional groups are ubiquitous, much fewer SSNMR studies are reported in the literature for 

direct detection of oxygen atoms. Most common SSNMR studies utilize spin - ½ probes such as 

13C and 15N to study organic and biological molecules.1 There are a number of reasons for this. 

First, the only NMR active oxygen isotope (17O) is present in a very low natural abundance 

(0.037%). Second, 17O (spin, I, = 5/2) has a quadrupolar nuclear spin leading to quadrupolar line 

broadening in its SSNMR spectra. Third, due to its relatively low gyromagnetic ratio, γ = -5.7716 

MHz/T relative to γ = 42.576 MHz/T for 1H, the sensitivity of solid-state 17O NMR is much lower 

than 1H NMR. Despite these limitations, over the years, there have been studies on 17O quadrupolar 

coupling (QC) and chemical shift (CS) tensors, using SSNMR, nuclear quadrupole resonance 

(NQR) spectroscopy, and computational methods. The large increase in experimental solid-state 

17O NMR studies since 2000 has largely been attributable to the increasing accessibility of 

ultrahigh magnetic fields (e.g. 21 T) and the increased sophistication of computational methods.2 

 Following the first measurement of the 17O quadrupole moment (Q),3 the first organic 

molecule studied using solid-state 17O NMR was H2O in the form of solid ice. Rabideau et al. 

recorded its 17O SSNMR spectrum;4 measured its quadrupolar coupling constant (CQ), asymmetry 

parameter (ηQ), and isotropic CS;5 and compared these parameters for water in its different states.6 

The orientation of the 17O QC tensor was later elucidated by Wittebort et al.7 Popplett used solid-

state 17O NMR techniques to analyze the relationship between 17O CQ values and hydrogen bond 



2 

 

strengths.8 Other computational and experimental studies have since been performed on bridging 

oxygen atoms in H-O-H,8–10 Si-O-Si, 10–14 and P-O-P10 systems looking to form connections 

between 17O QC tensor components with bond geometries and strengths.9–16 The 17O QC tensors 

can be measured directly using NQR, microwave, and SSNMR spectroscopies. It is important to 

note, however, that a complete description of the QC (and CS)1 tensors, magnitude and orientation, 

can only be experimentally obtained using single crystal SSNMR experiments, which makes 

Density Functional Theory (DFT) calculated tensors very useful while attempting to fully describe 

the local 3D electronic environment surrounding 17O nuclei.  

 Recent advances in the field of solid-state 17O NMR spectroscopy have led to new 

developments in several interrelated fields. From the first detailed characterization of NMR tensors 

in N-O bonds17 and metal organic frameworks (MOFs);18 to the study of pharmaceuticals,19 

including studies of hydrogen bonding20 and platinum-oxygen coordination21 in pharmaceutical 

molecules; to the study of molecular motions of SO3
- in organic solids,22 CO2  adsorbed in MOFs,23 

and carbonate anions in cryptand;24 to the refinement of crystal structures using 17O QC 

tensors;25,26 to the development of solid-state 17O NMR techniques to study protein related 

systems27,28 and paramagnetic compounds.29 

 A common thread in the recent, field-expanding studies listed above is their inclusion of 

quantum chemical calculations alongside solid-state 17O NMR experiments. Quantum chemical 

calculations have long been used to help interpret solid-state 17O NMR results. The earliest 

computational studies of 17O electric field gradients (EFGs) performed by Gready modeled the 

relationship between CQ and ηQ and allowed for the orientations of EFG tensors to be fully assigned 

for functional groups that had been studied experimentally using solid-state 17O NMR, but their 

spectra had not been fully interpreted.30–33 Since then, there have been large volumes of 
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computational 17O NMR studies on different functional groups which have allowed for the 

correlation of EFGs with non-measurable electronic parameters (which will be elaborated on in 

Chapters 2 and 3 of this thesis). An intrinsic issue with comparing computational and 

experimentally derived NMR (QC and CS) parameters is that calculations are sometimes 

performed on isolated gas phase molecules, whereas SSNMR experiments are performed on large 

clusters of molecules in the solid phase. To obtain highly accurate calculated parameters, 

intermolecular interactions must be accounted for. This is typically done by computationally 

constructing molecular clusters that include all intra and intermolecular interactions34 or by using 

a plane-wave DFT approach, such as what is employed by the quantum chemical software 

CASTEP.35 

 Considering that QC tensors are dependent on the local electronic structure of quadrupolar 

nuclei, it makes sense that QC tensors can be modeled using electron population densities. In the 

1940s Townes and Dailey developed a method for relating local electronic structure, atomic orbital 

(AO) geometry, orbital occupations, and hybridization.36 Adaptions to the Townes-Dailey model 

have allowed for the determination of electronic properties on a geometric basis for 17O and other 

quadrupolar nuclei, allowing for the derivations of QC tensors and atomic hybridization from 

molecular geometries.8,10,15,16 Other groups have adapted the Townes-Dailey model to calculate 

orbital populations from experimentally determined QC tensors,37 bond geometries from the 

asymmetry parameter (ηQ),10 ηQ and orbital occupancies from atomic hybridization,15 and various 

electronic and geometric parameters from NQR results.38 Notably, QC tensors have been used to 

study and enhance the activity for quadrupolar nuclei in preserved functional groups. This is done 

by adjusting molecular remainders and observing the effect that it has on the QC tensors.39 The 
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inherent flexibility and broad range of applications of the Townes-Dailey model allows for its 

adaption to determine numerous geometric and electronic properties for quadrupolar nuclei. 

 While a wide range of oxygen containing functional groups have had their electronic 

structures studied using solid-state 17O NMR spectroscopy, there still remain areas that require 

further study. Somewhat surprisingly, despite the unusual bridging situation present in epoxides, 

containing a sterically unfavourable 60o C-O-C bond angle and the number of studies that have 

been aimed at studying the quadrupolar coupling of bridging oxygens,7–14,16,40 there have been few 

studies aimed at relating NMR tensors with epoxide structures. To date, the majority of the epoxide 

NMR studies have been aimed at connecting isotropic 17O CS values with structure;41 deriving 

optimum calculation methods for approximating epoxide NMR parameters;42 and measuring,43 

calculating,44 and comparing QC tensors in ethylene oxide to other three-membered rings.45 This 

leaves a gap in the literature. There are many studies connecting geometry and NMR tensors for 

bridging oxygen atoms, and many studies concerned with measuring and calculating epoxide NMR 

tensors, but no studies looking at the relationship between molecular geometries and 17O QC and 

CS tensors in epoxides. 

 Another gap in the literature pertains to the study of dative bonds with solid-state 17O NMR. 

There have historically been many computational and solid-state 17O NMR studies performed on 

hydrogen bonded systems.46–59 It is predicted by past theoretical models and NQR measurements 

that hydrogen bonding decreases the QC magnitude for both the donor and acceptor nuclei.60 

Despite the many recent SSNMR studies performed on halogen bonded systems,61,62 to date, the 

only solid-state 17O NMR study performed on halogen bonds was on P-O…I-C motifs.63 In this 

case, solid-state 17O NMR and naturalized localized molecular orbital (MO) DFT analysis were 

used to study correlations between the values of 17O CQ and the strength of the halogen bonds.  
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Figure 1.1 Ellipsoid shapes for prolate (left) and oblate quadrupolar nuclei (right). 

1.2 Basic NMR Theory 

 For a quadrupolar nucleus (such as 17O), there are four primary NMR interactions that 

make up the total NMR Hamiltonian. It is primarily written as: 

     �̂� = �̂�𝑍 + �̂�𝑄 + �̂�𝐷 + �̂�𝐶𝑆    (1.1) 

in Equation 1.1 from left to right (and highest to lowest in magnitude) is the Zeeman interaction, 

the quadrupolar interaction, the dipolar interaction (which is the interaction between nuclear 

magnetic dipoles), and the chemical shift interaction. The focus of this thesis is on the quadrupolar 

and chemical shift interactions. These two interactions are typically much smaller in magnitude 

than the Zeeman interaction, thus they are regarded as perturbations to the Zeeman energy levels. 

 Nuclear charge distribution, and therein the shape of the nuclear ellipsoid, is linked to its 

quadrupole moment, Q. It is known that for nuclei with spin quantum number (I) greater than ½, 

the charge distribution is not spherically symmetric. If the positive charge distribution is centered 

at the poles of the nucleus (oriented orthonormally to the orientation of the nuclear spin), the 

nucleus is referred to as prolate and Q > 0 (left in Figure 1.1). If the positive charge distribution is 

centered at the equator of the nucleus (positioned orthogonally to the orientation of the nuclear 

spin), the nucleus is referred to as oblate and Q < 0 (right in Figure 1.1). Q is known to be constant 

for a specific isotope of a specific nucleus, and is defined to be -2.558 x 10-26 cm2 for 17O (I = 5/2) 

and 2.044 x 10-26 cm2 for 14N (I = 1).64,65 
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 An electric monopole is affected by electric potential (V). Electric dipoles are influenced 

by a electric potential gradient (
𝑑𝑉

𝑑𝑧
), whereas electric quadrupoles interact with inhomogeneous 

electric potential gradients (𝐸𝐹𝐺 =
𝑑2𝑉

𝑑𝑧2). The EFG depends on the symmetry of the molecular 

remainders and the nature of the attached bonds. EFG is a traceless tensor quantity, thus in 

solutions with isotropic tumbling, it averages to zero. The interaction between the EFG and the 

nuclear quadrupole moment is referred to as nuclear quadrupolar coupling (QC), given by: 

   𝜒𝑖𝑖 = 𝑒2𝑄𝑞𝑖𝑖,  𝑖𝑖 = 𝑧𝑧, 𝑦𝑦, 𝑥𝑥,   |𝑞𝑧𝑧| > |𝑞𝑦𝑦| > |𝑞𝑥𝑥|             (1.2) 

The highest magnitude QC tensor component, ꭓzz, is referred to as the quadrupolar coupling 

constant (CQ) and it coincides with qzz, the highest magnitude tensor component of the EFG. For 

quadrupolar nuclei, the quadrupolar interaction is the second highest contributor to the nuclear 

energy in an applied magnetic field. Thus the quadrupolar interaction dominates the nuclear spin 

relaxation mechanisms.66  

For nuclei in an environment that does not have an axial electronic symmetry, the 

asymmetry of the EFG is defined as the asymmetry parameter:67 

    𝜂𝑄 =
(𝑞𝑦𝑦−𝑞𝑥𝑥)

𝑞𝑧𝑧
      (0 ≤ 𝜂𝑄 ≤ 1)    (1.3)    

A perfectly axially symmetric EFG tensor will have 𝜂𝑄 = 0. The QC tensors give information on 

the electronic structure surrounding the resonating nucleus. Considering that the QC tensors  are 

traceless, one only needs to know CQ and 𝜂𝑄 to completely define the QC parameters of the system. 

The effective magnetic field felt by a resonating nucleus can be affected by the small 

localized magnetic fields produced by the electronic structure surrounding the nucleus. Nuclear 

shielding (NS) is defined as the screening of the external magnetic field (B0) by the electron density 
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around the resonating nucleus.9 Due to this screening, the effective field felt at the nucleus is 

different than the applied magnetic field: 

    𝐵 = 𝐵0(1 − 𝜎)        (1.4) 

where σ is the shielding constant (in units of parts per million (ppm)). Considering that the 

shielding is distinct for nuclei in different chemical environments, the Larmor frequency is also 

dependent on the environment and is given by: 

    𝑣𝑗 = |
𝛾

2𝜋
|𝐵0(1 − 𝜎𝑗)     (1.5) 

where vj and σj are the Larmor frequency and shielding constant (or NS) for a specific nucleus in 

a specific environment. NS is also a tensor, which is dependent on molecular symmetry. The NS 

tensor is composed of three independent principal tensor components, with the labelling 

convention such that  

𝜎33 > 𝜎22 > 𝜎11 and 𝜎𝑖𝑠𝑜 =
1

3
(𝜎33 + 𝜎22 + 𝜎11) =

1

3
𝑇𝑟(�̂�)  (1.6) 

where 𝑇𝑟(�̂�) is the trace of the shielding matrix. 

 NS is an absolute value, which is difficult to measure directly, so a chemical shift (δ) scale 

is often used to relate the difference in shielding environments between the resonating nucleus and 

a reference nucleus (for 17O NMR spectroscopy, water is used as the reference, σ = 287.5 ppm, δ 

= 0 ppm).68 To convert from NS to CS (For 17O NMR), the following relationship is used:69  

     𝛿𝑖𝑠𝑜 = 287.5 𝑝𝑝𝑚 − 𝜎𝑖𝑠𝑜    (1.7)  

Nuclei that have large CS (lower NS) values are said to be ‘deshielded’, while those with small 

CS (greater NS) values are said to be ‘shielded’.  

 In the solid-state, molecules are generally held static, thus the anisotropies in NMR tensors 

cannot be neglected. The powder pattern observed in SSNMR spectra is highly dependent on the 

CS and QC anisotropy. In general, for a I = 1/2 nucleus, the observed shielding in the powder 
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spectrum (represented by σzz), is a linear combination of the principal shielding tensor components, 

σjj: 

     𝜎𝑧𝑧 = ∑ 𝜎𝑗𝑗𝑐𝑜𝑠2𝜃𝑗
3
𝑗=1      (1.8) 

where 𝜽j is the angle between σjj and B0. In the solution state, due to rapid isotropic molecular 

tumbling, the observed shielding is simply the average of the three tensor components, 
1

3
𝑇𝑟 �̂� =

1

3
(𝜎11 + 𝜎22 + 𝜎33). 

 When the nucleus of interest is at a site with axial symmetry, the observed shielding can 

be defined by the shielding tensor components parallel and perpendicular to each other according 

to: 

    𝜎𝑧𝑧 =
1

3
𝑇𝑟�̂� +

1

3
(3𝑐𝑜𝑠2𝜃∥ − 1)(𝜎∥ − 𝜎⊥)   (1.9) 

 We can also introduce the parameters Ω and κ, which define the span (the range of the CS 

tensor components), and the skew (the asymmetry of the CS tensor), respectively: 

      Ω = 𝜎33 − 𝜎11     (1.10) 

      𝜅 =
𝜎𝑖𝑠𝑜−𝜎22

Ω
     (1.11) 

 

1.3 Thesis Objectives 

 As was alluded to in Section 1.1, there are notable gaps in the literature when it comes to 

relating molecular structure of oxygen containing functional groups and 17O NMR tensors. To date 

there have not been any solid-state 17O NMR studies on epoxides aimed at determining the 

relationship between cyclic ether geometries and NMR tensors. As was also mentioned earlier, 

there has only been one solid-state 17O NMR study on halogen bonding, and no solid-state 17O 

NMR studies on halogen bonded polymers. There is much to be learned about the electronic 
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structure of halogen bonded polymers, with regards to its relationship with halogen bond strength. 

Considering the relationship that exists between the local electronic structure of quadrupolar nuclei 

and their QC tensors, there should be a direct relationship between the orbital occupations of 

quadrupolar nuclei and the QC tensors. However, no such direct relationship exists beyond the 

aforementioned Townes-Dailey model. If a method can be developed that allows for a simple, 

direct, conversion of orbital populations to the QC tensor components, it would afford a better 

understanding of QC tensors. 

 With these three areas of study in mind, the objectives for this thesis can be laid out as 

follows: 

1. Use solid-state 17O NMR, X-ray crystallography, and computational techniques to 

study NMR tensors in epoxides. 

2. Develop a simple, direct, method for the visualization of QC tensors. 

3. Study the electronic structure of a polymeric halogen bonded molecule using solid-

state 17O NMR and computational techniques to form a qualitative description of 

halogen bonds.  
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Figure 2.1 Molecular Structures for (+)-disparlure (left) and (-)-disparlure (right). 

CHAPTER 2  
A COMBINED SOLID-STATE 17O NMR, CRYSTALLOGRAPHIC, AND 

COMPUTATIONAL STUDY OF EPOXIDES 

 

2.1 Introduction 

 Epoxides are a biologically and synthetically important class of molecules. They are 

present in numerous biological hormones, notably in many juvenoids70 and insect sex 

pheromones.71 An example of their incorporation into insect sex pheromones is their inclusion in 

(+/-)-disparlure (Figure 2.1), which is directly related to its function. Gypsy moth pheromone-

binding proteins enantioselectively recognize (+)-disparlure, whereas (-)-disparlure cancels the 

attraction of (+)-disparlure. Clearly the conformation of the epoxide ring is directly linked to its 

function, but the specific source of the enantioselectivity is unknown.71  

 

 

 

 

 

 Epoxides are also important building blocks used in organic syntheses. An example of their 

utility is in the use of ring opening mechanisms to make regioselective ethers/alcohols as illustrated 

in Scheme 2.1.72 Due to the strain present in the three membered ring system (containing a 

sterically unfavourable ~60o C-O-C bond angle), epoxides are very reactive electrophiles that serve 

as useful reaction intermediates. Ring opening of epoxides is the basis for the formation of epoxy 

glues and glycols (Scheme 2.2).73 
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Scheme 2.1 Products of the reaction of propylene oxide with methanol in the presence of base 

and acid.72 

Scheme 2.2 Production of ethylene glycols from ethylene oxide. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The ~60o C-O-C bond angle found in epoxides is highly unusual, owing to it being 

considerably smaller than the angle between orbitals with 100% p-character (90o) which leads to 

bent bonds (Figure 2.2). Coulson and Moffit in 1949 described the bonding in three membered 

ring systems as ‘bent’, referring to bonds that contain hybrid orbitals whose maxima do not lie in 

the directions of the bonds.74 They used this explanation to justify the strain in non-linear 

molecules, and how it is possible to have bond angles below 90o. They defined ‘strain energy’ to 

be the difference between the observed heat of formation and that of a strainless reference. Much 

later strain-energy calculations found that the primary sources of strain in oxiranes results from 
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the destabilization of oxygen and hydrogen atoms due to the reduced electron populations in three-

membered rings relative to open chain structures.75 

 

 

 

 

 

 

 

Also related to the synthetic utility of epoxides is that epoxide bonding properties are much 

closer to what is observed for olefins compared to typical aliphatic systems. This was first observed 

in early electron diffraction studies that found large bond shortening effects in three membered 

oxygen-containing rings. 76,77 The carbon hybridization was also found to be closer to sp2 than sp3. 

