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Abstract 

Supramolecular chemistry explores the use of intermolecular noncovalent bonds, focusing 

on entities formed by associating multiple chemical species to construct supramolecular 

assemblies. Among these bonds, the halogen bond (XB) has attracted significant interest for its 

role in shaping these assemblies. The presence of the σ-hole positioned opposite to a C-X 

covalent bond (X most commonly being I, Br, or Cl) endows the halogen bond with exceptional 

directional and tunable properties. This feature appeals to crystal engineers aiming for precise 

control in molecular assemblies. Advances in the areas of crystal engineering and crystal 

structure prediction have paved the pathway for innovative applications harnessing halogen 

bonding. These applications span diverse fields such as catalysis, liquid crystals, drug delivery, 

protein-ligand complexes, pharmaceutical science, functional materials, molecular gyroscopes, 

and dynamics involved in these different systems, showcasing the vast potential of exploiting 

the halogen bonding. Dynamics, with its ubiquitous presence in nature has long captivated 

researchers driving their pursuit to understand and decipher the intricate rate of reactions 

unravelling the complexities of chemical kinetics and gain insights into how reactions occur at 

the molecular level. Dynamic processes play a crucial role in dictating the functionality of 

various materials. 

This thesis examines the halogen bond, its nature, its role in supramolecular assembly, and 

impact on molecular dynamics. We also explore synthetic methods for materials dependent on 

this interaction, and investigate the modulation of methyl rotational dynamics, shedding light 

on the influence of noncovalent halogen bonds in these dynamics. Our exploration commences 

with the design and synthesis of a novel series of cocrystalline architectures incorporating 

halogen bonds to deuterated tetramethylpyrazine (TMP) utilizing gas phase, solution, and solid 

state mechanochemical methods. Powder X-ray diffraction methods are used to confirm the 
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phase purity of these samples. We have successfully solved the single crystal X-ray structures 

of this novel series featuring a cocrystal involving molecular bromine as well as weak chloro 

halogen bond (XB) donors, which serve as strong directional structural directing elements. We 

have made use of static deuterium solid-state NMR experiments over a wide range of 

temperatures to measure T1 time constants and then calculated the rotational barrier of methyl 

groups located near the halogen bond. The experimentally determined methyl rotational 

activation energy (Ea) for the range of halogen bonded cocrystals, when compared to the 

halogen bond acceptor reference molecule, reveals a significant reduction in the energy barrier 

upon the introduction of the halogen bond. Computational studies employing linear transit 

calculations have shown that electronic factors significantly influence the Ea calculated for the 

XB systems examined here. Furthermore, careful consideration of satellite atoms positioned 

around the methyl groups also impacts Ea, by acting as a steric factor. Our meticulous 

examination of the average number of carbon-carbon close contacts to the methyl group, a 

pivotal steric factor, has rationalized the observed trends in the chloro-, bromo- and iodo- XB 

series. This finding offers an excellent approach to potentially understanding and controlling 

the dynamics in molecular machines, supramolecular catalysts, and biochemical systems. By 

modulating the number of carbon-carbon close contacts by altering the stoichiometry of 

designed cocrystal synthons while maintaining the core chemical features, new opportunities 

to design complex geared or cascade dynamics involving larger functional groups found in e.g., 

metal-organic frameworks, engineered rotors, protein and enzymes are created. 

The role of the halogen bond in crystal engineering was then further explored.  We report 

another novel cocrystal of 2,3,5,6-tetramethylpyrazine and 1,3,4,5-tetrabromo-2,6-

difluorobenzene showcasing type II halogen bonding. We have studied the structural features 

of this system using single crystal X-ray diffraction and computations. Infinite chains of 

approximately coplanar donor and acceptor molecules are held by Br…N halogen bonds and 
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bromine in positions 3 and 5 of the halogen bond donor molecule acts simultaneously as a 

halogen bond donor and acceptor. This results in a herringbone arrangement of the infinite 

chains influenced by crystal packing; halogen bond strength and pedal motion ability suggests 

potential for greater thermal expansion. The findings underscore the significance of developing 

novel aromatic-based solids specifically crafted for electronic applications.
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Part 1: Objectives and Introduction 

Objectives 

This dissertation aims to explore halogen bonding, focusing on its impact on structure and on 

rotational dynamics within halogen-bonded cocrystals. The overall objective entails elucidating 

the underlying factors contributing to rotational barriers in these cocrystals through the strategic 

design of novel structures via crystal engineering methodologies. The investigation utilizes solid-

state NMR and X-ray crystallography for a comprehensive study. 

Halogen bonds represent a class of noncovalent interactions that play pivotal roles in various 

research fields including crystal engineering, functional materials, molecular machines, 

pharmaceutical compounds, organocatalysis, and biological molecules, etc. These bonds involve 

the noncovalent interaction between the electrophilic region of the halogen atom and an electron 

donor. Known for its highly directional and tunable properties, the halogen bond finds utility 

across diverse research domains. Chapter 1 serves as an introductory exploration of chemical 

bonds, encompassing various types to provide fundamental understanding. The focus then shifts 

to a detailed examination of halogen bonding, thoroughly exploring its origin and applications. 

The chapter further elucidates this noncovalent interaction, drawing examples from relevant 

literature to illustrate its significance. 

 In Chapter 2, the thesis delves into the versatile utility of nuclear magnetic resonance 

(NMR) spectroscopy as a robust characterization tool applicable to both solutions and solids. The 

orientation dependent nature of many NMR interactions in the solid state is highlighted, offering 

valuable insights into the local electronic structure, particularly in halogen bonded cocrystals. 



2 

 

 

Acknowledging the ubiquitous role of dynamic processes in nature, this chapter emphasizes their 

diverse functionalities in biomolecules, materials and catalysis. The modulation of various systems 

is explored to achieve desired material properties, with numerous ongoing efforts in progress. 

Chapter 2 not only outlines the fundamentals of solid-state NMR but also elucidates relevant 

results for halogen-bonded systems within the thesis. It further addresses solid-state NMR 

relaxation mechanisms broadly, focussing on relaxation of quadrupolar deuterium nuclei and line 

shape analysis to discern structural and dynamic features in various systems, including halogen 

bonded cocrystals. 

In Chapter 3, the thesis underscores the significance of X-ray diffraction as a complementary 

technique for the exploration of newly synthesized compounds, offering valuable insights into 

interatomic interactions. This section briefly covers the fundamentals of X-ray diffraction and 

traces its evolution into a robust analytical tool in the contemporary era. The chapter further 

scrutinizes the diverse applications of X-ray diffraction in various systems, with a specific focus 

on its role in the investigation of halogen-bonded cocrystals. The combination of solid state NMR 

(SSNMR) and X-ray diffraction studies emerges as a potent approach, providing a comprehensive 

tool for the investigation of dynamics and noncovalent interactions within the solid state. 