A later UV-Vis spectroscopic study found that the electronic properties of cyclic oxides more 

closely resemble what is observed from olefins, compared to typical C-C or C-O bonds, citing the 

uncharacteristically high π-character for the oxygen atoms valence electrons.78 Due to the inherent 

topological features of three-membered rings, there is a high level of electron density in the plane 

of the ring, which leads to a level of surface delocalization, strengthening the bonds within the 

ring. Increasing the electronegativity of the ‘X’ group in the three-membered ring (for C2H4X), 

increases the electron donation to the ‘X’ atom and decreases the back-donation to the carbon 

atoms, thus the oxygen in oxiranes is more nucleophilic than one would expect, which leads to its 

utility as a nucleophilic attack and coordination site.79 

~60o 

Figure 2.2 Cartoon depicting the bent bonding observed in ethylene oxide. 
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More recent studies have analyzed the effect that substituting electron withdrawing groups 

on epoxides have on the structural parameters of the central epoxide ring. Computational and 

experimentally derived results suggest that increasing the electron withdrawing character of 

epoxide residues (thus removing electron density from the epoxide ring) lengthens the C-C bond 

lengths (and makes the bond less covalent), widens the C-O-C angles, and in general weakens the 

C-O bond strength (the effect is additive). It was also found that by adding asymmetric substituents 

to the epoxide ring leads to asymmetric local electron densities within the epoxide ring that mirror 

the orientation of the electron withdrawing ability of the substituents.80 

 

2.2 Project Motivations and Objectives 

 Throughout the past half century, epoxide systems have been studied extensively using 

spectroscopic techniques, elucidating structural information and the isotropic NMR parameters of 

epoxides. In the 1970s, microwave spectroscopy studies and 13C NMR studies in liquid crystal 

media were used to analyze molecular structures81,82 and to determine the magnitudes of the QC  

tensor components.43 In the following decade, there were many solution state 13C NMR and 17O 

NMR studies aimed at determining oxirane isotropic chemical shifts and the effects that adding 

substituents to the oxirane ring have on them.83,41 

 Solid-state 13C NMR is an effective tool to study cross-linked systems, chemical structures, 

orientations, and dynamics. For this reason, in recent years 13C NMR has been used to; characterize 

and analyze the structure of  graphite oxide materials,84–86 analyze molecular motion in epoxy 

polymers,87,88 and investigate the structure and curing of epoxy resins.89 Considering that 13C is 

not a quadrupolar nucleus,  more information on the electronic structure of epoxides can be learned 

through solid-state 17O NMR relative to solid-state 13C NMR. Owing to the unusual oxygen 
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bonding situation in epoxides, they have also been the subject of many computational studies 

aimed at calculating accurate values for CQ(17O) values.90–93 Despite the span of NMR studies 

performed on epoxides, there have not been any solid-state 17O NMR studies on epoxides, nor 

have their been any investigations into how the orientations of the individual NMR tensor 

components, nuclear shielding and quadrupole coupling, are affected by molecular geometry. 

The motivation to use solid-state 17O NMR spectroscopy is two-fold. First, solid-state 17O 

NMR spectroscopy allows for the measurement of 17O QC tensors. Since no solid-state 17O NMR 

studies have ever been performed on epoxides before, regardless of the results of the study, novel 

information on epoxide bonding will be obtained. Second, past NMR studies have found that 

similar trends in 13C and 17O isotropic chemical shifts exist for oxiranes and their related 

cyclopropane counterparts. It will be more information if the 17O CS tensor can be measured in 

these systems, serving as probes to analyze how adjusting epoxide substituents affects the local 

electronic structure.41 

 The goals of this project are rooted in organic synthesis, solid-state 17O NMR spectroscopy, 

and computational chemistry. The first goal of the project is to synthesize an array of 17O-labelled 

epoxide molecules with different R groups with varying orientations and electron withdrawing 

abilities. These oxiranes will then be analyzed using solid-state 17O NMR spectroscopy to study 

the susceptibility of the 17O NMR tensor components of the central oxygen atom to changes in the 

nature and orientation of substituents attached to the epoxide.  [17O]-(2S*,3S*)/(2S*,3R*)-

2,3-bis(4-nitrophenyl)oxirane (hereafter referred to as Compounds 1 and 2) and [17O]-2,2,3-

triphenyl oxirane (hereafter referred to as Compound 3) were chosen as the model epoxides 

because straightforward procedures for their syntheses starting from commercially available 

materials are available in the literature. Additionally, the 17O isotopic enrichment is relatively 
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straightforward. Lastly, they are good examples of epoxides that differ in the orientation of the 

epoxide R-groups (Compound 1 vs. Compound 2) and epoxides that differ in the nature of their 

R-groups (Compound 3 vs. Compounds 1 and 2). The experimentally derived 17O QC parameters 

were then compared to those computed using direct computational Gaussian 09 (g09) NMR 

calculation techniques. Another goal of the project is to computationally determine the sensitivity 

of ethereal oxygen NMR parameters to distortion of the C-O-C bond angle using model ethers and 

epoxides.  

 

2.3 Experimental Details 

 All common chemicals and solvents were purchased from Sigma-Aldrich (Oakville, ON). 

Oxygen-17 enriched water (40% 17O, 40% 18O, 20% 16O) and oxygen-18 enriched water (97% 

18O, 3% 16O) was purchased from CortecNet (Voisons-Le-Bretonneux, France). 

Solution 1H, 13C, and 17O NMR experiments were performed on Bruker Avance -300, -

400, and -500 MHz spectrometers. All 17O chemical shifts were referenced to liquid water (δ = 0 

ppm). Solid-state 17O NMR spectra were taken at 14.1 and 21.1 T, operating at the 17O Larmor 

frequencies of 81.38 and 122.02 MHz, respectively. Experiments performed at 14.1 T utilized a 4 

mm Bruker HX probe and samples were packed into 4 mm o.d. zirconia rotors. All experiments at 

21.1 T were performed by Dr. Victor Terskikh at the National Utrahigh-field NMR Facility for 

Solids (Ottawa, ON) using a home-built solenoid 5 mm HX static probe (PM#7) for static samples 

and a 3.2 mm MAS Bruker HX probe for magic angle spinning (MAS) spectra packed in 5 mm 

Teflor tubes, (the MAS samples were spun at 22 kHz). In the 17O MAS experiment for Compound 

3, the sample was cooled to +5oC using a Bruker BCU05 cooling unit while its MAS spectrum 
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was measured. NMR spectra were analysed using Bruker Topspin 2.0. SSNMR spectra were fitted 

using DMFit.94 

 Crystallographic measurements were performed by Dr. Gabrielle Schatte (Queen’s 

University, Kingston, ON). Data collection and refinement conditions are shown in Table 

2.1:95,96,97 

  

 

Diffractometer  Bruker AXS D8 Venture Duo diffractometer 

Radiation  Monochromated Mo Kα 

Wavelength (Mo Kα)  0.71073 Å 

Temperature  -93(2)oC 

Scan type  - and ω-scans (1.5º/frame, 15 s exposure/frame, 9 sets) 

Theta range for data collection  2.659 to 27.489o 

Completeness to theta = 25.242o  99.0% 

Reflections collected  26594 

Index ranges  -9 ≤ h ≤ 9, -10 ≤ k ≤ 10, -14 ≤ l ≤ 14 

Independent reflections [Fo
2  -3σ(Fo

2)]  2897 [Rint = 0.0500] 

Observed reflections  2317 

Absorption correction method  multi-scan [SADABS] 

Anomalous Dispersion  For all non-hydrogen atoms 

Structure solution method  Direct methods (SHELXT-2014) 

Refinement method  Full-matrix least-squares on F2 (SHELXL-2014) 

Function minimized  w(|Fo|2-|kFc|2)2 (k: overall scale factor) 

Weighing scheme, w = [σ(Fo
2) + (a P)2 + (b P)]-1  w = [σ (Fo

2) + (0.399 P)2 + 0.2425 P]-1 

P-factor  [Max(Fo
2,0) + 2 Fc

2]/3 

Data/restraints/parameters  2897 [Fo
2  -3σ (Fo

2)] / 0 / 198 

Reflection (observed)/parameter ratio  12:1 

Reflection (data)/parameter ratio  15:1 

Goodness of fit on F2  1.045 

Final R indices   

 R1 = [||Fo|-|Fc||]/[|Fo|] for [Fo
2 > 2σ (Fo

2)] 0.0379 

0.1001  wR2 = {[w(Fo
2-Fc

2)2]/[w(Fo
2)2]}1/2 

Max. shift/error in final cycle  0.003  

Largest difference peak and hole  0.232 and -0.205 e-/Å3 

Transmission factor (min)  0.7079 [SADABS] 

Transmission factor (max)  0.7456 [SADABS] 

 

Table 2.1 Data collection and refinement conditions for the analysis of (2S*,3R*)-2,3-bis(4-

nitrophenyl)oxirane (Compound 2). 
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Scheme 2.3 Procedure for the [17O] enrichment of p-nitrobenzaldehyde. 

 The level of 17O isotopic enrichment for Compound 1 was determined using mass 

spectrometry performed on a Micromass GCT (GC-EI TOF Mass Spectrometer) with + polarity 

by Dr. Jiaxi Want (Queen’s Unviersity, Kingston, ON). Considering that Compound 2 was made 

simultaneously with Compound 1 under identical conditions, it is assumed that it has the same 

level of 17O isotopic enrichment. 

 Infrared spectra to confirm the isotopic enrichment of iodosylbenzene was obtained using 

a Bruker Platinum Alpha Attenuated Total Reflectance (ATR) spectrometer. Data was processed 

using OPUS spectroscopy software. 

Synthesis of [17O]-(2S*,3S*)/(2S*,3R*)-2,3-bis(4-nitrophenyl)oxirane  

 [17O]-p-nitrobenzaldehyde was first prepared by exchanging the natural abundance 

aldehyde oxygen in p-nitrobenzaldehyde with 17O from isotopically enriched water according to:98  

 

 

 

 

 

[17O]-(2S*,3S*)/(2S*,3R*)-2,3-Bis(4-nitrophenyl)oxirane were prepared by using a ZnBr2-

mediated reaction of [17O]-p-nitrobenzaldehyde with triethyl phosphite. The para-nitro groups on 

the nitrobenzaldehyde molecules do not have a steric influence on the epoxide products, thus both 

the cis and trans isomers are formed:99  
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[17O]-p-Nitrobenzaldehyde: p-nitrobenzaldehyde (478 mg, 3.14mmol) was dissolved in a 

minimum of dichloromethane. 40% H2
17O (120 µL, 6.25 mmol) was added and stirred vigorously 

over three days. The white powder was dried in vacuo. (480 mg, 100% yield) 17O NMR (67 MHz, 

CH2Cl2), δ = 584.64 ppm. 

[17O]-(2S*,3S*)/(2S*,3R*)-2,3-Bis(4-nitrophenyl)oxirane: [17O]-p-nitrobenzaldehyde 502 mg, 

3.30 mmol) was combined with zinc bromide (87 mg, 0.33 mmol) and placed under nitrogen 

atmosphere. Triethylphosphite (1.05 g, 6.37 mmol) was added and stirred for three hours. The 

resultant solution was poured over 50 g ice and left for two hours. The organics were extracted 

with 2 x 50 mL ethyl acetate, then washed with 2 x 25 mL 20% brine. The solvent was removed 

in vacuo. Isolation of the cis-isomer was achieved by treating the resultant solid with 10 mL cold 

methanol, leaving behind the cis-isomer as a white precipitate that was collected by filtration. The 

filtrate was then dried in vacuo and the trans-isomer was isolated as a white powder using silica 

column chromatography (mobile phase 10% ethyl acetate: 90% hexanes). The trans compound 

was recrystallized from hexanes. [17O]-(2S*,3S*)-2,3-bis(4-nitrophenyl)oxirane: (120 mg, 27% 

Scheme 2.4 Synthetic route for the production of  [17O]-(2S*,3S*)-2,3-bis(4-nitrophenyl)oxirane 

(Compound 1) and (2S*,3R*)-2,3-bis(4-nitrophenyl)oxirane (Compound 2). 

Compound 1: 70% 

Compound 2: 30% 

2 
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Scheme 2.5 Oxygen transfer mechanism of the Jacobsen’s catalyst. 

Figure 2.3 Structure of Jacobsen’s catalyst in its inactive MnIII form. 

yield). 1H NMR (300 MHz, CDCl3): δ = 8.24 (d, 3JHH = 8.66 Hz, 4H), 7.54 (d, 3JHH = 8.66 Hz, 

4H), 3.98 (s, 2H) ppm. 13C NMR (75.4 MHz, CDCl3): δ = 148.38, 143.22, 126.38, 124.07, 62.06 

ppm. 17O NMR (67 MHz, CDCl3) δ = 35 ppm. [17O]-(2S*,3R*)-2,3-bis(4-nitrophenyl)oxirane: 

(70 mg, 16% yield).  1H NMR (300 MHz, CDCl3): δ = 8.11 (d, 3JHH = 8.66 Hz, 4H), 7.40 (d, 3JHH 

= 8.66 Hz, 4H), 4.55 (s, 2H) ppm. 13C NMR (75.4 MHz, CDCl3) δ = 147.5, 140.7, 127.5, 123.4, 

59.0 ppm. 17O NMR (67 MHz, CDCl3) δ = 9 ppm. 

Synthesis of [17O]-2,2,3-triphenyloxirane 

[17O]-2,2,3-triphenyl oxirane was synthesized using [17O]-iodosylbenzene as the oxygen source, 

which is then transferred to the Jacobsen’s catalyst in the following fashion. When iodosylbenzene 

reacts with the MnIII catalyst, Jacobsen’s catalyst (Figure 2.3), it transfers its oxygen to the central 

metal atom,  forming a MnV-oxo species, which serves as the active oxidant,100 transferring the 

oxygen atom across double bonds, forming oxiranes (Scheme 2.5). 
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Scheme 2.6 Synthesis of [17O]-2,2,3-triphenyloxirane (Compound 3). Note: there have not been 

investigations on the stereoselectivity of the depicted reaction and the stereochemistry of 

Compound 3 is thought to be random. 

 This mechanism allows for the transfer of 17O from [17O]-iodosylbenzene to the central 

double bond in triphenylethylene, leading to the synthesis of Compound 3: 

 

 

 

 

 

 

 

 

[17O]-2,2,3-Triphenyloxirane: triphenylethylene (200 mg, 0.780 mmol) was combined with 

Jacobsen’s catalyst (50 mg, 0.078 mmol). [17O]-iodosylbenzene (172 mg, 0.778 mmol) was added 

over two minutes and the solution was refluxed for 7 days. 17O-iodosylbenzene (83 mg, 0.38 mmol) 

was then added and the mixture was stirred for three days further. The solvent was removed in 

vacuo and the crude product was isolated using a silica column (mobile phase 10% ethyl acetate: 

90% hexanes). The remaining impurities were dissolved using a minimum of hexanes. (104.8 mg, 

49% yield). 1H NMR (300 MHz, CDCl3), δ = 7.37 (m, 6H), 7.24 (m, 3H), 7.18 (m, 3H), 7.08 (m, 

3H), 4.37 (s, 1H) ppm. 13C NMR (75.4 MHz, CDCl3), δ = 141.03, 135.83, 135.45, 127.87, 127.82, 

127.75, 127.68, 127.60, 127.53, 126.79, 126.37, 68.70, 68.09 ppm. 17O NMR (67 MHz, CDCl3) δ 

= 47.29 ppm.  

 Three methods were used for synthesizing [17O]-iodosylbenzene. Method 1 involved 

dissolving iodosylbenzene in methanol to produce iodobenzene dimethoxide, which was 

subsequently converted to [17O]-iodosylbenzene by suspending it in ether with enriched water, 

Compound 3 
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Scheme 2.7 Synthesis of [17O]-iodosylbenzene from [16O]-iodosylbenzene through a 

iodobenzene dimethoxide intermediate. 

Scheme 2.8 Synthesis of HMIB from (diacetoxyiodo)benzene. 

Scheme 2.5.101 This method proved largely ineffective due to the sensitivity of the first step to any 

moisture, which would revert iodobenzene dimethoxide to the starting material. 

 

 

 

 

 

 

  

 Method 2 involved synthesizing [17O]-iodosylbenzene from (diacetoxyiodo)benzene 

through a [hydroxyl(mesyloxy)]iodobenzene (HMIB) intermediate. HMIB was synthesized by 

substituting one acetyl group attached to the trivalent iodine with a mesylate group, which then 

made the iodine center susceptible to nucleophilic attack by water, according to Scheme 2.6:102 

 

 

 

 

  

 When HMIB is placed in aqueous solution at pH > 4.3, the compound rapidly dissolves 

and is converted to iodosylbenzene. This is because the MsO- ligand is very water soluble. Thus 

[17O]-Iodosylbenzene was synthesized by adding HMIB to water, and then adjusting the pH with 

NaOH according to Scheme 2.9:103 
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Scheme 2.9 Synthesis of [17O]-iodosylbenzene from HMIB. 

Scheme 2.10 Synthesis of [17O]-iodosylbenzene from (diacetoxyiodo)benzene. 

 

 

 

 

  

 

 Method 3 involved synthesizing isotopically enriched iodosylbenzene directly from 

(diacetoxyiodo)benzene according to Scheme 2.10 by simple nucleophilic substitution:  

 

 

 

 

 

 

 

It is to be noted that only one attempt was made at directly synthesizing enriched iodosylbenzene 

directly from (diacetoxyiodo)benzene, thus the method has not been completely optimized, which 

explains the low yield. The experimental details for the synthesis of iodosylbenzene are as follows: 

Method 1: 

Iodobenzene dimethoxide: iodosylbenzene (0.201 g, 0.914 mmol was dissolved in 20 mL 

methanol and stirred for 15 minutes. 3Å molecular sieves were added and the solution was stirred 

for an hour longer. The molecular sieves were removed by filtration and the solvent was removed 
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in vacuo (0.144 g, 59% yield) 1H NMR (300 MHz, CDCl3):  δ = 7.24 (m, 2H), 7.47 (m, 3H), 3.70 

(s, 6H) ppm. FTIR (powder): 3074 s, 3043 s, 2924 m, 1012 m cm-1. 

[17O]-Iodosylbenzene: iodobenzene dimethoxide (0.144 g, 0.541 mmol) was suspended in 5 mL 

dimethyl ether. H2
17O (40 mg, 2.4 mmol) was added and stirred for 30 minutes. The solvent was 

removed in vacuo (0.050 g, 42% yield). FTIR (powder): 3049 s, 1566 m, 1434 s, 733 s, 689 s, 586 

w, 487 m, 437 m cm-1. 

Method 2: 

[Hydroxy(mesyloxy)iodo]benzene: (diacetoxy)iodobenzene (1.9498 g, 6.0931 mmol) was 

suspended in 11.25mL acetonitrile. This was combined with methanesulfonic acid (1.20 g, 12.5 

mmol), water (0.225 g, 12.5 mmol) in 2.5 mL acetonitrile. This was stirred overnight. The off 

white powder was then filtered, washed with acetone and ether, and dried in vacuo. (1.5915 g, 

82% yield) 1H NMR (300 MHz, DMSO-d6): δ = 9.75 (s, 1H), 8.22 (d, 3JHH = 8.20 Hz, 2H), 7.72 

(t, 3JHH = 7.50 Hz, 1H), 7.612 (dd, 3JHH = 8.20, 7.50 Hz, 2H), 2.29 (s, 3H) ppm. 13C NMR (75.4 

MHz, DMSO-d6): δ = 137.57, 131.15, 128.18, 39.96 ppm. 

[17O]-Iodosylbenzene: [hydroxyl(mesyloxy)iodo]benzene (0.350g, 1.0937 mmol) was dissolved 

in H2
17O (500mg, 26.3 mmol) contained in a centrifuge tube. Sodium hydroxide (50 mg, 1.25 

mmol) was added and the tube was shaken and centrifuged. The liquid layer was removed and the 

powder was washed repeatedly with ether and then water. (153 mg, 63% yield) FTIR (powder): 

3049 s, 1566 m, 1434 s, 733 s, 689 s, 586 w, 487 m, 437 m cm-1. 

[18O]-Iodosylbenzene: [hydroxyl(mesyloxy)iodo]benzene (0.350g, 1.0937 mmol) was dissolved 

in H2
18O (500mg, 25 mmol) contained in a centrifuge tube. Sodium hydroxide (50 mg, 1.25 mmol) 

was added and the tube was shaken and centrifuged. The liquid layer was removed and the powder 
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was washed repeatedly with ether and then water (206 mg, 84% yield). FTIR (powder): 3049 s, 

1566 m, 1434 s, 734 s, 689 s, 560 w, 484 m, 428 m cm-1. 

Method 3: 

[18O]-Iodosylbenzene: H2
18O (100 mg, 5 mmol) and NaOH (43.48 mg, 1.09mmol) were 

combined in a centrifuge tube. (diacetoxy)iodobenzene (350 mg, 1.09 mmol) was added and the 

tube was shaken. 800 µL DMSO was added and the tube was shaken and centrifuged. The liquid 

phase was decanted and the process was repeated two more times with DMSO, then once with 

acetonitrile, cold water, then ether. The powder was dried in vacuo overnight. (29 mg, 18% yield). 

FTIR (powder): 3049 s, 1566 m, 1434 s, 734 s, 689 s, 571 s, 484 m, 426 s cm-1. 

 

2.4 Computational Details 

 All property calculations were performed on molecules that were either optimized using 

the same method/basis set combination as was used for the specific property calculation, or were 

performed on exact crystal structures. All quantum chemical calculations were performed using 

Gaussian 09104,105. The licensing for the software packages is provided by the Center for Advanced 

Computing (CAC) (Queen’s University, Kingston, ON). Calculations are submitted directly to the 

Frontenac Cluster. Typically, 12 processors were used for each calculation. All optimization and 

NMR calculations were performed for gas phase molecules. Structural optimizations and NMR 

calculations for Compounds 1, 2, and 3 were performed using B3LYP/6-311++G(3df,3pd) and the 

GIAO method. Structural optimizations and NMR calculations for ethylene oxide and dimethyl 

ether were performed using B3LYP/6-311G** and the GIAO method.  ChemCraft106 was used to 

convert between fractional and Cartesian coordinates, open .xyz files, and for the manual 

adjustment of Cartesian axes. Ortep3 was used to represent QC tensor components for quadrupolar 
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nuclei. Optimized molecular structures were uploaded into Ortep3 and the face lengths of the 

ellipsoids were adjusted to match the relative QC tensor components along each axis. The images 

were exported and colour was added using IrfanView software.107 

 

2.5 Results and Discussion 

2.5.1 IR Spectra of Iodosylbenzene 

 The relationship between IR stretching frequency and atomic composition can be deduced 

using the Hooke’s Law. The stretching frequency is given by: 

       𝜈 =
1

2𝜋
√

𝑘

𝜇
      (2.1) 

where k is the force constant and 𝜇 is the reduced mass of the atoms involved in the bond being 

stretched (𝜇 =
𝑚1𝑚2

𝑚1+𝑚2
). Clearly, as the mass of the bonded pair increases, the observed IR 

stretching frequency decreases. Considering that iodosylbenzene is insoluble in all common NMR 

solvents, IR spectroscopy is the best method for determining if the isotopic labelling attempts of 

iodosylbenzene were a success. The IR spectral region displaying the I-O stretching frequencies is 

presented in Figure 2.4. Figure 2.4 confirms the success of the labelling technique, as the [16O] 

and [18O] peaks are in line with what were observed by Schardt and Hill when they successfully 

enriched iodosylbenzene with 18O.101 
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Figure 2.4 Partial IR spectra for [16O] (blue), [17O] (grey), and [18O]-iodosylbenzene (orange). 

The I-O stretching region is between 591-565 cm-1. 

 

 

 

 

 

 

 

 

 

2.5.2 Mass Spectra of 17O-(2S*,3S*)-2,3-Bis(4-nitrophenyl)oxirane 

 To determine the 17O enrichment level of Compounds 1 and 2, three batches of Compound 

1 were analyzed by GC EI-MS (labelled as AR-1-14-1, AR-1-14-2, and AR-1-14-3).  The 

left plot in Figure 2.5 depicts the expected mass spectrum for the natural abundance Compound 1, 

where all of the contributions for the m/z = 287 and 288 come from the naturally occurring 13C 

(M+ peak at m/z = 286). The right plot in Figure 2.5 depicts the expected and experimentally 

obtained spectra for the isotopically enriched cis compound. In the experimentally obtained 

spectrum, the peak at m/z = 287 is due to contributions from 13C and 17O, while the peak at m/z = 

288 is due to contributions from 13C, 17O, and 18O (the water that was used to label the starting 

material was 40% H2
17O, 40% H2

18O, and 20% H2
16O). The 13C contributions to the weighting of 

the m/z intensities are accounted for when creating the simulated spectrum, where the ratios of 17O 

and 18O-labelled product were adjusted until the simulated spectrum resembled the experimentally 

obtained spectrum. 
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Figure 2.5 (2S*,3S*)-2,3-Bis(4-nitrophenyl)oxirane mass spectra: Natural abundance simulated 

spectrum (left), AR-1-14-1 simulated and experimental spectra (right). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 From the above mass spectral data, the level of 17O enrichment in the three synthesized 

samples was determined to be 8.5%, 8.9%, and 6.3% for AR-1-14-1, AR-1-14-2, and AR-14-3 

respectively. The 17O enrichment level of Compound 3 was not determined using mass 

spectrometry, but from the low quality of its solid-state 17O NMR spectra (as discussed later), it is 

clear that the enrichment level is significantly lower than found in Compounds 1 and 2. 

 

2.5.3 Crystal Structure of (2S*,3R*)-2,3-Bis(4-nitrophenyl)oxirane  

 Since the crystal structure for Compound 2 is not available in the literature (the crystal 

structure for Compound 1 is99), we decided to solve it using X-ray crystallography. The single 

 AR-1-14-1 AR-1-14-2 AR-1-14-3 

% 16O 80.4 79.8 86.2 

% 17O 8.5 8.9 6.3 

% 18O 11.1 11.3 7.5 

 

Table 2.2 Results of oxygen isotope composition in Compound 1 as determined by MS for 

three prepared batches. 
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Figure 2.6 Crystal structure of Compound 2. Thermal ellipsoids are shown at the 30% 

probability level. 

crystals of Compound 2 were recrystallized from hexanes at -4oC. The crystal structure of 

Compound 2 is shown in Figure 2.6. Crystal data, structural refinement, and the structural 

parameters for Compound 2 are given in Tables 2.3, 2.4, and 2.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Empirical formula C14H10N2O5 

Formula weight 286.24 

Crystal color, habit colorless, rod-like 

Crystal dimensions (mm) 0.125 x 0.118 x 0.071 

Crystal system triclinic 

Space group 
P1̅ 

Unit cell parameters  

 a (Å) 7.2465(3) 

7.9199(4)  b (Å) 

 c (Å) 11.4449(5) 

 α (°) 77.367(2) 

 β (°) 80.038(2) 

 γ (°) 81.173(2) 

 V (Å3) 630.73(5) 

 Formula units per unit cell 2 

F(000) 380 

Density (ρcalcd) 1.507 Mg/m3 

Absorption coefficient (μ) 0.117 mm-1 

 

Table 2.3 Crystal data and structure refinement for (2S*,3R*)-2,3-bis(4-nitrophenyl)oxirane 

(Compound 2). 
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Atom x y z Ueq 

O(1) 7566(1) 6442(1) 1700(1) 30(1) 

O(2) 7953(2) 12616(1) 5147(1) 47(1) 

O(3) 7537(2) 10705(2) 6779(1) 40(1) 

O(4) -17(1) 1757(2) 935(1) 42(1) 

O(5) 2627(2) 267(1) 481(1) 38(1) 

N(1) 7687(2) 11145(2) 5681(1) 30(1) 

N(2) 1702(2) 1530(2) 815(1) 28(1) 

C(1) 7553(2) 9841(2) 4969(1) 26(1) 

C(2) 7866(2) 10279(2) 3733(1) 29(1) 

C(3) 7683(2) 9056(2) 3068(1) 29(1) 

C(4) 7185(2) 7429(2) 3647(1) 26(1) 

C(5) 6925(2) 7015(2) 4894(1) 30(1) 

C(6) 7098(2) 8225(2) 5568(1) 30(1) 

C(7) 6884(2) 6137(2) 2948(1) 27(1) 

C(8) 5574(2) 6597(2) 1997(1) 25(1) 

C(9) 4580(2) 5262(2) 1693(1) 24(1) 

C(10) 2633(2) 5581(2) 1656(1) 28(1) 

C(11) 1683(2) 4364(2) 1368(1) 28(1) 

C(12) 2704(2) 2843(2) 1108(1) 24(1) 

C(13) 4634(2) 2501(2) 1119(1) 25(1) 

C(14) 5565(2) 3726(2) 1420(1) 25(1) 

 

Table 2.4 Atomic coordinates (Å x 104), equivalent isotropic displacement parameters (Å2 x 

103) and site occupancy factors for (2S*,3R*)-2,3-bis(4-nitrophenyl)oxirane (Compound 2). Ueq 

is one third of the trace of the orthogonalized Uij tensor. 
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 Table 2.5 Bond lengths and angles for (2S*,3R*)-2,3-bis(4-nitrophenyl)oxirane 

(Compound 2). 
 

 Bond Length (Å)   Bond Angle (o) 

O(1)-C(7)  1.4347(17)  C(7)-O(1)-C(8) 62.08(9) 

O(1)-C(8)  1.4354(16) O(3)-N(1)-O(2) 123.25(12) 

O(2)-N(1)  1.2239(16) O(3)-N(1)-C(1) 118.46(12) 

O(3)-N(1)  1.2237(16) O(2)-N(1)-C(1) 118.29(12) 

O(4)-N(2)  1.2262(15) O(5)-N(2)-O(4) 123.77(12) 

O(5)-N(2)  1.2229(15) O(5)-N(2)-C(12) 118.31(11) 

N(1)-C(1)  1.4694(18) C(2)-C(1)-C(6) 122.60(13) 

N(2)-C(12)  1.4703(17) C(2)-C(1)-N(1) 119.05(12) 

C(1)-C(2)  1.380(2) C(6)-C(1)-N(1) 118.35(13) 

C(1)-C(6)  1.382(2) C(1)-C(2)-C(3) 118.53(13) 

C(2)-C(3)  1.386(2) C(2)-C(3)-C(4) 120.11(13) 

C(3)-C(4)  1.3925(19) C(5)-C(4)-C(3) 119.91(13) 

C(4)-C(5)  1.389(2) C(5)-C(4)-C(7) 119.16(12) 

C(4)-C(7)  1.4846(19) C(3)-C(4)-C(7) 120.91(13) 

C(5)-C(6)  1.383(2) C(6)-C(5)-C(4) 120.55(13) 

C(7)-C(8)  1.4799(19) C(1)-C(6)-C(5) 118.27(13) 

C(7)-H(7)  0.976(17) O(1)-C(7)-C(8) 58.98(8) 

C(8)-C(9)  1.4877(19) O(1)-C(7)-C(4) 117.05(12) 

C(8)-H(8)  0.959(16) C(8)-C(7)-C(4) 121.34(12) 

C(9)-C(14)  1.3896(19) O(1)-C(7)-H(7) 111.8(10) 

C(9)-C(10)  1.3987(19) C(8)-C(7)-H(7) 116.3(10) 

C(10)-C(11)  1.382(2) C(4)-C(7)-H(7) 117.4(10) 

C(11)-C(12)  1.3848(19) O(1)-C(8)-C(7) 58.94(8) 

C(12)-C(13)  1.3845(18) O(1)-C(8)-C(9) 116.56(11) 

C(13)-C(14)  1.3857(19) C(7)-C(8)-C(9) 121.50(12) 

  O(1)-C(8)-H(8) 114.3(9) 

  C(7)-C(8)-H(8) 116.9(9) 

  C(9)-C(8)-H(8) 116.0(9) 

  C(14)-C(9)-C(10) 119.80(12) 

  C(14)-C(9)-C(8) 120.88(12) 

  C(10)-C(9)-C(8) 119.30(12) 

  C(11)-C(10)-C(9) 120.28(13) 

  C(10)-C(11)-C(12) 118.52(12) 

  C(13)-C(12)-C(11) 122.56(12) 

  C(13)-C(12)-N(2) 118.52(12) 

  C(11)-C(12)-N(2) 118.91(12) 

  C(12)-C(13)-C(14) 118.24(12) 

  C(13)-C(14)-C(9) 120.59(12) 

  O(4)-N(2)-C(12) 117.91(12) 
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2.5.4  Solid-State 17O NMR Results 

 Figure 2.7 shows that adjusting the epoxide remainders does not have a strong effect on 

the solid-state 17O NMR spectra of the epoxide oxygen atom. The spectra for Compounds 1, 2, and 

3, all have nearly identical lineshapes and very similar isotropic NMR parameters (CS and QC). 

Being quadrupolar nuclei, the solid-state 17O NMR spectra for Compounds 1, 2, and 3 are 

dominated by quadrupolar interactions. The static spectra for all three species approach the 

structural features of a classical Pake doublet, as the lineshapes are characteristic of low magnitude 

ηQ and high magnitude CQ. The three sets of spectra have very similar lineshapes, which infers 

very similar electronic properties. Judging from the chemical shifts of the three species, the 

relationship between the shielding tensor components is also very comparable for the structures, 

as the skew and span of all of the spectra are very comparable. It is to be noted that the resolution 

is much worse for Compound 3, which is due to the low enrichment level of the product, which 

also explains the worse computational fit. As the magnetic field strength of the spectrometer 

increases, the line broadening of the spectra decreases and the isotropic chemical shift is adjusted, 

which allows for the fitting of the desired NMR parameters, in conjuncture with the anisotropy in 

the MAS spectrum.  
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Method Compound δ11 

(ppm) 

δ22 

(ppm) 

δ33 

(ppm) 

δiso 

(ppm) 

CQ 

(MHz) 

ηQ ∠COC (o) rCO (Å) 

Experiment 1 160 -15 -55 30 12.1 0.18 61.6098 1.44198 

2 180 -33 -70 30 13.4 0.22 62.09+ 1.435+ 

3 173 -9 -35 43 12.8 0.20 - - 

NMR Calc 1 193 -33 -70 30 13.4 0.22 - - 

2 171 4 -81 31 13.3 0.22 - - 

3 183 -13 -44 42 12.9 0.17 63.139+ 1.424+ 

+ This work 

Table 2.6 NMR and structural parameters for Compounds 1, 2, and 3 determined by solid-

state 17O NMR experiments and NMR calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 It is clear from the data shown in Table 2.6 that changing the regiochemistry and the nature 

of the substituents attached to the epoxide does not have a large effect on its structural features. 

This is clear as the discrepancies between the C-O-C bond angles and C-O bond lengths across the 

Figure 2.7 Solid-State 17O NMR spectra taken at (a) 21 T with magic angle spinning (MAS), 

(b) static at 21 T, and (c) static at 14 T. The blue lines depict the experimental spectra, while the 

red lines depict the simulated spectra for Compounds 1, 2, and 3. * marks the 17O NMR signals 

for the ZrO2 rotor. 