Part 2 specifically presents experimental evidence showcasing the use and applicability of 

crystal engineering in halogen bonded cocrystals, alongside the utilization of solid-state NMR and 

X-ray diffraction to characterize the novel synthesized cocrystals. Meticulous structural 

investigation lays the foundation for designing advanced materials in molecular gyroscopes and 

pedal motions involving electronic applications, which are current active research topics. Chapter 

4 expounds on systematic studies on the modulation of methyl dynamics in halogen bonded 

cocrystals. It explores the synthesis of halogen bonded cocrystals using varied techniques, 
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measures methyl rotational barriers via variable-temperature deuterium solid-state NMR, and 

analyzes crystal packing and void volume. A key finding rationalizes activation energy trends 

using carbon-carbon close contacts and offering insights into complex system dynamics. Chapter 

5 highlights a cocrystal composed of rare brominated halogen bond donor and tetramethylpyrazine 

acceptor, exemplifying type II halogen bonding and molecular self assembly. Single crystal X-ray 

diffraction and computational studies validate these observations.  
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Chapter 1 Introduction to Halogen bonding 

1.1 Chemical bonding 

Chemical bonding was first identified as an interaction of atoms; later, it was recognized that 

electrons play a key role in the formation of bonds. There are several observable patterns in the 

physical and chemical properties of elements as we descend in a group or move across a period in 

the periodic table. A group or family of the elements in a vertical column of the Periodic Table 

exhibit similar chemical behaviour. This similarity is because they have the same number and 

distribution of electrons in their outermost orbitals. Thus, the elements are classified into four 

blocks called s-block, p-block, d-block and f-block depending on the type of atomic orbitals that 

are being filled with electrons. The horizontal rows are called periods. The period number is 

assigned based on the highest principal quantum number (n) of the elements in the period. Metallic 

character and reactivity increase as we go down a given group, and the non-metallic character 

increases as one goes from left to right across the Periodic Table. The attractive force which holds 

various species (atoms, ions, etc.) together is called a chemical bond. It becomes important to 

understand these interactions to understand the structure of the molecules. 

There are diverse types of bonds that are defined to explain interactions observed in chemical 

compounds. The complete transfer of valence electrons from one atom to the other results in an 

ionic bond. The transfer of electrons results in an electrostatic attraction between the two ions of 

opposite charge (cations and anions) and an ionic bond is formed1 (like in MgSO4, LiF, NH4Cl). 

For elements with relatively high ionization energies it requires significant amount of energy to 

remove an electron, and elements of relatively low electron affinity cannot easily take up the 

electrons; rather they both share their electrons and thus acquire stability (examples include H2, 
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C2H4, CO2).
2 Depending on the number of electron pairs shared, the covalent bond can be stated 

as single (ex: alkanes), double (ex: alkenes) and triple covalent bonds (ex: alkynes). The sharing 

of electrons can be quantum mechanically expressed as an overlap of atomic orbitals, to create 

molecular orbitals. The sigma (σ) bond is formed when two x axes overlap linearly where the 

electron density is centred along the internuclear axis and when they overlap sideways along the y 

and z axes, generating pi (π) molecular orbitals having electron density on opposite sides of 

internuclear axis. The Figure 1.1 is the schematic depiction of atomic orbital overlap in ethylene 

(also known as ethene) molecule showing σ and π bond formation.  

 

Figure 1.1. Pictorial depiction of orbital overlap in ethylene molecule to show sigma bond (linear 

overlap of atomic orbitals showed in green) and pi bond (sideways overlap of atomic orbitals 

showed in blue); sp2 hybridized orbitals from each carbon overlap to form a sigma bond and 

unhybridized 2p orbitals (shown in light pink) of each carbon overlap to form a π bond. 

Covalent bond strength increases with its order and hence the triple bond needs more energy 

to break the bond than does the double bond, and then comes the single bond. Also, as the bond 

order increases, the dissociation energy increases and the bond length decreases. A single C-C 

bond has a bond length of approximately 1.53 Å and a dissociation energy of 276 kJ/mol, the C=C 

double bond has a bond length of ~1.34 Å and a bond strength of 472 kJ/mol, and the triple C≡C 

bond has a length of ~1.20 Å and a bond dissociation energy of 628 kJ/mol.2,3 Another type of 
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bond which involves sharing of electron pair which is donated by the same atom is called a 

coordinate or dative bond.4 Metallic bonding is the attraction between the cores of metal atoms 

(metal cations) and their delocalized valence electrons. The electron-sea model is a widely 

accepted explanation for metallic bonding. In this model, metal atoms contribute their valence 

electrons to form a "sea" of delocalized electrons that are free to move throughout the entire metal 

lattice. These delocalized electrons are not associated with any particular atom; instead, they are 

shared among all the metal atoms in the structure.  

Chemical bonding is a huge area of study, while my thesis concentrates on intermolecular 

interactions. Molecules are brought together by another set of relatively weak non-covalent 

interactions.5 The intermolecular forces involved in non-covalent interactions may include 

hydrogen bonding, dipole-dipole interactions, induced dipole interactions, and London dispersion 

forces. A comprehensive depiction of these interactions is important to understand the noncovalent 

interactions investigated in this thesis. Noncovalent interactions5 are important for the three-

dimensional secondary and tertiary structures in larger molecules such as proteins and other 

biomolecules. Non-covalent interactions involve attraction between two species with partial 

charge distributions.6 An asymmetric electron density distribution in a molecule causes it to have 

partial negative charge (δ-) on the more electronegative element and a partial positive charge (δ+) 

on the less electronegative element. The attractive force between the partial positive charge on one 

molecule and partial negative charge on another molecule is called a dipole-dipole interaction. An 

ion or polar molecule may approach an atom or non-polar molecule and cause a temporary, weak, 

and induced dipole attraction by redistributing the arrangement of electrons in the atom or non-

polar molecule. Such interactions are called ion-induced or dipole-induced forces. Dispersion 
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forces are caused by momentary oscillations of electron charge in atoms, and hence present 

between atoms, ions, molecules.7  

Hydrogen bonding8 plays a crucial role in supramolecular chemistry as seen in the formation 

of hydrogels, to support the three-dimensional structure of DNA, proteins and biomolecules, and 

to supply stability to crystal structures. Hydrogen bonding is a special type of dipole-dipole 

interaction. It occurs between molecules where a hydrogen atom is bonded to a highly 

electronegative atom such as nitrogen, oxygen, or fluorine. The hydrogen bond definition goes as 

follows, “The hydrogen bond X-H---Y-Z is an attractive interaction in which an electropositive H 

atom intercedes between two electronegative species X and Y and brings them closer together”.9 

The hydrogen bond strength can vary from 2 kJ/mol to 160 kJ/mol depending on the type of 

interaction.  

Thus, noncovalent interactions are crucial for holding supramolecular assemblies together.5 

The study of these noncovalent interactions have led to better understanding of protein folding, 

drug-target interactions, as well as recent advances including their applications in materials 

science. One such noncovalent interaction involves halogen bonding. In our study, we have 

investigated halogen-bonded cocrystals and explored their applications in dynamics. 