* 
* 

* 

δ(
17

O)/ppm 
-1000 -500 

 

 

0 500 1000 

 

 

δ(
17

O)/ppm 
-1000 -500 0 500 1000 

Compound 2 Compound 1 

(a) 

(b) 

(c) 

MAS at 21 T 

Static at 21 T 

Static at 14 T 

0 500 -500 -1000 1000 
δ(

17
O)/ppm 

Compound 3 
* 

* 



33 

 

three structures are well within the expected experimental errors (especially considering that the 

Compound 3 structural parameters are from a calculated structure, whereas the values for 

Compounds 1 and 2 are taken from crystal structures). The measured and calculated structures are 

similar to the structure of ethylene oxide, rCC = 1.4623 Å, rCO = 1.4282 Å, ∠COC = 61.62o 

(measured using microwave spectroscopy).81 It is important to note that by adding the electron 

withdrawing substituents to the epoxide, both the C-C bond distance was lengthened, and the C-

O-C bond angle was widened, which is consistent with the trends established by Grabowsky et 

al..80 

 

 

 

 

 

 

 

 

 

From comparing the NS values experimentally measured and calculated using NMR 

methods (Table 2.6), it is clear that altering the regiochemistry and the nature of the R groups of 

the epoxides does not have an appreciable effect on the NS of the central epoxide oxygen. Any of 

the variances of the calculated shielding parameters are within the experimental uncertainty of the 

calculations. As well, the orientation of each of the shielding tensor components are identical (a 

result that is agreed upon by both the experimentally measured and calculated results). This implies 

σ11 (128 ppm)  

σ22 (303 ppm) 
σ33 (343 ppm) 

1.44 Å 
62° 

1.47 Å  

Compound 1 

σ11 (108 ppm)  

σ22 (321 ppm) 
σ33 (358 ppm) 

1.44 Å 
62° 

1.49 Å  

Compound 2  

σ11 (115 ppm)  

σ22 (297 ppm) 
σ33 (323 ppm) 

1.43 Å 
63° 

1.50 Å  

Compound 3 

Figure 2.8 NS and structural parameters for Compounds 1, 2, and 3. NS was derived using solid-

state 17O NMR for all species. Structural parameters for Compounds 1 and 2 were obtained 

through crystallographic measurements. The structural parameters for Compound 3 were 

calculated using g09. 
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a similar electronic structure surrounding the oxygen nuclei for the three epoxides. Both the 

measured and calculated NS are lower for Compound 3 relative to Compounds 1 and 2. This is 

somewhat unexpected, as one would assume that the electron withdrawing nitrophenyl rings 

attached to the Compound 1 and 2 epoxides would remove electron density from the central 

epoxides. However, the nitro groups would also extend the conjugation for the delocalized ring 

systems. This could lead to increased delocalization through the central epoxide ring, which would 

increase the shielding. 

 Even though there is variance observed between the individual calculated and measured 

NS tensor components, the orientation of the tensor components is identical, and the isotropic 

shielding is very similar for Compounds 1, 2, and 3 using experimental and computational 

methods. This suggests that the NS can be accurately modeled using computational methods. 

 

 

 

 

 

 

 

 

 

Similar to the trends observed for the NS of the epoxide oxygen, the QC trends in 

magnitude are very similar for Compounds 1, 2, and 3 (and the tensor component orientations are 

χyy (-7.1 MHz) 

χxx (-5.0 MHz) 

χzz (12.1 MHz) 

1.44 Å 
62° 

1.47 Å  

Compound 1 

χyy (-8.2 MHz) 

χxx (-5.2 MHz) 

χzz (13.4 MHz) 

1.44 Å 
62° 

1.49 Å  

Compound 2  

χyy (-7.7 MHz) 

χxx (-5.1 MHz) 

χzz (12.8 MHz) 

1.43 Å 

63° 

1.50 Å  

Compound 3 

Figure 2.9 QC and structural parameters for Compounds 1, 2, and 3. QC was derived using solid-

state 17O NMR for all species. Structural parameters for Compounds 1 and 2 were obtained 

through crystallographic measurements. The structural parameters for Compound 3 were 

calculated using g09. 
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identical) (Table 2.7). This suggests that the regiochemistry and nature of the R-group attached to 

the epoxide does not have a large effect on the EFG of the epoxide oxygen.  

 The experimentally obtained solid-state 17O NMR spectra for Compounds 1, 2, and 3 are 

in agreement with the calculated values. With regards to the QC, the calculated and experimentally 

determined values for all three species is within the expected uncertainty.  

 

2.5.5  Computational Results 

Figure 2.10 compares the computed NS tensor components for dimethyl ether and ethylene 

oxide. There is a distinction in the orientation of the NS tensor components for dimethyl ether and 

ethylene oxide. Ethylene oxide displays an identical tensor component orientation to the epoxides 

that were measured using solid-state 17O NMR (and the numerical values are also very similar). 

Dimethyl ether, however, has a completely variant NS tensor component orientation relative to the 

other studied ethers (along with convergent tensor component magnitudes (Table 2.7). Ethylene 

oxide and dimethyl ether have almost identical C-O bond lengths and neither have substituents 

attached to the ether, so it is likely that the discrepancy is attributable to the C-O-C bond angle.  

 

 

 

 

 

 

 

 

Yσ11 (112 ppm)  

Xσ22 (340 ppm) 
Zσ33 (444 ppm) 

1.49 Å 
59° 

Ethylene Oxide  

Yσ11 (336 ppm)  

Xσ11 (280 ppm) 
Zσ22 (292 ppm) 

1.45 Å 

113° 

Dimethyl Ether 

Figure 2.10 Computed 17O NS and structural parameters for dimethyl ether and ethylene oxide.  
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Figure 2.11 Angular dependence of each of the dimethyl ether 17O NS tensor components. The 

orientations coincide with the Cartesian axes in Figure 2.10. 

 To determine the angular dependence of the QC and NS tensor components, dimethyl ether 

was structurally optimized and then the C-O-C bond angle was decreased in 10o increments. After 

each bond angle contraction, NMR calculations were performed.  

 

 

 

 

 

 

 

 

 

When the dimethyl ether NS tensor components are plotted against the C-O-C bond angle, 

a trend emerges. The NS tensor components values diverge as the C-O-C bond angle decreases 

and the orientation of the tensor components aligns with the orientation observed with the studied 

epoxides (with |z-tensor component| > |x-tensor component| > |y-tensor component|). This 

establishes that the NS has a clear dependence on the C-O-C bond angle. 

It is also important to note that the isotropic shielding for ethylene oxide, 298.36 ppm, is 

much higher than was observed for any of the epoxides substituted with electron withdrawing 

groups. This result is consistent with the trends established by past experimental studies83,41 and 

makes intuitive sense considering the effect that adding electron withdrawing substituents would 

have on local electron densities. 
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Similar to the results found when comparing the NS of the central oxygen, there is a clear 

distinction in the orientation of the QC tensor components when comparing the central oxygen in 

dimethyl ether and ethylene oxide. The calculated CQ for ethylene oxide is larger than the 

experimentally measured value of 12.5 MHz,43 however, this discrepancy is systematic across all 

of the QC tensor components. This is not surprising, as a systematic variance between calculated 

and experimentally derived QC components was also observed for Compounds 1, 2, and 3. As 

seen in the previous study, the orientation of the QC tensors of ethylene oxide match what was 

observed for Compounds 1, 2, and 3 (Table 2.7) (although all of the QC tensor components for 

ethylene oxide have a higher absolute value). However, the dimethyl ether orientation is 

completely different (with the exception of the z-directional tensor component). 

 

 

 

Yχyy (-9.0 MHz)  

Xχxx (-5.1 MHz) 
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Figure 2.12 Computed 17O QC and structural parameters for dimethyl ether and ethylene oxide.  
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Figure 2.13 Angular dependence of each of the dimethyl ether 17O QC tensor components. The 

orientations coincide with the Cartesian axes in Figure 2.12. 

 

Structure ∠COC (o) rCO (Å) X NS Y NS Z NS X QC Y QC Z QC 

Dimethyl Ether 113 1.45 σ11 σ33 σ22 χyy χxx χzz 

Ethylene Oxide 59 1.49 σ22 σ11 σ33 χxx χyy χzz 

Compound 1 62 1.44 σ22 σ11 σ33 χxx χyy χzz 

Compound 2 63 1.43 σ22 σ11 σ33 χxx χyy χzz 

Compound 3 63 1.43 σ22 σ11 σ33 χxx χyy χzz 

 

Table 2.7 Calculated and measured 17O NS and QC tensor orientations for the studied 

molecules, along with structural parameters. 

 

 

 

 

 

 

 The above table compares the effect that; regiochemistry (comparing tensor component 

orientations of Compounds 1 and 2) electron withdrawing residues (comparing the tensor 

component orientations of Compounds 1, 2, and 3 vs. ethylene oxide), the nature of the R-group 

substituents (comparing the tensor component orientations of Compounds 1, 2, and 3), and the C-

O-C bond angle (comparing the tensor component orientations of ethylene oxide vs. dimethyl 

ether) have on the orientation of the NMR parameter tensors. The majority of the NMR tensor 

components have higher absolute values for the epoxide without any substituents attached. This 

may be attributable to the electron withdrawing substituents on Compounds 1, 2, and 3 removing 

electron density from the epoxide center. 
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The above plot displays a clear angular dependence for the x and y directional QC tensor 

components. This plot predicts the orientation of the QC tensor components for the studied 

epoxides (|z-tensor component| > |y-tensor component| > |x-tensor component|). The z-tensor 

component doesn’t appear to have an angular basis (at least relative to the x and y tensor 

components).  

There have been a number of studies in the past seeking to model 17O bridging oxygen CQ 

and ηQ values. A computational study performed by Gandinetti and Clark found that both 

parameters have a dependence on R-O-R bond angles (they used silicates as models), with the QC 

tensor component along the bond axis becoming larger in magnitude and more negative as the Si-

O-Si bond angle was increased. They also found ηQ to become larger as the Si-O-Si bond angle 

was increased.14 Another computational study aimed to produce a general method for modeling 

17O ηQ and qii for bridging oxygen atoms using strictly geometric arguments (for 900 ≤ ∠COC ≤ 

180o) developed the following relationships:10  

 𝑞𝑥𝑥 = −(3 cos(𝜃𝐶𝑂𝐶) − 1)) ∗ 𝑓   (2.2) 

     𝑞𝑦𝑦 = (3 cos(𝜃𝐶𝑂𝐶) + 1)) ∗ 𝑓   (2.3)  

𝑞𝑧𝑧 = −2𝑓     (2.4) 

    𝑓 =
1

2
𝑞𝑏𝑜𝑛𝑑 +

1

3 cos(𝜃𝐶𝑂𝐶)−1
𝑞𝑙𝑜𝑛𝑒 𝑝𝑎𝑖𝑟          (2.5) 

It is clear from the respective representations of each tensor that the C-O-C bond angle has 

the least significant affect on the z-directional tensor component, which is in agreement of the 

results of this study. When calculating the asymmetry parameter using strictly dimethyl ether’s 

geometric parameters (using the formulas above) and using computational methods (as described 

earlier), the following plot was derived: 
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The two plots follow the same general pattern, with a maximum asymmetry parameter at 

~109.5o (which makes sense because at this bond angle the y-directional QC tensor component 

equals zero). Unfortunately, this model can’t be extended to lower C-O-C bond angles, because at 

lower than 90o bond angles, ring strain would lead to bent C-O bonds, which would lead to the 

EFG tensor components being larger than can be predicted using strictly geometric methods.10 

 

2.6 Conclusions 

Over the course of this investigation, three 17O-labelled epoxide compounds were successfully 

synthesized and studied using solid-state 17O NMR for the first time. Using both computational 

and experimental solid-state 17O NMR techniques, the 17O NMR parameters were measured, 

modelled, and compared. The epoxide structural parameters, along with the NS and QC tensor 

component orientations were found to be non-susceptible to change due to changes of the 

regiochemistry of the epoxide as well as the nature of its attached substituents. 
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Figure 2.14 Angular dependence of dimethyl ether asymmetry parameter calculated using g09 

computationally determined EFG tensor components (red points) and EFG tensor  components 

calculated on a strictly geometric basis using Equation 2.2-2.510 (black line). 
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 Our results suggest that neither; adding substituents to an epoxide, altering the 

regiochemistry of an epoxide, or altering the electron withdrawing ability of the epoxide’s residues 

have an effect on the orientation of the QC or NS tensor components for the studied compounds. 

However, it is clear that both epoxide 17O NS and QC have a large C-O-C angular dependence. 

For NS, the individual tensor components have nearly identical values when the C-O-C bond angle 

is 113o, but for ethylene oxide (C-O-C bond angle is 60o), the values are divergent, with the y-

directional tensor component being reduced to the smallest magnitude. It can be determined that 

this is a consequence of the C-O-C bond angle, rather than ring effects, as when the C-O-C bond 

angle in dimethyl ether is constrained to below 100o, an identical trend is noted. 

 For QC, the tensor component orientations also have a strong angular dependence 

(particularly with the x and y directional tensor components). The trend in orientation of the tensors 

is attributable to primarily the C-O-C bond angle (rather than other ring effects), as when the 

dimethyl ether C-O-C bond angle was constricted to below 80o, an identical QC tensor component 

orientation trend was observed as to what was seen with ethylene oxide (as well as the other 

oxiranes). It was found that the tensor orientation could be simply modeled from a geometric basis, 

as could the asymmetry parameter. Unfortunately, this method fails for C-O-C bond angles below 

90o.  
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CHAPTER 3  
DEVELOPMENT OF A SIMPLE MODEL FOR INTERPRETATION AND 

VISUALIZATION OF QUADRUPOLAR COUPLING TENSORS IN MOLECULES 

 

3.1 Introduction 

The Townes-Dailey model36 allows for direct parallels to be made between molecular 

geometry and local electronic structure for second-row elements. The direct relationship between 

molecular geometry and local electronic structure is made possible by making a number of 

assumptions. First, only the local electron populations are considered when calculating the EFG. 

This is reasonable considering that the EFG perturbation due to a given charge at a distance r from 

the nucleus is 1/r3 and in most cases, the positive and negative contributions from distant atoms 

negate each other. Another assumption that can be made is that since EFG arises from 

inhomogeneities in the local electric field surrounding a nucleus, spherically symmetric shells can 

be ignored in the analysis, allowing the effects of core and s electrons to be neglected. Finally, 

since 3d electrons contribute to the EFG by a factor of 47 less than 2p electrons,37 d electron 

contributions to the EFG can also be ignored. Therefore, derivations can be made exclusively 

based on valence p-orbital contributions. Knowing that p-orbital wavefunctions are necessarily 

orthogonal, a simplified version of the Townes-Dailey analysis that is applicable to any functional 

group can be derived based purely on valence p-orbital populations. 
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Figure 3.1 Visual representation of the contributions of a single valence p-orbital electron to 

each quadrupole coupling tensor component. 
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Using the simple schematic presented in Figure 3.1 Spiess et al. extrapolated a method to 

calculate CQ(17O)  in D2O based on p-orbital populations.40 According to the Townes-Dailey 

model, the relationship between  valence p-orbital population and the QC tensor components is as 

follows: 

   𝜒𝑖𝑖 = 𝜒𝑜(𝑃𝑖𝑖 −
1

2
𝑃𝑗𝑗 −

1

2
𝑃𝑘𝑘)          (3.1) 

where 𝜒0 = 𝑒2𝑄𝑞0 = 20.88 MHz for 17O and -11.2 MHz for 14N.3,108 

 

3.1.1 Project Motivations and Objectives 

 The Townes-Dailey method36 was introduced as an effective means of modelling QC 

parameters based on the orbital populations and the geometry at the atom of interest. There are 

inherent issues with the method, however, necessitating the introduction of an adapted method for 

modelling QC tensors. A limitation of the Townes-Dailey method for calculating QC tensors is 

that three parameters (Pii, Pjj, Pkk, ii = xx, yy, zz, Pzz > Pyy > Pxx) are required to calculate each QC 

tensor component (Equation 3.1). This makes visualization of χii from the valence p-orbital 

populations (and the relationship between χii and the valence p-orbital populations) non-trivial. 

 The objective of this chapter is to develop a new method adapted from the classical 

Townes-Dailey method in which QC tensor components can be calculated directly using only a 

single parameter. This would aid in the visualization of QC tensor components from valence p-

orbital populations and would simplify the relationship between the local electronic structures of 

quadrupolar nuclei and their QC tensor components. 

 

3.2 Description of a New Model 

 In this work we introduce a new term called the p-orbital population anisotropy: 
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    𝛥𝑃𝑖𝑖 = 𝑃𝑖𝑖 −
𝑃𝑖𝑖+𝑃𝑗𝑗+𝑃𝑘𝑘

3
     (3.2) 

This new parameter ΔPii describes the p-orbital population anisotropies for each valence p-orbital 

wave function. By combining Equations 3.1 and 3.2, we can derive the following expression:  

      𝜒𝑖𝑖 =
3

2
𝜒𝑜𝛥𝑃𝑖𝑖              (3.3) 

Equation 3.3 represents a simple model that allows for the visualization of the direct relationship 

between p-orbital population anisotropies and QC tensor components. 

 The average p-orbital populations and population anisotropies have physical meaning and 

utility beyond the scope of fundamental physical chemistry. For second row elements, the valence 

p-orbital population represents the electron density that is available for bonding and coordination. 

Thus, by knowing the average p-orbital populations for the same atom in different functionalities, 

one can compare how effective the nuclei would be for performing different reactions, without 

performing any benchwork (ie. nuclei with higher valence p-orbital populations would be preferred 

candidates for reacting with electrophiles). Tari and Ahmadinejad were able to use 

computationally derived valence p-orbital populations to deduce the best candidate for an anti-

cancer drug, based on there predicted reactivities and electronic properties.39 

 Knowing the p-orbital population anisotropy allows one to make predictions on how the 

atom will react and how it will coordinate with different species. For example, if an atom has a 

surplus of electron density along a specific p-orbital wavefunction, it is likely to react with 

electrophiles in that direction. The opposite would be true for a site with a dearth of electron 

density. This allows for the direct measurement of p-orbital anisotropies through QC tensor 

components, creating a useful tool for predicting reaction mechanisms and potentially coordination 

structures. 
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 A limitation of this new model’s computing accuracy is that it assumes that the core 

electron’s distribution is spherically symmetric, thus core electron’s contributions to the EFG are 

neglected. However, this ignores the influence that ionic charges and bonding electrons have on 

the distortion of core electron shells. This leads to the spherical symmetry of the core electrons to 

be distorted, causing them to influence the local EFG. This effect is referred to as Sternheimer 

shielding,109 and is most pronounced for heavy atoms. The relationship between the EFG predicted 

from valence orbital contributions, and the true EFG can be mathematically expressed:109,110 

     𝑞𝑜𝑏𝑠 = (1 − 𝛾∞)𝑞𝑎𝑡𝑜𝑚𝑖𝑐    (3.4) 

 where 𝛾∞ is referred to as the Sternheimer factor and is taken as constant for a specific electron 

configuration. Another limitation of this method, which is intrinsic to the original Townes-Dailey 

method, is its neglect of overlap and three-center integrals.110 This prevents aromatic behavior to 

be fully accounted for, which could adversely effect the accuracy of calculations involving systems 

with delocalized electrons. Considering, however, the simplicity of this model and its intended use 

as a qualitative visualization tool for QC tensor components, these inherent issues should not limit 

its utility. 

 

3.3 Computational Details 

3.3.1 Natural Atomic Orbitals 

 Natural atomic orbitals (NAOs) are localized orthonormal one-center orbitals that have 

maximum occupancy for a given wavefunction. They are used as a means of approximating 

electron populations, and orbital occupancies. They are used as an alternative to Mulliken 

population analysis, as Mulliken population analysis can return negative population values, have 
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a high accuracy dependence on the basis set used for the calculations, and have difficulties in 

visualizing charge distribution for species with high ionic character.111  

 Using NAOs, core and valence occupancies can be approximated using computational 

tools (they are included in the NBO analysis package in g09) with high accuracy in a way that is 

simple to interpret. 

  

3.3.2 Computational Methods 

 NAO analysis was used to calculate molecular occupancies by using Natural Bond Orbital 

(NBO) type calculations. The valence p-orbital populations calculated using NBO type 

calculations were used in Townes-Dailey type calculations to determine the QC dependence on 

valence p-orbital populations. All property calculations were performed on molecules that were 

either optimized using the same method/basis set combination as was used for the specific property 

calculation. All quantum chemical calculations were performed using Gaussian 09104,105. HF, 

B3LYP, and M062X functionals, STO-3G, 6-311G(3df), and 6-311++G(3df,3pd) basis sets, and 

the GIAO method were used for structural optimizations, direct NMR calculations, and NBO 

calculations. The licensing for the software packages is provided by the Center for Advanced 

Computing (CAC) (Queen’s University, Kingston, ON). Calculations are submitted directly to the 

Frontenac Cluster. Typically, 12 processors were used for each calculation. All optimization, 

NMR, and NBO calculations were performed for gas phase molecules. ChemCraft106 was used to 

convert between fractional and Cartesian coordinates, open .xyz files, and for the manual 

adjustment of Cartesian axes. Ortep3 was used to represent anisotropic p-orbital populations for 

quadrupolar nuclei. Optimized molecular structures were uploaded into Ortep3 and the face 
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 14N  17O 

Method Basis Set χ0 (MHz) m R2  χ0 (MHz) m R2 

B3LYP STO-3G -11.1 1.0062 0.9050  20.7 1.0006 0.9812 

 6-311G(3df) -13.4 1.0046 0.9389  24.9 0.9994 0.9864 

 6-311++G(3df,3pd) -13.4 1.0010 0.9425  25.3 1.0003 0.9870 

M062X STO-3G -10.9 1.0061 0.9045  20.8 1.0024 0.9861 

 6-311G(3df) -13.5 0.9974 0.9544  24.9 1.0000 0.9841 

 6-311++G(3df,3pd) -13.2 1.0042 0.9311  24.1 1.0002 0.9799 

HF STO-3G -10.3 1.0069 0.9151  20.9 0.9992 0.9847 

 6-311G(3df) -14.4 0.9983 0.9228  25.4 1.0010 0.9856 

 6-311++G(3df,3pd) -14.5 0.9995 0.9282  25.0 1.0230 0.9833 

 

Table 3.1 Details for the respective fits for 14N and 17O QC tensor components calculated using 

ΔPii and direct g09 NMR calculation methods. Associated plots are presented in Appendix II. 

lengths of the ellipsoids were adjusted to match the relative anisotropic p-orbital populations along 

each axis. The images were published and colour was added using IrfanView software.107 

3.4 Results and Discussion 

3.4.1 Comparing Basis Sets/Methods Efficacy at Representing χii with ΔPii 

 To validate the new method, the optimum method/basis set for obtaining valence p-orbital 

populations had to be established. This was done by comparing QC tensor components calculated 

using ΔPii and direct g09 NMR calculation methods for 6 molecules containing 8 14N nuclei and 7 

molecules containing 7 17O nuclei. A summary is given in Table 3.1 and all details are given in 

Appendix II. For each data point, all calculations (structural optimizations, NAO, and NMR 

calculations) were performed using the same method/basis set combination. The QC tensor 

components obtained using the two different methods were plotted against each other and χ0, was 

treated as a scaling parameter.112 χ0 was adjusted to bring the slope of the relationship between the 

QC tensor components to unity. The obtained relationships were then compared for each 

method/basis set combination. The combination that delivered the best agreement between the 

calculation methods (based on linearity) was deemed the best method/basis set combination. 
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 As is demonstrated in Table 3.1, there is not a strong correlation between computational 

agreement between the calculation methods and method/basis set complexity. Considering that we 

do not have experimental values for the QC tensors, it is not known which method/basis set is the 

most accurate. However, since there is a strong level of agreement between the calculation methods 

for every method/basis set combination, any could be used to visualize ΔPii. After performing 

calculations on 22 molecules containing 26 14N nuclei and 16 molecules containing 19 17O nuclei 

it was found that the best computational agreement was found for 14N QC tensors using B3LYP/6-

311G(3df) and χ0 = -13.4 and B3LYP/6-311++G(3df,3pd) and χ0 = 25.3 for 17O. Further 

investigations are required to determine why different basis-sets worked better for the two studied 

nuclei. The data also clearly shows that there is a better agreement between calculation methods 

for 17O QC tensor components, relative to 14N for every method/basis set combination. The 

agreement of the developed QC tensor component visualization method to direct QC NMR 

calculation methods was studied by comparing the magnitudes of the different tensor components 

calculated using ΔPii and by direct NMR calculation methods for 26 14N nuclei and 19 17O nuclei. 

The resulting QC tensors derived by the different methods were plotted against each other. 
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Figure 3.2 Plots comparing QC tensor components calculated based on ΔPii values and by using 

direct calculation methods for 14N (left) and 17O (right). QC tensor components were calculated 

using B3LYP/6-311G(3df) for 14N and B3LYP/6-311++G(3df,3pd) for 17O. 
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 From the above plots, it is clear that the new visualization method can effectively model 

QC tensor components for 14N and 17O. The above plots show that QC tensor components can be 

effectively modeled based on a single parameter, ΔPii, which gives it an advantage over the 

traditional Townes-Dailey method which requires three parameters. This new method for 

visualizing QC tensor components using ΔPii works more effectively for calculating 17O QC-

tensors than for 14N and, particularly for 14N, as the QC-tensor components approach zero, the 

accuracy of the calculation is decreased, with respect to both tensor magnitude and sign. In order 

to gauge the relative accuracy of the newly developed method, QC tensor components calculated 

using ΔPii and direct g09 NMR calculation methods were compared to experimentally derived QC 

tensors for the epoxide compounds studied in Chapter 2. 
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Method Compound CQ (MHz) ꞂQ 

Experiment 1 12.1 0.18 

2 13.4 0.22 

3 12.8 0.20 

NMR Calc 1 13.4 0.22 

2 13.3 0.22 

3 12.9 0.17 

Modified 

Townes-Dailey 

1 12.3 0.06 

2 12.3 0.06 

3 11.3 0.20 

 

Table 3.2 Comparison of experimentally and computationally (using direct g09 calculation 

methods and ΔPii) derived QC tensors for Compounds 1, 2, and 3. 
 

 

 

 

 

 

 

 

 Judging from Table 3.2, the newly developed QC tensor calculation method is able to 

deliver comparable results to direct g09 NMR calculation methods. This is despite the fact that 

direct g09 NMR calculation methods were able to deliver more accurate ηQ values for both 

Compounds 1 and 2. However, clearly more measurements on a more diverse array of functional 

groups are required before the two calculation methods can be truly compared. 

 

3.4.2 Visualization of ΔPii  

 Once it was established that each of the QC tensor components can be effectively expressed 

using a single parameter, ΔPii was expressed using ellipsoid models. This was performed for 14N 

(Figure 3.3) and 17O (Figure 3.4). Each face length of the ellipsoid was adjusted to be proportional 

to the magnitude of ΔPii. Red colouring corresponds to a negative ΔPii value, whereas blue 

colouring refers to positive ΔPii. ΔPii  was calculated using B3LYP/6-311G(3df) for 14N and 

B3LYP/6-311++G(3df, 3pd) for 17O. 
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Figure 3.3 Ellipsoid representations of ΔPii for selected 14N containing functional groups. 
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   Modified Townes-Dailey  Direct Calculation 

Compound AvgP ΔPxx ΔPyy ΔPzz χxx 

(MHz) 

χyy 

(MHz) 

χzz 

(MHz) 

 χxx 

(MHz) 

χyy 

(MHz) 

χzz 

(MHz) 

Nitrogen Trifluoride 0.905 -0.201 -0.201 0.403 3.623 3.623 -7.246  3.764 3.764 -7.527 

Nitrogen Trichloride 1.250 -0.151 -0.151 0.302 2.718 2.715 -5.433  3.050 3.050 -6.108 

Nitrogen Tribromide 1.291 -0.121 -0.121 0.242 2.175 2.174 -4.349  2.518 2.513 -5.031 

Methanimine 1.354 -0.091 -0.214 0.305 1.632 3.855 -5.488  1.135 3.870 -5.005 

Diazomethane N=C 1.272 0.016 0.017 -0.033 -0.285 -0.305 0.590  0.301 0.949 -1.252 

          N=N 1.139 0.124 0.209 -0.333 -2.235 -3.762 5.998  -1.824 -4.000 5.824 

Azide Center 1.259 0.008 0.009 -0.017 -0.152 -0.155 0.307  0.626 0.626 -1.252 

Azide Outside 1.312 0.048 0.048 -0.095 -0.856 -0.856 1.712  -1.054 -1.054 2.108 

Aziridine 1.378 -0.093 -0.191 0.284 1.673 3.444 -5.117  0.790 3.365 -4.155 

Imidazole N-H 1.428 -0.040 -0.119 0.159 0.712 2.148 -2.860  1.167 1.651 -2.818 

  N=C 1.355 -0.126 -0.170 0.296 2.260 3.060 -5.320  2.009 2.501 -4.510 

Pyridine 1.355 -0.141 -0.200 0.341 2.540 3.597 -6.137  1.592 3.810 -5.402 

Formaldehyde Oxime 1.208 -0.093 -0.305 0.398 1.678 5.485 -7.164  2.468 4.362 -6.830 

Nitric Acid 1.068 -0.041 -0.056 0.098 0.746 1.012 -1.758  -0.036 -1.148 1.184 

Nitrogen Dioxide 1.048 -0.061 -0.133 0.194 1.097 2.395 -3.492  1.093 2.648 -3.740 

 

Table 3.3 ΔPii
 values and 14N QC tensor components calculated using ΔPii and direct NMR 

calculation methods for selected molecules (structures shown in Figure 3.3 and data points 

presented in Figure 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 The trends in p-orbital populations and population anisotropies are consistent with bonding 

theory. As the electron withdrawing character of the substituents attached to the nitrogen increases, 

the average p-orbital population decreases, as demonstrated comparing the average populations 

for NF3, NCl3, and NBr3. The orientation of the tensor components found in the NX3 series is 

consistent with past computational studies, which have demonstrated that for 14N nuclei, the 

highest magnitude of charge density, thus the largest component of the EFG, lies along the lone 

pair of the nucleus.113,114 Also consistent with past computational studies is the trend in magnitude 

of the CQ values. In a computational study of aziridines, Rosillo et al.  found that by substituting 

aziridine R groups with progressively stronger electron withdrawing groups, the value of CQ 

increased and the discrepancy between qzz and qyy was increased, which was reflected in this 

work.115 
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 As expected, there is a consistency in Avg P populations with respect to nitrogen atoms 

bonded in similar situations. The compounds containing double bonds to carbon atoms all have 

similar average p-orbital populations (methanimine, imidazole, and pyridine all have average 

populations of 1.35 or 1.36). This is consistent with theory, because it is known that electronic 

structure is closely tied to geometry. 

 It was observed when comparing QC tensor components calculated using ΔPii and direct 

calculation methods that as the QC tensor components approached zero, the agreement between 

the two methods was adversely affected. While observing Table 3.3, the source of this discrepancy 

becomes clear, as the three nuclei with the smallest ΔPii, diazomethane center, azide center, and 

nitric acid, are the three nuclei with differing signs for the CQ calculated using the two different 

methods. This suggests that this model is most effective at modelling QC tensor components with 

higher ΔPii. It is also consistent with theory, because it is well established that local electronic 

structures are very sensitive to perturbations in geometry. Thus if the populations of discrete p-

orbitals are very similar, it would not take a large error in geometry to deliver a very large error in 

magnitude and sign of the resultant QC tensor components. 

 Prior computational studies have also reported issues with calculating the EFG tensors for 

the central nitrogen in diazomethane and for nitric acid,116 so it is not known if the discrepancy is 

linked to inaccuracy in the calculations involving the direct g09 method, or ΔPii. 

 It is also known, that Townes-Dailey calculations do not consider influences of molecular 

remainders, which is known to affect the EFG (as discussed in Section 3.2). Past studies have 

suggested that the molecular remainder can contribute from 8-26% of the total value of the CQ.114 

This could lead to calculation errors for the 14N nuclei that do not exhibit symmetry about its 
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rotational axis. This was observed in our results, as the highest agreement between the calculation 

methods was observed for axially symmetric molecules. 
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Figure 3.4 Ellipsoid representations of ΔPii for selected 17O containing functional groups. 
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    Modified Townes-Dailey  Direct Calculation 

Compound Avg P ΔPxx ΔPyy ΔPzz χxx  

(MHz) 

χyy  

(MHz) 

χzz  

(MHz) 

 χxx 

(MHz) 

χyy 

(MHz) 

χzz 

(MHz) 

Hypofluorite 1.556 0.443 0.443 -0.885 16.797 16.797 -33.59  14.666 14.666 -29.332 

Hypochlorite 1.731 0.267 0.267 -0.534 10.142 10.142 -20.284  10.494 10.494 -20.988 

Hypobromite 1.666 0.322 0.322 -0.645 12.223 12.223 -24.446  11.569 11.569 -23.138 

Formaldehyde 1.586 -0.003 -0.287 0.290 -0.122 -10.893 11.015  -1.930 -10.950 12.880 

Formic Acid =O 1.606 -0.034 -0.184 0.218 -1.281 -6.987 8.269  -2.879 -6.574 9.453 

          –OH 1.656 0.073 0.163 -0.235 2.782 6.173 -8.955  2.415 6.625 -9.040 

Furan 1.611 0.098 0.125 -0.223 3.733 4.729 -8.462  3.609 4.729 -8.338 

Ethylene Oxide 1.593 -0.152 -0.192 0.344 -5.781 -7.277 13.058  -5.296 -9.237 14.533 

Oxetane 1.639 0.012 0.282 -0.294 0.435 10.719 -11.164  -1.296 -10.584 11.880 

Dimethyl Ether 1.646 0.040 0.267 -0.308 1.108 10.768 -11.876  -0.571 -11.694 12.265 

Water 1.721 -0.008 -0.262 0.270 -0.304 -9.946 10.250  -0.609 -9.904 10.514 

Hydrogen Peroxide 1.551 0.059 0.441 -0.500 2.221 16.748 -18.969  -0.061 -17.486 17.547 

Ozone Center 1.345 0.002 0.221 -0.223 0.082 8.390 -8.472  -2.461 -7.664 10.125 

 Peripheral 1.431 -0.108 -0.402 0.510 -4.111 -15.239 19.350  -4.436 -14.924 19.360 

 

Table 3.4 ΔPii
 values and 17O QC tensor components calculated from ΔPii and using direct 

NMR calculation methods for selected molecules (structures shown in Figure 3.4 and data 

points presented in Figure 3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 In general, there is a strong agreement in QC parameters calculated using ΔPii and direct 

g09 NMR calculation methods and the values and trends typically make chemical sense. The trend 

in CQ values going down the halogen period, on the surface seems unexpected. One would expect 

that as the electronegativity of the X group, for OX-, increased, the valence p-orbital population 

on the oxygen would decrease (as was observed with 14N, ΔPii would increase, thus the CQ 

magnitude would increase). However, this is not observed, as the oxygen in hypochlorite has a 

larger calculated p-orbital population than the oxygen in hypobromite, and the CQ value is notably 

smaller in magnitude. 

 It is known, that oxygen and chlorine can form double bonds, as observed in perchlorate 

and chlorous acid. There are two known mechanisms for this bond formation. One involves the 

excitation of a chlorine valence p-electron to a d-orbital, allowing for the formation of covalent 
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bonds that allow for the π-back donation of electron density to the oxygen, thus increasing the 

orbital occupancy along the O-Cl bond.117 The second mechanism involves the formation of two 

dative σ-bonds with the oxygen atom, through insertion to the empty 2p-orbital of the oxygen 

excited state.118 Either mechanism would account for the unexpectedly high oxygen p-orbital 

population along the bonding axis.  

 When comparing ΔPii for formaldehyde and formic acid, it is clear that formaldehyde and 

formic acid have comparable p-orbital populations coplanar with the C=O bond. Past 

computational studies have demonstrated that when substituents containing lone pair electrons, 

capable of forming π-bonds, are attached to the carbonyl carbon, the carbonyl oxygen’s π-electron 

population increases, while the σ-electron decreases, leading to a net decrease in QC along the 

bonded axis.119 This was not observed when calculating QC tensor components using ΔPii, but was 

observed when comparing the values calculated using direct methods. They do remark, however, 

that the Townes-Dailey method struggled with accounting for this effect, due to its non-

consideration of Sternheimer effects,119 and its difficulty in dealing with electron delocalization 

(which was observed when calculating CQ for other molecules with delocalization), so the 

discrepancy is not unexpected. However, they predict that as the pπ population increases, the value 

of ηQ should decrease, which we also observed when using both direct calculation methods and 

ΔPii. 