1.1.1 Halogen bond 

Halogens make up the Group 17 elements in the periodic table (in Greek, hals meaning salt 

and gennan meaning to form, i.e., salt producers).10 The group includes fluorine (F), chlorine (Cl), 

bromine (Br), iodine (I), astatine (At), and tennessine (Ts). They are not found in in their elemental 

forms in the nature. They can form negatively charged ions or homonuclear diatomic molecules. 

Fluoride and chloride are abundant in nature while bromide and iodide are less majorly found. 
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Fluorine11 is 13th and chlorine12 21st most abundant element by weight in the earth’s crust. Fluorine 

is mainly present in minerals in insoluble salts such as fluorspar (CaF2), cryolite (NA3AlF6), and 

fluorapatite [3Ca3(PO4)2.CaF2], and small quantities are present in soil, bones. Chlorine is mainly 

found as NaCl salt (rock salt). Seawater has bromine and iodine salts of potassium, magnesium, 

sodium and calcium but is mostly NaCl (2.5% by mass). Astatine and Tennessine are radioactive 

elements of this group. Diatomic forms of the halogens, i.e., gases of F2, Cl2, are very toxic. Br2 

exists as liquid with an unpleasant choking odour, and I2 is an intensely purple-coloured solid, 

which sublimes when heated. Fluorine is used in the manufacture of Teflon (C2F4)n, which is 

generally inert to chemical reactions, and in freons (CCl2F2) which were used in refrigerators. 

Chlorine is used largely in chlorinated organic solvents such as chloroform (CHCl3), carbon 

tetrachloride (CCl4), and as a bleaching agent and germicide. Bromine finds its application in 

sedatives, fire retardants,13 insecticides, etc. Iodine compounds are used in drugs,14 dyes, and 

catalysts. Thus, the halogens have played a pivotal role in organic and inorganic chemistry. They 

can be equally utilized in non-covalent interactions to study their applications in crystal 

engineering, supramolecular chemistry. 

1.1.1.1 Origin of the halogen bond 

The electron density distribution in halogens is anisotropic by nature whenever they are bonded 

to other atoms.15 When halogens are involved in a covalent bond, there is a higher electron density 

region corresponding to a negative electrostatic potential formed orthogonal to the covalent bond, 

and a lower electron density region corresponding to a positive electrostatic potential called a σ 

(sigma) hole. This is due to the depleted electron density that is generated from the elongation of 

the covalent bond. This electron-depleted region is used to interact with nucleophiles. Figure 1.2 

depicts the molecular electrostatic potential map calculated at the 0.001 contour radius of Br2 and 
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extracted using Gaussian '09. This map highlights the electron-depleted region, indicated in blue, 

along the covalently bonded Br2. 

 

Figure 1.2. Molecular electrostatic potential map of Br2 prepared using Gaussian ’09 (B3LYP/3-

21G; contour radius 0.001); electron depleted region is shown in blue (σ-hole) along the covalent 

bond and higher electron density region is shown in red orthogonal to the covalently bonded Br2. 

Reports of I2 complexed with Lewis base ammonia (NH3) in 1814 by J.J. Colin started the 

story of halogen bonding16 and this structure was identified as I2---NH3 by F. Guthrie in 1863 by 

preparing a pure sample. Bromine and iodine bonded complexes were reported in the 19th century 

by I. Remsen and J. F. Norris with amines.17 80 years later, a halogen bonded adduct of F2 was 

found by isolating F3
 in 1977.18 More than a decade later, adducts F2---NH3 and F2---OH2 were ־

made by Legon.19 No halogen bonded adducts with astatine or tennessine are reported to date due 

to their short-lived isotopes. 

The Nobel Prize in Chemistry in 1966 was won by R. Mulliken for work on the chemical bond 

using spectroscopic techniques and dipole moments in ground and excited states of dihalogen 

bonded complexes with benzene and other organics.20,21 Hassel won the 1969 Nobel Prize22 in part 

for describing the single crystal X-ray structure of the Br2---O(CH2CH2)2O adduct23 which was 

important in identifying intermolecular distances in halogen bonded species. The intermolecular 

distance found between bromine and oxygen was shorter than their respective van der Waals radii24 

and the Br---Br distance was found to be slightly elongated relative to pure Br2 and Br-Br---O 
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angle did not deviate much from 180°.  These are distinctive features observed in a halogen bond. 

Similar adduct systems of Br2 and Cl2 in benzene were also reported by Hassel as continuous 

chains of benzene and dihalogen molecules.25,26 These two structures were notably intriguing due 

to their demonstration of aromatic π systems functioning as electron density donors toward 

dihalogens and this study was also confirmed later by J. K. Kochi by studying different π-systems 

acting as electron density donors to the halocarbons.27 Desiraju et al28 confirmed the study of 

Bent’s29 in 1986 on the geometry of the halogen bonded system in terms of directionality as they 

found that interatomic distances of the halogen bond are shorter than the sum of the van der Waals 

radii of the two atoms involved and the angle is nearly 180˚. The halogen bond strength scales as 

per the halogen bond polarizability of halogen bond donor atom, i.e. I>Br>Cl>>F.29 Fluorine only 

rarely acts as halogen bond donor as it is the least polarizable halogen atom.  The polarizability of 

astatine is higher than that of iodine, and therefore exhibits halogen bonding stronger than iodine 

as reported in a computation study recently.30 

There are numerous examples of halogen bonding applications in the field of supramolecular 

chemistry.31,32 Halogenated derivatives act as lone pairs bearing species along with π-systems and 

anions to form aggregates. Halogens being the most electronegative elements in the periodic table, 

it was difficult for the scientific community to believe that they could act as electrophiles and form 

useful halogen bonds. In this regard, the contributions of Politzer and Murray33,34 help to explain 

the anisotropic distribution of electron density when halogens are involved in covalent bonding, 

paving the way to understand the electronic reasons behind it. This work led to the concept of the 

σ-hole, or region of positive electrostatic potential, on the halogens. 
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1.1.2 σ-hole interactions 

The σ (sigma) hole concept was introduced by Politzer,35,36 who elucidated the role of halogen 

as an electrophile. Due to the position of halogens in the periodic table, they are considered to be 

electronegative elements. Consequently, covalently bonded halogens are regarded electron-

withdrawing groups.  When halogens are covalently bonded to an electron-withdrawing group, 

they experience an anisotropic distribution of charge, yielding an oblate spheroid shape.35–37 This 

results a depletion of electron density on the surface of halogen, a positive electrostatic potential 

region opposite to the covalent bond,38,39 named as σ (sigma hole).35,36,39 This enables halogens to 

interact attractively or non-covalently with negative sites on the other molecules (σ hole bonding). 