 The trend in the QC tensor components along the bonding axis for the bridging oxygen 

atoms between carbon atoms, is consistent with chemical theory. QC tensor components coplanar 

to the C-O-C bonds become larger in magnitude, becoming more negative going from ethylene 

oxide-oxetane-dimethyl ether. Although furan’s C-O-C bond angle is larger than what is observed 

in oxetane, its C-O bond length is much shorter (due to aromaticity), which is likely why its QC 
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tensor component is lower in magnitude. This is consistent with the findings of Grandinetti and 

Clark, which demonstrated that for Si-O-Si bonding situations the distance dependence of the QC 

parameter along the bonding axis increases in magnitude and becomes more negative as the 

average Si-O bond length increases.14 

 The trend in 𝜂𝑄 values observed for dimethyl ether, oxetane, and ethylene oxide is 

consistent with the relationships described by Clark and Grandinetti for 𝜂𝑄 values calculated using 

direct methods, but there are inconsistencies between their results and results obtained using ΔPii 

(calculated 𝜂𝑄 for oxetane, using ΔPii, is larger than for dimethyl ether). This is likely due to the 

sensitivity of the local electronic structure to slight geometric changes. 

 It is to be noted, that orientations of ꭓzz and ꭓyy are flipped for both oxetane and dimethyl 

ether when comparing the values calculated using ΔPii and direct calculation methods, which is 

likely due to the similarities in magnitude between the two tensor components, which was observed 

when performing calculations using both methods.  

 It is predicted by past theoretical models and NQR measurements that hydrogen bonding 

decreases the QC magnitude for both the donor and acceptor nuclei.60 As the positive charge of 

the hydrogen bonded proton approaches the hydrogen bond acceptor, the accepting p-orbital 

undergoes a radial expansion. Since the EFG is dependent on r-3, this radial expansion leads to a 

decrease in the QC along the axis of the hydrogen bonded orbital. Considering that the EFG is a 

traceless quantity, this also leads to a varying of the asymmetry parameter.60 The referenced study 

was performed with regards to 17O nuclei, but it is assumed that the same trends would be observed 

for 14N.120 This is something to keep in mind when comparing QC tensors calculated using discrete 

gas phase molecules that undergo intermolecular hydrogen bonding to experimentally measured 

results. It is also interesting to note that a low agreement between the computational methods was 
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found for the central oxygen atom in ozone’s χii and ηQ values, considering a similar disagreement 

was found calculating χii and ηQ for nitrogens bridging other nitrogen and oxygen atoms. With the 

noted exceptions in mind, however, the newly developed method provides an accurate method of 

visualizing ΔPii, and therein estimating ꭓii for 17O nuclei in different functional groups.  

 

3.5 Conclusions 

 This investigation yielded a new model that allows for 14N and 17O QC tensor components 

to be represented using valence p-orbital population anisotropies. This is advantageous over the 

Townes-Dailey method in that it allows for the visualization of χii using a single parameter, rather 

than three. The method/basis set combination that is used to determine p-orbital populations does 

not strongly affect the agreement between QC tensor components calculated using ΔPii and direct 

g09 NMR calculation methods, although the value of χ0 had to be adjusted based on the 

method/basis set combination to deliver comparable values. This is a slight disadvantage to the 

method, because a calibration curve must be derived for each method/basis combination. QC 

tensor components calculated using ΔPii and direct g09 NMR calculation methods were compared 

to experimentally derived QC tensor components for Compounds 1, 2, and 3. No solid conclusions 

can be made from this comparison, however, as it is only for three structures and one functional 

group, but it appears as if the two methods deliver comparable accuracy. 

 ΔPii derived from p-orbital populations calculated using NAO methods was visualized 

using ellipsoids, which gives a simple representation of how the nature and orientation of the 

substituents attached to quadrupolar nuclei affect the local electronic structure. This by extension 

was directly related to the magnitude and orientation of the QC tensor components. In general QC 

values obtained via ΔPii agreed well with values that were directly calculated. The agreement 
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between the calculation methods was highest for axially symmetric molecules. The agreement 

between the methods was lowest for nuclei that had a small ΔPii. This was most pronounced for 

nuclei that bridged non-symmetric electronegative atoms. The computational agreement was also 

observed to be higher for 17O QC relative to 14N. It is thought that this could be linked to a higher 

amount of localization of the electrons for oxygen, due to its higher electron withdrawing 

character, which led to more accurate estimations of p-orbital populations.  
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CHAPTER 4  
THE SEARCH FOR THE SHORTEST HALOGEN BOND: A SOLID-STATE 17O NMR 

AND COMPUTATIONAL STUDY OF IODOSYLBENZENE 

 

4.1 Introduction 

 According to the International Union of Pure and Applied Chemistry (IUPAC) a halogen 

bond (XB), “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”.121 When a halogen, other than fluorine (the high electronegativity 

and degree of sp hybridization increases the electronic charge of fluorine, neutralizing the σ-

hole),122 forms a covalent bond (typically through primarily p-orbital interactions), there is a belt 

of electronegative potential along the bond, and a belt of lower electron density orthogonal to the 

covalent bond. This belt of electron deficiency in the outer lobe of a half-filled p-orbital (of the 

heavier atom) is referred to as a σ-hole (so-called halogen bond donor), which can form halogen 

bonds with electron-rich sites (so-called halogen bond acceptors).122 

 

 

 

 

 

 At a basic level, this can be demonstrated through visualizing the AOs of chlorine (but the 

same concept applies with heavier halogens). The valence shell of a bonded chlorine has a 

configuration of 3s2 3pz
2 3py

2 3px
1 (the x axis coincides with the directionality of the chlorine bond). 

The electron in the px orbital is localized in the bonding region, leaving an area of low electron 

density in the non-bonding lobe (σ-hole) (Figure 4.2) that is susceptible to nucleophilic 

R X R X Y Y 

R = C, Halogen, O, N… 

X = I, Br, Cl, F 

Y = N, O, S, Se, I-, Br-, Cl-, F-… 

Figure 4.1 Schematic representation of halogen bonding.124 
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Figure 4.2 Cartoon depiction of the valence p-orbital of a singly-bonded halogen. 

coodination.122 Due to the configuration of the px orbital, halogen bonds are highly directional, and 

almost always near 180o.123 

 

 

 

 

 

 

The origins of the σ-hole can be understood through the electrostatic potential (ESP) 

topological maps of halogen donor species. The electrostatic potential at any point in the space of 

a molecule is given by: 

    𝑉(𝑟) = ∑
𝑍𝐴

|𝑅𝐴−𝑟|𝐴 − ∫
𝜌(𝑟′)𝑑𝑟′

|𝑟′−𝑟|
    (4.1) 

Where ZA is the charge on nucleus A, RA is the position of nucleus A, and 𝜌(𝑟) is the molecule’s 

electron density. This electrostatic potential can be mapped along the surface of a molecule 

(denoted as 𝑉𝑠(𝑟)), thus giving insight into how the electrostatic potential varies on different sites 

on the molecule’s surface.  

Higher polarizability and lower electronegativity of the halogen atom leads to more 

positive σ-holes. Thus, the magnitude of σ-holes increases with the atomic number of the halogen 

(F < Cl < Br < I). The strength of the bond between the σ-hole and the halogen bond acceptor is 

dependant on the magnitude of the σ-hole, the electronegativity of the halogen bond acceptor, and 

the nature of the halogen bond accepting electrons (n-pairs are preferential over π-electrons).124 It 

is also important to note that in halogen bonded systems (XB-XB-XB)n longer chains lead to 

stronger interactions (and thus stronger, shorter bonds).123 
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Halogen bonds have become an area of interest recently, due to the rapid growth of 

applications of halogen bonded materials in fields such as; material design125, drug 

development126, and organocatalysis.127 As well, the ongoing improvement in hardware and 

software128 has allowed researchers to more easily study the complex interaction. 

Halogen bonding has been described in the literature in some form since the mid 19th 

century, when Guthrie described the bonding between iodine and iodammonium.129 Almost one 

hundred years later Mulliken first applied a mathematical formalism describing the “charge-

transfer forces” observed in BzI-Cl complexes.130 The relative strength of halogen’s electron 

accepting abilities (F > Cl > Br > I) was described by Di Paolo and Sandorfy, whilst they were 

studying the relative abilities of halogenated carbons in breaking hydrogen bonds due to the 

competitive donor-acceptor complex formation.131 The directionality of these halogen bonded 

systems was first observed when Murray-Rust and Motherwell noted in an extensive study of 

crystallographic data that in C-X…O bond type situations, that the bond is typically around 

180o.132 The σ-hole observed in halogen bond donors was first discovered in 1992, when Brinck 

et al. noted that in the ESP map of halogenated methanes the region surrounding the halogen atoms 

contains areas of high and low electron densities, with the positive region being localized in the 

extension of the C-X bond, whereas the negative region was found in a belt surrounding the 

bond.133 

 In general, iodine (III) species (in the form RIX2) use their unhybridized 5p orbitals to form 

linear X-I-X bonds containing four electrons. These bonds are highly polarized and elongated 

relative to typical covalent bonds, making them very electrophilic.134 Iodosylbenzene (PhIO)n is a 

commonly used oxygen transfer agent and oxidant, due to its ease of preparation and relative 

stability at room temperature.  
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Iodosylbenzene is insoluble in any organic solvent, thus its usefulness as a terminal oxidant in 

homogenous catalysis is limited unless its benzene ring is functionalized with sulfonate groups135, 

or is chelated to a transition metal center136 to increase its solubility. Also related to its insolubility 

is the lack of physical parameters known about iodosylbenzene. No single crystal structure has 

ever been obtained for this molecule. A previous extended X-ray absorption fine structure 

(EXAFS) study suggests that iodosylbenzene forms a halogen bonded linear polymer in the solid 

state, thus denoted as (PhIO)n.
137 To date computational methods have been unsuccessful in 

modeling the polymeric structure of (PhIO)n, as conflicting structures have been produced by 

different groups.138,139,140 The only SSNMR study in the literature on iodosylbenzene was a solid-

state 13C NMR study,141 which gave no insight into the structure of the halogen-linked polymeric 

backbone. Due to the lack of agreement between the computational studies performed on 

iodosylbenzene and the lack of information gained from the previous NMR studies of 

iodosylbenzene, there is a large gap in the literature about the unusual structure of the 

iodosylbenzene backbone, that can be studied using solid-state 17O NMR. 
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Figure 4.3 Gas phase structure of iodosylbenzene. Iodosylbenzene structural features are taken 

from (141) 

114o 2.04 Å 
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4.1.1 Project Motivations and Objectives 

Iodosylbenzene is a molecule is of interest because it is a representative model for a 

halogen bonded polymer chain and given the known characteristics that lead to strong halogen 

bonds, it is thought that iodosylbenzene has the potential to contain among the strongest known 

halogen bonds. A measure of the relative strength of a halogen bond is its length relative to the 

sum of the van der Waals radii of the bonded species. The measured halogen I…O bond length in 

iodosylbenzene is recorded as 2.37 Å,138 while the combined van der Waals radius of iodine        

(1.98 Å) and oxygen (1.52 Å) is 3.50 Å, leading to a difference in distances of 1.13 Å, or a decrease 

of 32%. This is much larger than the percent difference in bond length for halogen bonds, which 

is typically under 20%.142,143 Despite this discrepancy in bond lengths, iodosylbenzene has never 

been formally investigate as a candidate for containing the strongest halogen bonds. 

To date no 17O NMR studies have been performed on this molecule, so key structural 

information and energetic information on this structure (and on the nature of halogen bonding) 

could be discovered by using this technique. Finally, by synthesizing 17O-labelled iodosylbenzene, 

it becomes possible to easily transfer 17O atoms to other compounds, allowing for 17O NMR studies 

of molecules that have never been studied before.  

 The main objectives of this project involve studying iodosylbenzene using solid-state 17O 

NMR and computational methods to obtain novel information about the polymeric halogen-

bonded (PhIO)n backbone. Notably, to extract the orientation and magnitude of the 17O QC and 

CS tensors and to computationally quantify the iodine σ-hole. 
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4.2 Experimental Details 

 All common chemicals and solvents were purchased from Sigma-Aldrich (Oakville, ON). 

Water (40% 17O, 40% 18O, 20% 16O) was purchased from CortecNet (Voisons-Le-Bretonneux, 

France). 

Solid-state 17O NMR spectra were taken at 14.1 and 21.1 T, operating at the 17O Larmor 

frequencies of 81.38 and 122.02 MHz, respectively. Experiments performed at 14.1 T utilized a 4 

mm Bruker HX probe and samples were packed into 4 mm o.d. zirconia rotors. All experiments at 

21.1 T were performed by Dr. Victor Terskikh at the National Utrahigh-field NMR Facility for 

Solids (Ottawa, ON) using a home-built solenoid 5 mm HX static probe (PM#7) for static samples 

and a 3.2 mm MAS Bruker HX probe for MAS spectra, which was spun at 22 kHz. MAS samples 

were packed into 4 mm o.d. zirconia rotors. NMR spectra were analysed using Bruker Topspin 

2.0. SSNMR spectra were fitted using DMFit.94 Syntheses and confirmation of 17O enrichment 

levels in [17O]-iodosylbenzene are outlined in Chapter 2. 

 

4.3 Computational Methods  

 All quantum chemical calculations were performed using Gaussian 09104,105. The licensing 

for the software packages is provided by the Center for Advanced Computing (CAC) (Queen’s 

University, Kingston, ON). Calculations are submitted directly to the Frontenac Cluster. Typically, 

12 processors were used for each calculation. All optimizations and NMR calculations were 

performed for gas phase molecules. ChemCraft106 was used to convert between fractional and 

Cartesian coodinates, open .xyz files, and for the manual adjustment of Cartesian axes. All 

presented structural optimizations and NMR calculations were performed and all ESP maps were 

generated using B3LYP/6-311G(3df) and the GIAO method for all atoms.  
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4.4 Results 

4.4.1 Solid-State 17O NMR Results 

 The solid-state 17O NMR spectra for [17O]-iodosylbenzene were successfully measured at 

two magnetic fields, 14 and 21 T.  The solid-state 17O NMR spectrum of iodosylbenzene is 

depicted in Figure 4.4 and is largely featureless and difficult to interpret due to the second-order 

QC interaction, which cannot be completely averaged under MAS, which leads to increased 

spectral broadening.144,145 This broadening is enhanced by the dipolar interactions between oxygen 

and its neighboring I = 5/2 nucleus, iodine. However, an approximate fit was generated using the 

obtained spectra, allowing for the extraction of NMR parameters. As expected, the spectral 

resolution is improved and the line broadening is reduced as the magnetic field of the spectrometer 

is increased. Taking the solid-state 17O spectrum for iodosylbenzene at two different magnetic 

fields, and using MAS, allows for the fitting of NMR parameters. The isotropic shift was found to 

be 170 ppm, which is much higher than the isotropic shielding values found for halogen bonded 

17O atoms by Bryce et al. in the only prior solid-state 17O NMR study of halogen bonds.63 

Similarly, the experimentally derived CQ value (-8.8 MHz) for iodosylbenzene is much higher in 

magnitude than any of the values reported by Bryce et al..63 The sign of the CQ cannot be directly 

assigned from powder solid-state 17O NMR spectroscopy, but is assumed to be negative, based on 

the sign of the computed CQ value. Considering that the spectra are for 17O, it makes sense that the 

spectra are dominated by quadrupolar interactions, as the lineshapes are characteristic for a nucleus 

with ηQ = 0.5. All [17O]-iodosylbenzene NMR parameters are listed in Table 4.1. 
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Figure 4.4 Experimental (blue trace) and simulated (red trace) solid-State 17O NMR spectra 

of iodosylbenzene at two magnetic fields. 

 Method δ11 

(ppm) 

δ22 

(ppm) 

δ33 

(ppm) 

δiso 

(ppm) 

CQ 

(MHz) 

ηQ ∠IOI 

(o) 

rI=O 

(Å) 

rI…O 

(Å) 

Experimental 240 160 103 170 -8.8 0.5 114
137 2.04

137
 2.337

137 

Monomer 814 459 -43 410 -22.2 0.34 - 2.21 - 

Capped Trimer 457 207 11 226 -20.3 0.14 120 2.11 2.69 

  

  

Table 4.1 NMR and structural parameters for iodosylbenzene determined by solid-state 17O 

NMR experiments and NMR calculations.  

Figure 4.5 Iodosylbenzene capped trimer model. 
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 The problem with deriving an accurate model for iodosylbenzene is that no crystal structure 

for the species exists and the termini of the polymeric backbone are unknown. Groups have 

theorized that the chain terminates with either hydroxyl or water groups,139 but after numerous 

attempts at optimizing the structure with an array of methods, basis sets, and terminating 

molecules, no models delivering accurate 17O NMR results (Table 4.1) were obtained. The most 

accurate structural parameters were delivered by a ‘capped trimer’ model, referring to three 

consecutive halogen bonded iodosylbenzene units terminated on one end with OH2 and on the 

other end with H-O-H, but the calculated NMR parameters are not close to what was 

experimentally derived, so the model’s accuracy cannot be trusted. 

 

4.4.2 Computational Results 

 An important characteristic of halogen bonds is the σ-hole. It is known that a higher 

magnitude σ-hole (characterized by a localized center of electron deficiency along the px-lobe) 

leads to a stronger halogen bond. Thus by comparing the electronegativity of the σ-hole of the 

iodosylbenzene monomer to other known halogen bond donors, a qualitative idea of its ability to 

form halogen bonds can be made. The magnitude of the iodosylbenzene σ-hole was compared to 

that of a typical halogen bond donor (CH3-I) and a strong halogen bond donor (I-I).  

 

   

 

 

 

  

-0.020 

au 
0.046 

au 

σ-hole magnitude = 0.011 au   σ-hole magnitude = 0.032 au  σ-hole magnitude = 0.047 au 

Figure 4.6 σ-hole electronegativity of iodosylbenzene relative to methyl iodide and iodine dimer.  
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Figure 4.7 Plot comparing 127I QC tensor components calculated using ΔPii (with) and direct g09 

calculation methods.  