The electrostatic potential at any point in the space of a molecule is given by the equation below:36  

𝑉(𝑟) =  ∑
𝑍𝐴

|𝑅𝐴−𝑟|𝐴 − ∫
𝜌(𝑟′)𝑑𝑟′

|𝑟′−𝑟|
        Eq. 1.1.2.1 

In Eq. 1.1.2.1, V(r) is the surface electrostatic potential, ZA is the charge on the nucleus A, 

located at distance RA, and ρ(r) is the molecule’s electron density. V(r) can be determined 

computationally or experimentally using diffraction techniques.40 Examples of the σ-hole are 

depicted for various compounds in Figure 1.3: 
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Figure 1.3. The DFT calculated electrostatic potential at the 0.001 a.u. isodensity surface of (a) 

trifluoroiodomethane, (b) bromotrifluoromethane, (c) chlorotrifluoromethane, (d) carbon 

tetrafluoride. Blue shows more electropositive region highlighting the sigma hole and red indicates 

more electronegative regions in the molecule. The calculations were performed using B3LYP with 

3-21G basis set for (a) and 6-31G basis set for (b), (c), and (d). 

The magnitude of the σ-hole is significantly influenced by the polarizability of electrons on 

the halogen. The larger halogens possess more polarizable electrons, resulting in the greatest σ – 

hole magnitude in the order of I>Br>Cl>>F.36 Consequently, iodine and bromine demonstrate may 

possess a σ-hole. Conversely, chlorine typically exhibits a weak σ-hole, while fluorine seldom 

engages in halogen bonding.41 

(b) CF
3
Br (a) CF

3
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3
Cl (d) CF
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The engineering of the σ-hole offers several attractive features. Firstly, the addition of nearby 

electron withdrawing groups can amplify the magnitude of the σ-hole, thus enhancing the strength 

of interactions. Consequently, σ-hole based interactions can be tailored by manipulating the nearby 

substituents.42 An example of this strategy involves incorporating fluorine atoms into the halogen 

bond donor, resulting in a fluorinated molecule that can form a robust halogen bond. Secondly, 

since the σ-hole is localized opposite to the covalent bond, it enables highly linear interactions 

with respect to the R-X bond axis.43  

1.1.3 Definition of the halogen bond 

There is a similarity between halogen bonding and hydrogen bonding with isostructural 

systems when the halogen/hydrogen bond acceptor involved in the interaction is the same. 

However, hydrogen bonds can be nonlinear, whereas halogen bonds are usually highly linear.19,38 

The IUPAC definition of the halogen bond states that a “halogen bond occurs when there is 

evidence of a net attractive force between an electrophilic region associated with a halogen atom 

in a molecular entity and a nucleophilic region in another, or the same, molecular entity”.44–46 As 

per this definition, a typical halogen bond is denoted as R−X∙∙∙Y. R−X is the halogen bond donor 

where X is any halogen associated with the electron deficient R group44,47 covalently bound to X. 

Y is  another molecular entity with a nucleophilic site on it. R−X could be dihalogen molecules, 

haloalkanes, haloarenes, haloimides, etc. Y can typically be an anion, an atom with lone pair of 

electrons, or π systems. Figure 1.4 shows a schematic representation halogen bonding.  
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Figure 1.4. Schematic representation halogen bond interaction. X = I, Br, Cl, F. R is electron 

withdrawing moiety. Y is electron rich species. 

Key geometric features of the halogen bond include: (1) The distance between halogen bond 

donor (X) and the nucleophilic atom (Y) tends to be less than the sum of the van der Waal’s radii 

(𝑑𝑋⋯𝑌) ≤  (∑ 𝑑𝑣𝑑𝑊) ; (2) The halogen bond angle (𝜃𝑅−𝑋…𝑌) tends to approach 180°, typically 

between 150° to 180° favoring linearity. The halogen bond is measured quantitatively in terms of 

a reduced bond distance parameter, RXB, defined as the ratio of the halogen bond length (𝑑𝑋⋯𝑌) to 

the sum of the van der Waals radii (∑ 𝑑𝑣𝑑𝑊) of the halogen bond donor and acceptor atoms 

involved in the bonding. A smaller value (less than 1) of RXB therefore implies a shorter, stronger 

halogen bond. The equation for the reduced distance parameter is given below: 

𝑅𝑋𝐵 =  
𝑑𝑋⋯𝑌

𝑑𝑣𝑑𝑊
           Eq. 1.1.3.1 

In Eq. 1.1.3.1, 𝑅𝑋𝐵 is the reduced distance parameter, 𝑑𝑋⋯𝑌 is the halogen bond length, and 

𝑑𝑣𝑑𝑊 is the van der Waals radii of atoms involved in halogen bonding. Although the 𝑅𝑋𝐵 values 

serves as a quantitative measurement, it does not necessarily reflect the strength of the halogen 
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bond, as bond strength can be influenced by additional interactions such as stabilization by 

hydrogen bonding. 

The σ-hole plays a pivotal role in the strength of the halogen bond and therefore, incorporating 

electron withdrawing groups and/or enhancing the polarizability of the halogen atom itself can 

strengthen the halogen bond. This was demonstrated36,48 with a series of halomethanes which 

showed the positive electrostatic potential of the σ-hole increasing as CH3I > CH3Br > CH3Cl > 

CH3F. When the R group was replaced with more electronegative compounds while keeping the 

halogen donor same in CH3-I vs CF3-I vs NC-I, the positive electrostatic potential of σ-hole 

increased with NC-I > CF3-I > CH3-I. The halogen bond strength varies from 10kJ/mol (for N---

Cl contacts in azoaromatic chlorides)49 to 150kJ/mol (I2 ---I
- adduct).50,51 Similarly, the halogen 

bond acceptor can be tuned by the addition of electron donating groups aimed to enhance its 

negative electrostatic potential and consequently enhance the halogen bond strength. Examples of 

halogen bond acceptors include nitrogen containing heterocycles, amines and nitriles. In addition, 

other examples include halides of phosphonium or ammonium ions such as tetrabutylammonium 

chloride, tetraphenylphosphonium chloride etc.52,53 

The σ-hole concept introduced by Politzer36 effectively rationalized the behaviour of halogen 

atoms as electrophiles. Nonetheless, documented instances exist of halogen-bonded complexes 

whose properties cannot be fully elucidated solely through the σ-hole concept. For instance, there 

have been unexpected patterns in the strengths of halogen-bonded-adducts of CY3I (Y=F, Cl, Br, 

I) with two typical Lewis bases (chloride and trimethylamine). In these adducts the halogen bond 

donor strength (Lewis acidity) of a compound R-X does not consistently increase with the higher 

electronegativity of the carbon based group R.54 Charge transfer, dispersion, electrostatic, 

polarization interactions along with a repulsive component arising from the Pauli exclusion 
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principle have all been invoked to account for the strength and directionality of halogen bonding. 