 As is represented in Figure 4.5, iodosylbenzene has a markedly higher σ-hole than one of 

the strongest halogen bond donors in I2.
124 This gives further qualitative evidence that 

iodosylbenzene may form the strongest known halogen bonds. It is to be noted, however, that the 

iodosylbenzene ESP maps were generated for a single gas phase unit (when in reality it exists as a 

solid cluster), so the validity of the ESP map is not clear.  

 More interestingly than calculating 17O ΔPii for iodosylbenzene, is computing ΔPii for the 

iodine atom in iodosylbenzene as a measure of its σ-hole. Iodine ΔPii and QC tensor components 

were computationally determined and compared for CH3I, I2, and iodosylbenzene with and without 

a halogen bond acceptor (H2O was used as a model halogen bond acceptor). Before this 

comparison could made, however, it had to be determined that QC tensors could be accurately 

calculated using ΔPii. This was done using the method outlined in Chapter 3.  127I QC tensor 

components were calculated using: 𝜒𝑖𝑖 =
3

2
𝜒𝑜𝛥𝑃𝑖𝑖  (with χ0 being treated as a scaling parameter 

= 2227 MHz), and direct g09 NMR calculation methods (with Q = -710 mb146) for 8 iodine nuclei.  
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 Judging from Figure 4.6, ΔPii can be used to calculate QC tensors, as the linearity of the 

relationship is higher than what was observed for 14N or 17O (R2 = 0.9859). With this in mind, this 

method could be used to compare the effect halogen bonding has on CQ(127I) . For the three model 

systems studied, CH3I, I2, and iodosylbenzene, ΔPzz was positioned along the halogen bond axis. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 The results presented in Table 4.2 are from preliminary calculations and much more work 

must be done relating ΔPii and the nature of halogen bonds. The ΔPii results are in line with the 

results obtained by Bryce et al.63 as the p-orbital population is decreased as the halogen bond is 

formed for all three systems. The CQ results however, are inconsistent as there is no firm trend 

 Without H2O  With H2O 

Molecule ΔPzz CQ (MHz)  ΔPzz CQ (MHz) 

CH3I -0.63 -1956  -0.64 -1910 

I2 -0.65 -2566  -0.67 -2586 

Iodosylbenzene -0.41 -1365  -0.45 -1490 

 

Table 4.2 Iodine valence p-orbital population anisotropies for methyl iodide, iodine dimer, and 

iodosylbenzene with and without a water halogen bond acceptor. ΔPii was determined using NBO 

calculations and CQ was determined using direct g09 NMR calculations.  

2.04 Å 2.377 Å 

2.76 Å 2.83 Å 2.18 Å 3.21 Å 

Figure 4.8 Halogen bonded adducts for methyl iodide (left), iodine dimer (center), and 

iodosylbenzene (right). Bond lengths for methyl iodide and iodine dimer were 

computationally determined, while iodosylbenzene bond lengths are from (137). 
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between the three studied systems. Clearly more work needs to be done on a larger array of halogen 

bonded adducts. 

 

4.5 Conclusions 

 Although due to the lack of accurate computational models, no connections between 

halogen bonds and QC tensors can be drawn, further evidence of iodosylbenzene containing 

among the strongest known halogen bonds has been established. From the obtained solid-state 17O 

NMR data, a CQ value of -8.8 MHz was determined. Evidence of iodosylbenzene containing very 

strong halogen bonds, however, was obtained by comparing the I…O bond length to the combined 

van der Waals radii of iodine and oxygen and by measuring the magnitude of the iodine σ-hole. 

The reduction in bond length, from the van der Waals radii to the true bond length, was found to 

be 32% which is extremely high for a halogen bond. As well, the magnitude of the iodine σ-hole 

(from single molecule gas phase calculations) was found to be 0.047 au., which is much higher 

than I2, which is a known strong halogen bond donor.  
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CHAPTER 5  
CONCLUSIONS AND FUTURE WORK 

 

 In this thesis, solid-state 17O NMR, direct g09 computational methods, and a novel adaption 

of the Townes-Dailey method were used to study the electronic structure of quadrupolar nuclei 

and relate the NMR tensor parameters to geometric structure. Solid-state 17O NMR and 

computational methods were used to study the susceptibility of epoxide electronic structure to 

substituent effects and geometry. By comparing the measured and calculated 17O NMR parameters 

of [17O]-(2S*,3S*)-2,3-bis(4-nitrophenyl)oxirane, [17O]-(2S*,3R*)-2,3-bis(4-

nitrophenyl)oxirane, and [17O]-2,2,3-triphenyloxirane it was found that the regiochemistry, 

symmetry, and electronic effects of epoxide residues have little effect on the magnitude and 

orientation of the QC or CS tensors or epoxide structural parameters. The susceptibility of ethereal 

electronic structure to bond geometry was studied by comparing the magnitude and orientation of 

QC and CS tensors in dimethyl ether and ethylene oxide and how these parameters were altered 

by constraining the dimethyl ether C-O-C bond angle. For CS it was found that all tensors were 

oriented varyingly between dimethyl ether and ethylene oxide, but as the dimethyl ether C-O-C 

bond angle was constrained below 100o, the tensor orientations aligned with what was observed in 

ethylene oxide, indicating a strong dependence on geometry. For QC, the χxx and χyy tensor 

orientations were reversed for the two molecules. As the dimethyl ether bond angle was 

constrained below 80o, however, the tensors were oriented identically as was observed in ethylene 

oxide, indicating a strong geometric dependence. The relations between the dimethyl ether QC 

tensors followed the trend established by Grandinetti and Clark for Si-O-Si bonding 

situations.14,12,11 
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 A new model directly relating p-orbital occupations to QC tensor components was 

developed to simplify QC tensor visualization. Valence p-orbital populations were computed using 

NAOs. The method/basis set combination that were used to create the NAOs did not affect the 

computational agreement between QC tensors calculated using this method and direct g09 NMR 

calculation methods. The QC tensors calculated using ΔPii and direct calculation methods were 

compared to experimentally derived values for three epoxides and the methods delivered results 

with comparable accuracy. This suggests that this simple method is feasible for calculating QC 

tensors. This is an especially salient result, considering that past adaptions to the Townes-Dailey 

method for calculating QC tensors using geometric arguments failed when the C-O-C bond angle 

decreased below 90o,10 however, it was found that by using this simple model based on ΔPii, the 

QC tensor values could be accurately calculated, regardless of orbital or molecular geometries. 

This newly developed model proved to effectively model QC tensors for both 14N and 17O nuclei. 

ΔPii was visualized using ellipsoid models to pictorially represent the local electronic structures 

for quadrupolar nuclei in different functional groups. These representations should aid in 

predicting candidate sites and orientations for nucleophilic and electrophilic coordination, thus 

aiding in the understanding of reaction mechanisms. 

 Containing all of the expected features of a strong halogen-bonded system, the electronic 

structure of the halogen bonded backbone of iodosylbenzene was studied using solid-state 17O 

NMR and computational methods. The measured 17O CQ is -8.8 MHz. Two key evidences of 

iodosylbenzene containing one of the strongest halogen bonds were found. First, the true halogen 

bond length in iodosylbenzene represents a 32% decrease from the sum of the oxygen and iodine 

van der Waals radii, which is among the largest recorded differences. As well, it was 

computationally demonstrated that the iodosylbenzene iodine σ-hole had higher magnitude than a 
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known strong iodine halogen bond donor, thus further attention should be given to iodosylbenzene 

as a candidate for containing the strongest halogen bonds. 

 A synthetic/solid-state 17O NMR goal for this project as it continues on, is to extend the 

study outlined in Chapter 2 to biological epoxides. As discussed in Section 2.1, the interaction 

between gypsy moth pheromone-binding proteins and sex attractant pheromones are 

enantioselective.71 The source of the enantiopreference of (+)-disparlure over (-)-disparlure is not 

known. By labelling (+/-)-disparlure epoxide with 17O and performing solid-state 17O NMR 

spectroscopic measurements on the compounds, the orientation/magnitude of the QC tensors of 

the regioisomers can be determined and potentially linked to the enantioselectivity of the 

recognition process. 

 To further test the newly developed adaption to the Townes-Dailey model, we wish to 

compare 14N and 17O QC tensors calculated using ΔPii and direct calculation methods to tensors 

measured using SSNMR spectroscopy, particularly for systems that contain functionalities that the 

Townes-Dailey method has difficulties in handling. This includes aromatic systems, hydrogen 

bonded systems, and systems involving non-symmetric electronegative molecular remainders 

(thus making the quadrupolar nucleus prone to Sternheimer shielding). This would serve as a 

useful measure of the limitations of the model and would determine if the method is a feasible 

alternative to using direct g09 NMR calculations. As well, the effect that different molecular 

remainders have on ΔPii would be a useful measure to have. This would be determined by 

performing calculations on a series of identical functional groups with different residues and 

comparing ΔPii for the respective nuclei. It would also be useful to extend this model to further 

quadrupolar nuclei to determine if the new model is universally applicable. 
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 Finally, to complete the investigation on iodosylbenzene, a crystal structure should be 

obtained for the species, thus allowing for a complete computational investigation. This is non-

trivial, as iodosylbenzene is insoluble in all common solvents. A remedy to this may be using 

chelating metals136, crown ethers or by functionalizing the aromatic ring135 to increase its 

solubility. Alternatively, periodic calculations could be performed on iodosylbenzene to mimic its 

structure in the solid-state, which could be another option to determine its long range structure. 
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APPENDIX I: SUPPLEMENTARY CRYSTALLOGRAPHIC DATA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atom U11 U22 U33 U23 U13 U12 

O(1) 26(1) 39(1) 28(1) -11(1) 1(1) -6(1) 

O(2) 72(1) 25(1) 47(1) -6(1) -16(1) -8(1) 

O(3) 51(1) 42(1) 31(1) -15(1) -1(1) -7(1) 

O(4) 28(1) 43(1) 58(1) -17(1) -1(1) -9(1) 

O(5) 41(1) 32(1) 46(1) -19(1) -4(1) -2(1) 

N(1) 28(1) 27(1) 35(1) -10(1) -6(1) 1(1) 

N(2) 31(1) 28(1) 26(1) -6(1) -2(1) -5(1) 

C(1) 24(1) 24(1) 29(1) -7(1) -6(1) 1(1) 

C(2) 31(1) 25(1) 30(1) -1(1) -6(1) -5(1) 

C(3) 32(1) 30(1) 23(1) -2(1) -4(1) -5(1) 

C(4) 24(1) 25(1) 27(1) -4(1) -6(1) -2(1) 

C(5) 38(1) 26(1) 27(1) -2(1) -3(1) -9(1) 

C(6) 35(1) 31(1) 23(1) -4(1) -3(1) -6(1) 

C(7) 31(1) 25(1) 25(1) -4(1) -4(1) -2(1) 

C(8) 25(1) 26(1) 24(1) -5(1) -1(1) -2(1) 

C(9) 26(1) 25(1) 19(1) -4(1) -2(1) -2(1) 

C(10) 28(1) 25(1) 31(1) -9(1) -1(1) 1(1) 

C(11) 22(1) 31(1) 30(1) -7(1) -1(1) -1(1) 

C(12) 27(1) 25(1) 20(1) -4(1) -2(1) -4(1) 

C(13) 28(1) 24(1) 22(1) -5(1) -2(1) 2(1) 

C(14) 23(1) 28(1) 23(1) -5(1) -3(1) 0(1) 

 

Table A1 Anisotropic displacement parameters (Å2 x 103) for Compound 2. The anisotropic 

displacement factor exponent takes the form: [-22(h2a*2U11 + k2b*2U22 + l2c*2U33 + 2klb*c*U23 

+ 2hla*c*U13 + 2hka*b*U12)] 



95 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Atom x y z Ueq 

H(2) 8200 11393 3346 35 

H(3) 7896 9328 2216 34 

H(5) 6625 5891 5287 36 

H(6) 6909 7951 6421 36 

H(7) 7110(20) 4900(20) 3330(15) 34(4) 

H(8) 4950(20) 7770(20) 1842(14) 27(4) 

H(10) 1961 6638 1830 34 

H(11) 360 4566 1349 33 

H(13) 5302 1453 926 30 

H(14) 6888 3515 1441 30 

 

Table A2 Hydrogen coordinates (x 104) and isotropic displacement parameters (Å2 x 103) 

for Compound 2. 
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Atoms Torsion Angle 

O(3)-N(1)-C(1)-C(2) -174.92(13) 

O(2)-N(1)-C(1)-C(2) 4.70(19) 

O(3)-N(1)-C(1)-C(6) 5.66(19) 

O(2)-N(1)-C(1)-C(6) -174.72(13) 

C(6)-C(1)-C(2)-C(3) 1.2(2) 

N(1)-C(1)-C(2)-C(3) -178.18(12) 

C(1)-C(2)-C(3)-C(4) 0.2(2) 

C(2)-C(3)-C(4)-C(5) -1.8(2) 

C(2)-C(3)-C(4)-C(7) 176.74(13) 

C(3)-C(4)-C(5)-C(6) 2.0(2) 

C(7)-C(4)-C(5)-C(6) -176.56(13) 

C(2)-C(1)-C(6)-C(5) -1.0(2) 

N(1)-C(1)-C(6)-C(5) 178.37(12) 

C(4)-C(5)-C(6)-C(1) -0.6(2) 

C(8)-O(1)-C(7)-C(4) -111.99(14) 

C(5)-C(4)-C(7)-O(1) -166.30(12) 

C(3)-C(4)-C(7)-O(1) 15.13(19) 

C(5)-C(4)-C(7)-C(8) 125.20(15) 

C(3)-C(4)-C(7)-C(8) -53.37(19) 

C(7)-O(1)-C(8)-C(9) -112.38(14) 

C(4)-C(7)-C(8)-O(1) 104.78(14) 

O(1)-C(7)-C(8)-C(9) 104.07(14) 

C(4)-C(7)-C(8)-C(9) -151.14(13) 

O(1)-C(8)-C(9)-C(14) 15.45(19) 

C(7)-C(8)-C(9)-C(14) -52.82(18) 

O(1)-C(8)-C(9)-C(10) -163.18(12) 

C(7)-C(8)-C(9)-C(10) 128.55(14) 

C(14)-C(9)-C(10)-C(11) 0.9(2) 

C(8)-C(9)-C(10)-C(11) 179.59(13) 

C(9)-C(10)-C(11)-C(12) -0.6(2) 

C(10)-C(11)-C(12)-

C(13) 

-0.3(2) 

C(10)-C(11)-C(12)-N(2) 179.20(12) 

O(5)-N(2)-C(12)-C(13) -6.98(19) 

O(4)-N(2)-C(12)-C(13) 172.18(12) 

O(5)-N(2)-C(12)-C(11) 173.47(13) 

O(4)-N(2)-C(12)-C(11) -7.37(19) 

C(11)-C(12)-C(13)-

C(14) 

0.9(2) 

N(2)-C(12)-C(13)-C(14) -178.65(12) 

C(12)-C(13)-C(14)-C(9) -0.5(2) 

C(10)-C(9)-C(14)-C(13) -0.4(2) 

C(8)-C(9)-C(14)-C(13) -179.00(12) 

 

Table A3 Selected torsion angles (o) for Compound 2. 
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APPENDIX II: CALIBRATION PLOTS FOR QC TENSOR COMPONENTS 

CALCULATED USING ΔPii AND DIRECT G09 NMR CALCULATION METHODS 

 

 

 

 

 

 
     Modified Townes Dailey 

 
Direct Calculation 

Basis Set 
Compound AvgP ΔPxx ΔPyy ΔPzz 

χxx 
(MHz) 

χyy 
(MHz) 

χzz 
(MHz) 

 χxx 
(MHz) 

χyy 

(MHz) 
χzz 

(MHz) 

STO-3G 
Diazomethane N=C 1.216 0.047 0.060 -0.107 -0.783 -0.999 1.782 

 
-1.323 -1.363 2.686 

                        N=N 1.071 -0.057 -0.306 0.363 0.951 5.089 -6.040 
 

2.324 3.606 -5.929 

Cyanide 1.280 -0.078 -0.078 0.156 1.299 1.300 -2.597 
 

0.748 0.748 -1.496 

Nitric Acid 1.112 -0.071 -0.109 0.181 1.182 1.815 -3.014 
 

1.009 1.750 -2.758 

Dinitrogen 1.073 -0.073 -0.073 0.145 1.215 1.207 -2.414 
 

0.538 0.538 -1.076 

Nitrous Oxide N=N 1.176 0.081 0.081 -0.162 -1.346 -1.346 2.692 
 

-1.592 -1.592 3.183 

                        N=O 1.048 0.078 0.078 -0.105 -1.295 -1.299 1.745 
 

-1.539 -1.539 3.078 

Nitrogen Trifluoride 1.006 -0.156 -0.156 0.312 2.603 2.600 -5.203 
 

2.217 2.214 -4.431 

6-

311G(3df) Diazomethane N=C 1.272 0.016 0.017 -0.033 -0.322 -0.342 0.663  -0.318 -0.341 0.659 

                        N=N 1.139 0.124 0.209 -0.333 -2.492 -4.201 6.693  -2.500 -4.201 6.697 

Cyanide 1.370 -0.119 -0.119 0.237 2.383 2.383 -4.766  2.383 2.383 -4.766 

Nitric Acid 1.068 -0.041 -0.056 0.098 0.824 1.126 -1.970  0.833 1.130 -1.963 

Dinitrogen 1.116 -0.121 -0.121 0.241 2.432 2.432 -4.844  2.430 2.430 -4.852 

Nitrous Oxide N=N 1.183 0.030 0.030 -0.060 -0.603 -0.603 1.206  -6.050 -0.605 1.210 

                        N=O 1.149 -0.043 -0.043 0.087 0.864 0.864 -1.749  0.872 0.872 -1.745 

Nitrogen Trifluoride 0.905 -0.201 -0.201 0.403 4.040 4.040 -8.100  4.045 4.045 -8.091 

6-

311++G(3

df,3pd) 

Diazomethane N=C 1.269 0.017 0.018 -0.035 -0.309 -0.327 0.635  0.295 0.960 -1.255 

N=N 1.138 0.111 0.213 -0.325 -2.015 -3.866 5.899  -1.918 -3.814 5.732 

Cyanide 1.372 -0.111 -0.111 0.222 2.015 2.015 -4.029  2.293 2.293 -4.586 

Nitric Acid 1.073 -0.037 -0.052 0.088 0.672 0.944 -1.597  -0.052 -1.125 1.178 

Dinitrogen 1.115 -0.120 -0.120 0.240 2.178 2.178 -4.356  2.887 2.887 -5.774 

Nitrous Oxide N=N 1.184 0.026 0.026 -0.052 -0.474 -0.474 0.949  0.181 0.181 -0.362 

                        N=O 1.161 -0.028 -0.028 0.056 0.512 0.512 -1.025  0.492 0.492 -0.983 

Nitrogen Trifluoride 0.915 -0.199 -0.199 0.399 3.617 3.617 -7.233  3.711 3.711 -7.422 

 

 

 

 

Table A4 ΔPii
 values and 14N QC tensor components calculated using ΔPii and direct NMR 

calculation methods for selected molecules using B3LYP. 
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Table A5 ΔPii
 values and 14N QC tensor components calculated using ΔPii and direct NMR 

calculation methods for selected molecules using M062X. 

 

 
     Modified Townes Dailey 

 
Direct Calculation 

Basis Set 
Compound AvgP ΔPxx ΔPyy ΔPzz 

χxx 
(MHz) 

χyy 
(MHz) 

χzz 
(MHz) 

 χxx 
(MHz) 

χyy 

(MHz) 
χzz 

(MHz) 

STO-3G 
Diazomethane N=C 1.217 0.033 0.065 -0.098 -0.540 -1.063 1.602  -0.975 -1.602 2.577 

                        N=N 1.077 -0.045 -0.337 0.382 0.736 5.510 -6.246  2.228 4.006 -6.234 

Cyanide 1.284 -0.081 -0.081 0.162 1.322 1.322 -2.644  0.778 0.778 -1.556 

Nitric Acid 1.107 -0.073 -0.081 0.154 1.194 1.324 -2.518  1.072 1.295 -2.366 

Dinitrogen 1.077 -0.077 -0.077 0.154 1.255 1.255 -2.511  0.572 0.572 -1.144 

Nitrous Oxide N=N 1.170 0.066 0.066 -0.132 -1.078 -1.078 2.156  -1.367 -1.367 2.734 

                        N=O 1.082 0.037 0.037 -0.074 -0.601 -0.601 1.202  -1.381 -1.381 2.763 

Nitrogen Trifluoride 1.016 -0.176 -0.176 0.352 2.882 2.879 -5.761  2.526 2.523 -5.049 

6-

311G(3df) Diazomethane N=C 1.266 0.001 0.027 -0.028 -0.017 -0.485 0.502  0.786 0.917 -1.702 

                        N=N 1.140 0.133 0.207 -0.340 -2.409 -3.760 6.169  -2.104 -3.650 5.753 

Cyanide 1.372 -0.121 -0.121 0.242 2.196 2.196 -4.392  2.526 2.526 -5.052 

Nitric Acid 1.056 -0.022 -0.053 0.075 0.395 0.964 -1.359  0.672 0.982 -1.655 

Dinitrogen 1.118 -0.123 -0.123 0.246 2.231 2.231 -4.462  2.958 2.958 -5.917 

Nitrous Oxide N=N 1.173 0.021 0.021 -0.042 -0.378 -0.378 0.755  0.499 0.499 -0.998 

                        N=O 1.149 -0.049 -0.049 0.099 0.898 0.898 -1.797  0.664 0.664 -1.327 

Nitrogen Trifluoride 0.915 -0.218 -0.218 0.437 3.962 3.962 -7.924  4.021 4.021 -8.042 

6-

311++G(3

df,3pd) 

Diazomethane N=C 1.264 0.001 0.030 -0.031 -0.020 -0.608 0.628  0.772 0.927 -1.699 

                        N=N 1.139 0.120 0.212 -0.332 -2.430 -4.293 6.723  -2.191 -3.480 5.671 

Cyanide 1.374 -0.114 -0.114 0.229 2.309 2.309 -4.637  2.390 2.390 -4.779 

Nitric Acid 1.061 -0.017 -0.049 0.066 0.347 0.998 -1.345  0.648 0.980 -1.628 

Dinitrogen 1.117 -0.122 -0.122 0.244 2.472 2.472 -4.945  2.930 2.930 -5.860 

Nitrous Oxide N=N 1.173 0.017 0.017 -0.034 -0.341 -0.341 0.682  0.481 0.481 -0.962 

                        N=O 1.143 -0.043 -0.043 0.086 0.874 0.874 -1.747  0.694 0.694 -1.388 

Nitrogen Trifluoride 0.925 -0.216 -0.216 0.433 4.384 4.384 -8.768  3.979 3.978 -7.957 
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Table A6 ΔPii
 values and 14N QC tensor components calculated using ΔPii and direct NMR 

calculation methods for selected molecules using HF. 

 

 
     Modified Townes Dailey 

 
Direct Calculation 

Basis Set 

Compound AvgP ΔPxx ΔPyy ΔPzz 

χxx 

(MHz) 

χyy 

(MHz) 

χzz 

(MHz) 

 χxx 

(MHz) 

χyy 

(MHz) 

χzz 

(MHz) 

STO-3G 
Diazomethane N=C 1.227 -0.072 -0.089 0.160 1.112 1.375 -2.472  0.494 2.574 -3.070 

                        N=N 1.085 -0.022 -0.467 0.488 0.333 7.212 -7.545  1.994 5.742 -7.735 

Cyanide 1.304 -0.085 -0.085 0.169 1.308 1.308 -2.615  0.784 0.784 -1.568 

Nitric Acid 1.085 -0.023 -0.073 0.096 0.355 1.128 -1.483  0.382 1.124 -1.506 

Dinitrogen 1.090 -0.090 -0.090 0.180 1.393 1.393 -2.785  0.702 0.702 -1.404 

Nitrous Oxide N=N 1.145 0.028 0.028 -0.057 -0.440 -0.440 0.880  -0.825 -0.825 1.649 

                        N=O 1.090 -0.005 -0.005 0.009 0.070 0.070 -0.141  -0.848 -0.848 1.695 

Nitrogen Trifluoride 1.028 -0.213 -0.213 0.425 3.286 3.283 -6.569  3.095 3.097 -6.192 

6-
311G(3df) Diazomethane N=C 1.262 0.013 0.052 -0.065 -0.281 -1.123 1.404  0.192 2.320 -2.510 

                        N=N 1.148 0.159 0.246 -0.405 -3.434 -5.314 8.748  -2.930 -4.180 7.110 

Cyanide 1.392 -0.120 -0.120 0.240 2.591 2.591 -5.182  2.712 2.712 -5.425 

Nitric Acid 1.020 0.014 0.023 -0.037 -0.300 -0.497 0.799  0.522 2.370 -2.894 

Dinitrogen 1.126 -0.133 -0.133 0.266 2.872 2.872 -5.743  3.314 3.314 -6.628 

Nitrous Oxide N=N 1.149 -0.004 -0.004 0.007 0.081 0.081 -0.161  1.163 1.163 -2.326 

                        N=O 1.158 -0.066 -0.066 0.133 1.435 1.435 -2.870  1.190 1.190 -2.380 

Nitrogen Trifluoride 0.919 -0.251 -0.251 0.502 5.422 5.422 -10.845  4.839 4.838 -9.678 

6-

311++G(3
df,3pd) 

Diazomethane N=C 1.260 0.008 0.057 -0.065 -0.174 -1.240 1.414  0.235 2.279 -2.514 

                        N=N 1.145 0.146 0.247 -0.393 -3.176 -5.372 8.548  -3.050 -3.935 6.985 

Cyanide 1.395 -0.113 -0.113 0.225 2.451 2.451 -4.902  2.635 2.635 -5.269 

Nitric Acid 1.025 0.007 0.027 -0.034 -0.152 -0.587 0.740  0.509 2.352 -2.861 

Dinitrogen 1.125 -0.132 -0.132 0.264 2.867 2.867 -5.734  3.300 3.300 -6.600 

Nitrous Oxide N=N 1.150 -0.008 -0.008 0.015 0.165 0.165 -0.330  1.139 1.139 -2.278 

                        N=O 1.152 -0.060 -0.060 0.121 1.312 1.312 -2.623  1.220 1.201 -2.440 

Nitrogen Trifluoride 0.927 -0.249 -0.249 0.498 5.420 5.420 -10.840  4.807 4.807 -9.614 
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Table A7 ΔPii
 values and 17O QC tensor components calculated using ΔPii and direct NMR 

calculation methods for selected molecules using B3LYP. 

 

 
     Modified Townes Dailey 

 
Direct Calculation 

Basis Set 
Compound AvgP ΔPxx ΔPyy ΔPzz 

χxx 
(MHz) 

χyy 
(MHz) 

χzz 
(MHz) 

 χxx 
(MHz) 

χyy 

(MHz) 
χzz 

(MHz) 

STO-3G 
Ethylene Oxide 1.427 -0.203 -0.308 0.511 -6.305 -9.569 15.874  -6.469 -9.669 16.138 

Dimethyl Ether 1.458 -0.082 -0.385 0.466 -2.531 -11.948 14.479  -1.429 -13.327 14.753 

Water 1.505 -0.135 -0.360 0.495 -4.187 -11.192 15.379  -1.649 -14.427 16.076 

Furan 1.450 0.113 0.162 -0.275 3.498 5.030 -8.528  3.193 6.172 -9.365 

Carbon Monoxide 1.458 -0.031 -0.031 0.061 -0.951 -0.951 1.903  -0.306 -0.306 0.612 

Formaldehyde 1.451 -0.071 -0.355 0.425 -2.192 -11.016 13.208  -5.031 -8.816 13.847 

Hypofluorite 1.565 0.435 0.435 -0.871 13.519 13.519 -27.038  12.164 12.164 -24.328 

6-

311G(3df) Ethylene Oxide 1.590 -0.153 -0.190 0.343 -5.721 -7.106 12.828  -5.296 -9.237 14.113 

Dimethyl Ether 1.645 0.044 0.268 -0.312 1.655 10.008 -11.663  -0.571 -11.694 12.265 

Water 1.708 -0.017 -0.269 0.285 -4.187 -10.033 10.660  -0.609 -9.904 10.514 

Furan 1.610 0.099 0.126 -0.226 3.711 4.712 -8.422  3.609 4.729 -8.338 

Carbon Monoxide 1.575 -0.043 -0.043 0.086 -1.606 -1.606 3.212  -2.310 -2.310 4.610 

Formaldehyde 1.588 -0.009 -0.279 0.288 -0.343 -10.430 10.774  -1.930 -10.950 12.880 

Hypofluorite 1.554 0.445 0.445 -0.891 16.635 16.635 -33.270  15.492 15.492 -30.983 

6-
311++G(3

df,3pd) 

Ethylene Oxide 1.604 -0.143 -0.176 0.319 -0.338 -0.416 0.754  -4.876 -9.237 14.113 

Dimethyl Ether 1.653 0.040 0.267 -0.308 0.095 0.631 -0.728  -0.571 -11.694 12.265 

Water 1.721 -0.008 -0.262 0.270 -0.019 -0.619 0.638  -0.609 -9.904 10.513 

Furan 1.611 0.098 0.125 -0.223 0.232 0.295 -0.527  3.609 4.729 -8.338 

Carbon Monoxide 1.575 -0.043 -0.043 0.086 -0.102 -0.102 0.203  -2.237 -2.237 4.475 

Formaldehyde 1.588 -0.009 -0.279 0.288 -0.022 -0.660 0.682  -1.918 -10.740 12.658 

Hypofluorite 1.552 0.448 0.448 -0.896 1.059 1.059 -2.117  15.812 15.812 -31.625 
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Table A8 ΔPii
 values and 17O QC tensor components calculated using ΔPii and direct NMR 

calculation methods for selected molecules using M062X. 

 

 
     Modified Townes Dailey 

 
Direct Calculation 

Basis Set 

Compound AvgP ΔPxx ΔPyy ΔPzz 

χxx 

(MHz) 

χyy 

(MHz) 

χzz 

(MHz) 

 χxx 

(MHz) 

χyy 

(MHz) 

χzz 

(MHz) 

STO-3G 
Ethylene Oxide 1.439 -0.228 -0.267 0.495 -7.120 -8.317 15.437  -7.287 -8.583 15.870 

Dimethyl Ether 1.470 -0.069 -0.393 0.462 -2.153 -12.262 14.414  -2.425 -12.706 15.131 

Water 1.515 -0.119 -0.366 0.485 -3.713 -11.419 15.132  -4.159 -12.537 16.696 

Furan 1.459 0.098 0.187 -0.285 3.054 5.834 -8.892  2.760 6.987 -9.747 

Carbon Monoxide 1.465 -0.033 -0.033 -0.067 -1.030 -1.030 -2.090  0.093 0.093 -0.186 

Formaldehyde 1.446 -0.102 -0.350 0.453 -3.182 -10.920 14.134  -5.787 -8.703 14.490 

Hypofluorite 1.570 0.430 0.430 -0.860 13.416 13.416 -26.832  12.145 12.145 -24.290 

6-

311G(3df) Ethylene Oxide 1.602 -0.132 -0.138 0.316 -4.930 -5.169 11.803  -5.296 -9.237 14.113 

Dimethyl Ether 1.650 0.045 0.270 -0.315 1.681 10.085 -11.765  -0.571 -11.694 12.265 

Water 1.713 -0.013 -0.268 0.281 -0.486 -10.010 10.495  -0.609 -9.904 10.514 

Furan 1.618 0.089 0.138 -0.228 3.324 5.154 -8.516  3.609 4.729 -8.338 

Carbon Monoxide 1.578 -0.048 -0.048 0.096 -1.793 -1.793 3.586  -2.310 -2.310 4.610 

Formaldehyde 1.590 0.001 0.294 -0.295 0.037 10.981 -11.018  -1.930 -10.950 12.880 

Hypofluorite 1.561 0.438 0.438 -0.877 16.377 16.377 -32.754  15.492 15.492 -30.983 

6-

311++G(3

df,3pd) 

Ethylene Oxide 1.609 -0.134 -0.183 0.317 -4.844 -6.615 11.460  -5.915 -7.445 13.359 

Dimethyl Ether 1.657 0.042 0.269 -0.311 1.518 9.724 -11.243  -0.290 -11.430 11.720 

Water 1.723 -0.006 -0.262 0.268 -0.217 -9.471 9.688  -1.097 -9.373 10.470 

Furan 1.631 0.076 0.162 -0.238 2.747 5.856 -8.604  3.780 4.373 -8.153 

Carbon Monoxide 1.579 -0.046 -0.046 0.091 -1.653 -1.653 3.305  -2.596 -2.596 5.192 

Formaldehyde 1.591 -0.005 -0.289 0.294 -0.192 -10.443 10.635  -1.524 -11.383 12.907 

Hypofluorite 1.563 0.436 0.436 -0.872 15.758 15.758 -31.515  14.289 14.289 -28.578 
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Table A9 ΔPii
 values and 17O QC tensor components calculated using ΔPii and direct NMR 

calculation methods for selected molecules using HF. 

 

 
     Modified Townes Dailey 

 
Direct Calculation 

Basis Set 
Compound AvgP ΔPxx ΔPyy ΔPzz 

χxx 
(MHz) 

χyy 
(MHz) 

χzz 
(MHz) 

 χxx 
(MHz) 

χyy 

(MHz) 
χzz 

(MHz) 

STO-3G 
Ethylene Oxide 1.459 -0.239 -0.251 0.490 -7.507 -7.870 15.377  -7.699 -8.281 15.979 

Dimethyl Ether 1.492 -0.039 -0.416 0.455 -1.223 -13.042 14.264  -1.530 -13.605 15.127 

Water 1.531 -0.085 -0.384 1.531 -2.665 -12.038 47.997  -3.117 -13.260 16.377 

Furan 1.488 0.093 0.226 -0.320 2.916 7.085 -10.032  2.692 8.246 -10.939 

Carbon Monoxide 1.495 -0.028 -0.028 0.056 -0.874 -0.874 1.749  0.369 0.369 -0.738 

Formaldehyde 1.463 -0.092 -0.364 0.456 -2.879 -11.418 14.297  -5.667 -9.144 14.812 

Hypofluorite 1.558 0.442 0.442 -0.884 13.855 13.855 -27.709  12.481 12.481 -24.962 

6-

311G(3df) Ethylene Oxide 1.624 -0.124 -0.183 0.307 -4.724 -6.972 11.697  -6.410 -7.110 13.514 

Dimethyl Ether 1.670 0.055 0.264 -0.319 2.103 10.058 -12.154  0.304 11.755 -12.059 

Water 1.718 -0.002 -0.274 0.276 -0.076 -10.439 10.516  -0.963 -10.630 11.592 

Furan 1.644 0.118 0.127 -0.245 4.496 4.839 -9.335  4.185 4.817 -9.002 

Carbon Monoxide 1.608 -0.040 -0.040 0.081 -1.524 -1.524 3.086  -2.515 -2.515 5.029 

Formaldehyde 1.616 -0.008 -0.273 0.281 -0.305 -10.401 10.706  -1.486 -11.566 13.052 

Hypofluorite 1.532 0.468 0.468 -0.935 17.815 17.815 -35.630  16.489 16.489 -32.978 

6-

311++G(3

df,3pd) 

Ethylene Oxide 1.631 -0.125 -0.181 0.306 -4.688 -6.788 11.475  -6.123 -7.224 13.347 

Dimethyl Ether 1.677 0.052 0.261 -0.313 1.950 9.788 -11.738  0.196 11.676 -11.872 

Water 1.734 -0.004 -0.254 0.259 -0.150 -9.525 9.713  -0.679 -9.725 10.404 

Furan 1.646 0.116 0.128 -0.243 4.350 4.800 -9.113  4.130 4.778 -8.908 

Carbon Monoxide 1.609 -0.038 -0.038 0.076 -1.419 -1.419 -2.470  -2.470 4.940 5.192 

Formaldehyde 1.617 -0.014 -0.266 0.280 -0.537 -9.974 -1.503  -11.417 -11.383 12.920 

Hypofluorite 1.534 0.465 0.465 -0.930 17.432 17.432 -34.864  15.967 15.967 -31.935 

 

 

 

 