The electrostatic component explains the electron depleted region on halogens as we discussed 

previously, explained by Politzer36 and as shown in Eq. 1.1.2.1. The amphoteric character of 

covalently bonded halogen atoms were revealed by the analysis of CSD (Cambridge Structural 

Database) showing that halogens can interact both with electrophiles and nucleophiles. The 

electrophile tends to interact orthogonal to the R-X bond, while nucleophiles tend to enter from 

the elongation of the R-X bond.  This amphoteric nature of covalently bonded halogens results 

angles of 90° to 120° and 160°-180° ranges respectively between the covalent and noncovalent 

bonds at halogens. One or two iodines in I2 act both as an electron donor and acceptor in an I2 

adduct (showing the amphoteric character) formed in the charge transfer complexes.31,55,56 

Evidence for charge transfer complexes of the halogen bond were produced by UV-vis and X-ray 

diffraction studies. Rosokha et al. studied bromocarbons interacting with Br־ by UV-vis  and found 

that there is a direct correlation between the absorptive energy and the oxidative potential of 

halogen bond acceptor.57 Further, X-ray diffraction confirmed the elongation of C-I and C-Br 

bonds in the complexes compared to the pure form suggesting a charge transfer interaction between 

n→ σ* orbitals.27 The initial studies indicated the origin of halogen bonding was through charge 

transfer phenomena mainly, and this attribution may stem from the framework in which some of 

the earliest studies on the subject were conducted. Later studies emphasized electrostatic 

interactions largely with the analogy of hydrogen bonding, the halogen being the positively 

charged species with the σ-hole concept, and the negatively charged species. Symmetry Adapted 

Perturbation theory with density functional theory (DFT-SAPT) applied on series of halogen 

bonded systems decomposed the total interaction energy into four components: electrostatics, 

polarization, dispersion and exchange repulsion.58 This method was utilized to analyze a series of 
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halogen bonded complexes such as X2
…benzene systems, and the set of HnF3-nCBr…NH3 

complexes. Binding energy decomposition curves were generated which revealed that crucial 

contributions to stabilization come from the electrostatic and dispersion terms, with smaller role 

played by induction.59 The study showed that the dispersion energy can stabilize the type II 

halogen⋯halogen interactions when larger halogens are involved, whereas the electrostatic part 

plays a role in tunability and directionality of halogen bonding.59 

1.1.4 Applications 

Due to the tunability and directionality of halogen bonds, their applications in various fields 

such as crystal engineering, functional materials, supramolecular assemblies, biological systems 

have been explored widely. 

1.1.4.1 Crystal Engineering 

Crystal engineering is a field of supramolecular chemistry focussing on the understanding of 

intermolecular interactions in terms of crystal packing, and the use of this knowledge to design 

new solids with desired properties.60,61 As defined by Lehn in 1987, “Just as there is a field of 

molecular chemistry based on the covalent bond, there is a field of supra molecular chemistry, the 

chemistry of molecular assemblies and of the intermolecular bond”.61,62 Desiraju describes supra 

molecular chemistry as chemistry beyond the molecules.63 As halogen bonds are one such 

intermolecular interaction with moderate strength and high directionality and tunable properties, 

they have emerged as promising tools for the design of new materials with specific qualities of 

interest.64 Such molecular assemblies formed by halogen bonding have found applications in 

supramolecular chemistry.31,65,66 
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Halogen bonding is known for its directionality and its ability to form geometries of 180˚ 

leading to several 1-D (one-dimensional) architectures with homomeric assemblies. In the 

homomeric assemblies, the halogen bond donor and acceptor undergo self-assembly to form 

halogen bonds and in case of heteromeric systems where the ditopic halogen bond donor and 

acceptor get self-assembled to form halogen bonding interactions.46 These infinite 1-D chain 

structures are reported in the literature for homomeric systems with iodine being the strong halogen 

bond donor undergoing self-assembly.67 1D chains have been formed with heteromeric systems 

where one of the acceptor is an electron rich nitrogen atom.68 Figure 1.5 shows the crystal 

structures of homomeric, heteromeric, stepped chain and zig-zag arrangements of halogen bonded 

systems. In general, 1-D chains with linear geometry tend to form when the axes of both donor 

and acceptor sites are parallel and coaxial. The infinite chains are formed when the binding sites 

are parallel but not collinear. Due to the high directionality of halogen bonding, different types of 

molecular assemblies are possible, such as linear, zigzag or stepped, depending on the requirement 

of crystal packing. By carefully choosing the synthons, the new structure can be fine-tuned by  

changing the donor acceptor systems, hybridization, type of halogen bond acceptor etc. 

 

Figure 1.5. Single crystal structures showing the one-dimensional chain in halogen bonded 

systems. (a) linear homomeric chain formed by self-assembly of 4-iodo-2,3,5,6-fluorobenzonitrile 

(CSD ref code: ACOKIM). (b) linear heteromeric chain formed by self-assembly of 4,4’-dipyridyl-

N,N’-dioxide and 1,4-diiodotetrafluorobenzene (CSD ref code: IKUHUR) (c) one dimensional 

stepped chain formed by self assembky of 4,4’-dipyridyl and 1,6-diiodododecafluorohexane (CSD 
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ref code: QANRUS) (d) Infinite zig-zag infinite chains formed by bis(2-

bromo)imidazoleboronium chloride.THF (CSD ref code: IKUXER) 

Expanding the number of XB donor and/or acceptor sites on the initial molecular modules has 

proven to be a widely adopted and effective strategy over the years. It involves positioning the 

binding sites on the molecular scaffold to achieve the desired binding profile of the interacting 

partners and to create the targeted network. For instance, in the pursuit of a three-dimensional 

structure, it is advisable to place three or four XB donor sites in a roughly orthogonal orientation 

to each other. Layered two-dimensional structures can be made by using simple dihalogens due 

the presence of two σ-holes on the extensions of halogen bonding which are two electron deficient 

sites acting as halogen bond donor and the two electron rich sites orthogonal to the covalent bond 

which act as halogen bond acceptor (Figure 1.5). Repetition of such synthons creates 

supramolecular assembly as 2D, flat or layered structures. A layered structure was reported for 

1,3,5-tris(4-iodophenoxycarbonyl)benzene when it was crystallized from CHCl3, benzene and 

pyridine, yielding hexagonal inclusion complexes with chloroform and channel like inclusion 

complexes with pyridine and benzene.69 These structures contained bifurcated I⋯O and I⋯π 

interactions which lead to triangular motifs that were the basis for hexagonal honey-comb like 

structures with solvent molecules sitting in nanometer sized channels which showed the role of 

solvent molecules in the crystallization. These honeycomb-line structures are common in 2D 

assembly. Figure 1.6 shows the simple flat two dimensional layered structure formed Cl2 

molecules70 due to presence of two σ-holes on the extension of covalent bonds and two XB 

acceptor sites orthogonal to the covalent bond. Another example is shown in Figure 1.6 (b), with 

the  honey-comb like crystal structure formed by cocrystallizing potassium iodide and K.2.2.2 

([2.2.2] cryptand bound to K+) with 1,8-diodoperfluorobenzene.71 
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Figure 1.6. Two-dimensional crystal structures: (a) two-dimensional flat network formed by Cl2 

(CSD ref code: YATKIP) (b) Honeycomb like crystal structure obtained by cocrystallizing 

potassium iodide and K.2.2.2 with 1,8-diodoperfluorobenzene (CSD ref code: TEHRAA). 

Bi-or tridentate and halide halogen bond donors forming rhombic and octagonal networks are 

also observed in the 2D topology.72,73 Porous supramolecular assemblies have potential 

applications in sensory devices, catalysis as they provide a large surface area per unit volume, 

allowing for increased interaction with target molecules. By depositing 4,4”-dibromo-p-terphenyl 

(DBTP) on Ag (111) at 80K, porous networks were formed with the Br⋯Br motifs taking the 

vertex position. The dimension of porous structures can be scaled up by increasing the chain length 

and keeping the Br termination intact.74 

Similarly, three dimensional networks are presented in the literature of crystal engineering 

where simple synthons with halogens show their unusual directionality and strength in maintaining 

the structure. Lindeman et al showed the consistent formation of diamondoid networks using 

tetrabromomethane and chloride anions as simple building blocks, alternating at the nodes of the 

network.73 In other example, the number and position of iodine (halogen bond donor) and nitrile 

group (halogen bond acceptor) in iodophthalonitrile was altered to create a triple helix spiral 

staircase assembly.75 Supramolecular nanowire crystals have also been obtained using halogen 

bond networks by R. Kato and coworkers.76 They synthesized a aromatic tecton with an extended 
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skeleton, 2,2′,4,4′,6,6′-hexafluoro-3,3′,5,5′-tetrakis((4-(iodoethynyl)phenyl)ethynyl)biphenyl with 

halide ions which formed a supramolecular assembly with pseudotetrahedral symmetry. 

1.1.4.2 Biological applications 

Halogen bonding has found applications in the field of pharmaceutics, medicinal chemistry, 

biochemistry, protein binding, drug interactions, serving as stabilizing intra- and intermolecular 

interactions.77–79   

The first reports of short Br···O contacts in biological systems were identified in the 0.66 Å 

resolution structure of IDD594 with aldose reductase (AR)80 and in a four-stranded Holliday 

junction with a bromouracyl unit.81 The high resolution of the IDD594 structure revealed clear 

observation of a short contact between the bromine atom of the inhibitor and the hydroxyl oxygen 

of the Thr113 protein residue, with a distance of 2.97 Å and a C–Br···O(γ) angle of 152.8°. This 

interaction met the criteria for a halogen bond and was suggested to be crucial for IDD594's 

specificity for aldose reductase over aldehyde reductase. Holliday junctions are four stranded 

intermediates involved in genetic-recombination dependent mechanisms such as DNA repair and 

integration. In a study focused on nucleotide sequences stabilizing Holliday junctions, P. S. Ho 

and coworkers presented initial evidence highlighting the substantial impact of halogen bonding 

on polynucleotide structure.81 They studied the competition between halogen bonding and 

hydrogen bonding in d(CCGGCGCCGG) by replacing thymine with a 5-bromouracyl unit, 

d(CCAGTACbr5UCG). It was found that the halogen bonding was 5kJ/mol and more stable than 

a hydrogen bond in the system.82 DNA Holliday junctions containing halogenated uracil bases 

(DNA structures where uracil bases in the junction are replaced with halogen atoms like 

fluorouracil, chlorouracil, bromouracil, or iodouracil) demonstrated the enthalpic stabilization of 

the halogen bond follows the σ-hole trend, being least for fluorine and increasing as the 
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polarizability increases to iodine.83 Though chlorine is considered a weak halogen bond donor, its 

presence in the active site of the bactericide triclosan, which inhibits enoyl reductase, has shown 

better potency than the other substituents having lipophilic or hydrogen bonding abilities.84,85 In 

this complex, a 3.25 Å Cl···O contact is observed with Gly204, featuring a C–Cl···O angle of 

162.4°. Additionally, a shorter and more linear halogen bond is observed with the Ala97 of enoyl-

acyl reductase from Bacillus anthracis, with a Cl···O distance of 3.08 Å and a C–Cl···O angle of 

166.2°. 

A survey of the Protein database (PDB) found that 64.5% of C-X…Y contacts occur with the 

protein backbone rather than with the amino acid side chains, potentially due to steric hindrance 

and solvent entropic costs associated with forming halogen bonds with the latter.46 The majority 

of these backbone halogen bonds involve the carbonyl oxygen rather than the amide 

nitrogen.77,79,83,86 This phenomenon is attributed to two factors: (i) in carbonyl groups both oxygen 

lone pairs and the double bond can serve as electron donors, whereas nitrogen possesses only one 

pair of electrons, and (ii) accessing backbone nitrogen presents a steric challenge. The peptide 

bond also acts as a good halogen bond acceptor.77,87 

1.1.4.3 Functional materials 

Halogen bonding has been exploited in various fields such as catalysis and high value 

functional materials65,88–91 ICl3, iodine trichloride, was reported to catalyze the ring opening 

polymerization of L-lactides in the presence of 11-bromo-1-undecanol (11-BU). FTIR and 

multinuclear NMR spectroscopy showed that the L-lactide and 11-BU interact with ICl3 via strong 

hydrogen and halogen bonds which catalyzes the reaction.92 The fluoronium cation, F+, derived 

from N-fluoropyridinium triflate, acts as an effective organocatalyst for aziridine synthesis.93 This 

catalyst's electrophilic nature suggests that the F+ cation forms robust halogen bonds with the imine 
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component, thereby activating it for subsequent nucleophilic attack by ethyl diazoacetate. Kniep 

et al reported that the neutral multidentate halogen bond donors, 2,6-diiodo-3,4,5-trifluorophenyl 

groups catalyze the reaction of 1-chloroisochroman with ketene silyl acetals. The iodinated 

halogen bond donors showed conversions of 37% and 91%, after 12 hours at −78 °C, while the 

corresponding noniodinated species did not react. Meanwhile introduction of strong halogen bond 

acceptors (20 mol% tetrabutylammonium chloride) made the halogen bond inactive, confirming 

the XB's activation role. Meta-substituted compound and monodentate variant were also inactive, 

emphasizing the importance of iodine substituents' number and orientation. These were the first 

studies which assessed the number and orientation of iodine substituents acting as halogen bond 

based organocatalysts.94 In 2014, Huber et al. demonstrated that dicationic halogen bond donors 

can activate the carbonyl group towards Diels-Alder reactions.95 Halogen bonding is used in 

synthesis of soft materials as well. Complexes of molecular iodine with alkoxystilbazoles formed 

a liquid crystal with high mesophase stability, whereas this phase did not form when iodine was 

replaced with bromine.96 Fluorinated imidazolium ionic liquid potentially forming halogen bonds, 

is used as a source of iodide ions in solvent based electrolyte in dye-sensitized solar devices which 

improved the efficiency of device by charge transport within the electrolyte and charge transfer 

dynamics at TiO2 dye/electrolyte interface compared that of hydrogenated ionic liquids.97 This 

effect is explained by the low affinity of perfluorocarbons for organic and aqueous phases, may 

provide a more favorable solvation environment, potentially driving the long alkyl chains of the 

sensitizer (Z907 in this case) into densely packed layers to minimize interactions with the 

fluorinated electrolyte. Additionally, the fluorinated electrolyte may lead to higher I3
– diffusion 

coefficients in the bulk of the electrolyte. 
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Perovskite-based materials are extensively studied in solar-cell technology for their high 

energy conversion efficiency and cost-effectiveness. They have molecular formula CH3NH3PbX3 

where X could be I־, Br־, or Cl־. Halide anions on the perovskite crystal surface act as efficient 

halogen bond (XB) acceptors, passivated by XB donors. Surface passivation via XB significantly 

enhances solar cell performance. Untreated devices show 13% efficiency, while XB passivation 

boosts efficiency to 15.7%. This improvement is attributed to halide anions acting as hole traps in 

untreated devices, causing charge accumulation at the perovskite–hole-transport-layer interface. 

XB-induced passivation prevents this, enhancing device performance.98 Kiguchi et al. 

demonstrated an application of the gold–iodine interaction by forming single-molecule junctions 

of gold electrodes bound with 1,4-diiodobenzene and studied their conductance.99 They found that 

the iodine site serves as an effective anchoring group for building single-molecule junctions, 

whereas similar junctions were not formed using dibrominated or dichlorinated benzenes, 

attributed to the gold–iodine halogen bond (XB). The authors used the distances required to break 

the single-molecule junctions as an indicator of the binding strength between the electrodes and 

the bridging molecules. They concluded that the Au···I bond is stronger than the Au···NH2 bond 

but notably weaker than the Au···SH bond.  

Halogen bonding enhances the thermal and mechanical properties of polymer–carbon 

nanotube (CNT) composites in the context of carbon-based nanomaterials. Salavagione et al.100 

studied multiwalled, alkyl-modified CNT dispersions in a poly(vinyl chloride) (PVC) matrix. The 

PVC matrix acts as a solubilizing agent for nanotubes, resulting in composites with improved 

mechanical and thermal properties, influenced by polymer tacticity. The enhanced performance is 

partly attributed to carbon–chlorine···oxygen double bond (C—Cl···O═C) halogen bonding, 

improving CNT dispersion within the matrix. 
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1.1.4.4 Solid state NMR insights into study of dynamics and halogen bonding 

Understanding the functionality of materials, biomolecules,101 catalysts,102 and supramolecular 

assemblies103 relies on grasping their structure and dynamics. As a complement to the valuable 

information available from X-ray crystallography, solid-state NMR spectroscopy (SSNMR) also 

yield important and novel information on halogen-bonded compounds. SSNMR allows the 

chemical and electronic environments of crystalline compounds to be characterized, often based 

on the four major NMR interactions: magnetic shielding, quadrupolar coupling, J-coupling, and 

dipolar coupling. Furthermore, SSNMR can be applied not only to crystalline samples, but also to 

amorphous samples for which diffraction techniques may not be suitable. SSNMR also offers 

opportunities to characterize dynamics in solids, as well as the nature of static or dynamic disorder.  

Halogen bonds have emerged as potentially stabilizing interactions within biomolecular 

systems, exerting influence over processes such as ligand binding and molecular folding.77 Solid-

state NMR spectroscopy (SSNMR)104 emerges as a powerful tool, complementing X-ray 

crystallography by offering insights into halogen-bonded compounds' chemical environments and 

dynamics, both in crystalline and amorphous materials. The isotropic and anisotropic components 

of the chemical shift tensors of nuclei involved in halogen bonds will be influenced by the 

molecular and electronic structure of such bonds. Most of the NMR-active nuclides of the periodic 

table are quadrupolar (nuclear spin I > ½), including the halogens 35/37Cl (I = 3/2), 79/81Br (I = 3/2), 

and 127I (I = 5/2). The NMR spectra of such nuclides are affected by the interaction between their 

nuclear electric quadrupole moments (Q) and the electric field gradient tensor (V) at the nucleus. 

In the context of halogen bonding, J-couplings between nuclei involved in the RX···Y (Figure 1.4) 

moiety will be sensitive to the electronic structure of the halogen bond and to changes in geometry 
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and the nature of the substituents. These NMR interactions are discussed in detail in the next 

chapter. 

In recent years, there have been successful endeavors in engineering a variety of molecular 

machines, switches, and rotors within porous crystals and on surfaces. Hypermobile rotor of zinc 

based MOF containing rigid building block bicyclopentane-dicarboxylate demonstrated by Perego 

et al.105 The carboxylate groups attached to the metal clusters serve as an axile, while the bicyclic 

unit freely rotate. The rotor’s three-fold bipyramidal symmetry clashes with the four fold 

symmetry of the struts in the cubic crystal cell of the framework, preventing the formation of stable 

conformation. This allows for continuous, unidirectional, hyperfast rotation of the bicyclic units 

characterized by the very low barrier of 6.2 cal/mol (0.026 kJ/mol) measured by 1H (T1) ssNMR 

relaxation time constants.  

Wei et al.106 studied the chain motion of polyethylene with regularly placed methyl groups. A 

twisted motion centred at the branching of polyethylene was found using 2H NMR of deuterated 

methyl groups and 13C NMR and the dynamics of linear polymer changing upon branching affect 

the processability of polymers as well engineering of the polyethylene for various applications.  

Shcherbakov et al.107 studied the dynamics involved in the membrane protein EmrE, bacterial 

multidrug transporter from E. coli mediating the substrate transport. The EmrE in complex with 

cationic substrate, tetra(4-fluorophenyl)phosphonium (F4-TPP+) exhibits different structures at 

acidic and basic pH levels, indicating changes upon the binding or release of a proton from residue 

E14 (an essential glutamate in the homodimer EmrE), respectively. To gain understanding into the 

protein dynamics involved in substrate transport, 15N rotating-frame spin lattice relaxation (R1ρ) 

rates of F4-TPP+ bound S64V-EmrE in lipid bilayers under magic-angle spinning (MAS) were 
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conducted. 1H detected 15N R1ρ relaxation dispersion experiment under fast MAS suggested the 

occurrence of backbone motions at a rate of approximately 6000s-1 at 280 K for the protein at both 

acidic and basic pH which falls in the range of substrate binding.  

1H MAS, along with 13C and 15N CP/MAS solid-state NMR experiments, studied imidazole 

and morpholine-based model compounds with halogen bonding and hydrogen bonding 

capabilities.108 The study was complemented by GIPAW DFT computations of relevant NMR 

parameters. The sensitivity of 15N chemical shifts to halogen bond strengths was demonstrated by 

the noticeable difference in the chemical shifts of the +NH2 protons of the morpholinium cation. 

However, attributing systematic changes in 13C chemical shifts to the halogen bond environment 

or strength proved challenging due to difficulties in observing signals of carbon atoms directly 

bonded to iodine. 

A detailed study of halide anions involved in strong halogen bonds109 revealed correlations 

between bond geometry, electronic structure, and quadrupolar coupling tensors of 35/37Cl and 

79/81Br. Using ultrahigh-field SSNMR spectroscopy, a wide range of geometries, from linear to 

octahedral, was characterized. In these systems, halide anions act as electron donors to multiple 

halogen bond acceptors. In −C–I···X−···I–C– environments, asymmetry (η), quadrupolar coupling 

(Q) values for 35/37Cl and 79/81Br correlated with the I··· X−···I angle, and quadrupolar coupling 

constants correlated with halogen bond strengths. 

The principles of crystal engineering61 have been useful in assembling stators and rotators into 

cocrystals which results in supramolecular rotor arrays. The supramolecular synthons available in 

the crystal engineering toolbox60 aid in strategizing the design of the cocrystals desired. By 

controlling the non-covalent interactions involving rotators and stators of these synthons, it may 
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be possible to tune the dynamics. Hydrogen bonding, π-π stacking, metal coordination, van der 

Waal’s interactions, halogen bonding are a few types of non-covalent interactions available to 

design crystal structures. The synthesis of crystalline halogen-bonded molecular rotors from 

fluoro-substituted iodobenzenes and DABCO leverages crystal engineering principles. This 

involves meticulous control over the assembly of stators and rotators within co-crystals, enabling 

the efficient utilization of supramolecular synthons and ensuring precise tuning of dynamic 

performance. Notably, halogen bonding (XB) and hydrogen bonding (HB) play crucial roles, 

serving as robust rotational axles that facilitate molecular motion. Characterization via variable-

temperature solid-state 1H NMR spectroscopy confirms efficient rotational dynamics, with pre-

exponential factors comparable to rotors featuring covalent axles. This underscores the versatility 

of crystal engineering in designing functional materials and molecular machines, with a particular 

focus on the solid-state NMR analysis and dynamics study of the halogen system, revealing an 

activation energy (Ea) range of 10.04–20.5 kJ/mol109 which was lower than that of pure crystalline 

DABCO which has an Ea of 34.3 kJ/mol.  

In conclusion, halogen bonding is a versatile and impactful interaction across various scientific 

disciplines. Understanding halogen bonding help in utilizing them in designing and preparing the 

novel cocrystals produced in the thesis. These insights are helpful in studying the interactions 

involved based on type of halogen involved in the interaction as well the sigma hole associated 

with them which contribute to the energy barrier associated with these cocrystals. Moreover, solid-

state NMR spectroscopy along with X-ray crystallography emerge as a crucial tool for 

understanding the structural dynamics of halogen-bonded compounds, providing valuable insights 

into molecular machines and crystal engineering. Collectively, the broad applications of halogen 

bonding underscore its importance in continued exploration and development across various field.  
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Chapter 2 General Introduction to NMR (Nuclear Magnetic 

Resonance) 

Matter is made of atoms that are composed of protons and neutrons within their nuclei, and 

electrons. The physical properties of atomic nuclei include mass, electric charge, magnetism, and 

spin. Electric charge is very important as it determines the chemical properties of each element.1 

A rotating object possesses an angular momentum and in quantum mechanics; it is quantized. 

Though spin is a type of angular momentum, it is not generated by a rotation of a particle; instead, 

spin is as an intrinsic property of the particle. The nuclear spin quantum number is generally 

denoted by the letter I. For example, the nucleus of the most commonly known isotope of 

hydrogen, 1H, has a spin of I = 1/2. 2H, the deuteron, another isotope of hydrogen, has a spin I = 

1. The spin quantum number I leads to (2I+1) sublevels denoted by the magnetic quantum number 

m, which are degenerate in the absence of external fields. Some nuclei have integer values of I i.e., 

0, 1, 2…etc. For half integer nuclei, the I values are 1/2, 3/2, 5/2, 7/2, etc. NMR inactive nuclei (I 

= 0) have an even number of protons and neutrons; examples include 12C, 32S, 16O, etc. Nuclei with 

an odd number of protons and neutrons are NMR active nuclei, and which covers most of periodic 

table and examples include 1H, 15N, 17O, etc.  

Nuclear magnetic resonance (NMR) spectroscopy2,3 provides atomic level details regarding the 

local chemical environment and is used to study different types of nuclei. SSNMR has many 

important applications in pharmaceutics, glasses, polymer science, materials applications, and in 

studying protein dynamics, binding; etc.4 An advantage of solid-state NMR with respect to solution 

NMR is that complete anisotropic nuclear spin interactions can be measured to gain structural 

insights.  Solid-state NMR is useful for characterizing both crystalline and amorphous materials 
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as well as transitions between phases when long range order is lacking and when diffraction 

techniques cannot be used. This chapter explores the fundamentals of NMR and concludes with a 

comprehensive discussion on the application of relaxation in deuterium NMR. 

2.1 The Zeeman interaction 

Nuclei with non zero spin intrinsically possess spin angular momentum (I) which is related to 

the magnetic moment (μ) of the nucleus. Nuclei with spin quantum number (I) possess the energy 

levels (2I+1) with magnetic quantum numbers (m) ranging from +I to –I. In quantum mechanics, 

quantum states are degenerate and the application of a magnetic field breaks the degeneracy and 

cause each of (2I+1) sublevels to have slightly different energies. This effect is called the Zeeman 

interaction and the energy of separation between the sublevels is called Zeeman splitting.1,5,6  The 

Zeeman interaction is the strongest known interaction to be experienced by nuclei and is described 

by the Zeeman Hamiltonian 𝐻̂z. A schematic diagram of the Zeeman interaction is drawn below 

in Figure 2.1.  

 

Figure 2.1. Zeeman splitting for nuclei in the presence of an external magnetic field B0. 
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The Zeeman interaction energy is denoted by the Hamiltonian operator as following: 

𝐻̂𝑧 = −𝛾𝐵0𝐼𝑧         Eq 2.1.1 

In the above expression, 𝐵0 is the applied magnetic field strength, 𝛾 is the magnetogyric ratio 

of the nuclei and 𝐼𝑧 is the operator representing z-component of the nuclear spin angular 

momentum. The size of splitting between Zeeman energy states is related to the Larmor 

frequency(ν0).1,7 The Larmor frequency is expressed in Hz (Hertz) and is given by the following 

expression: 

𝜈0 =  
−𝛾𝐵0

2𝜋
           Eq. 2.1.2 

The energy of a spin state is proportional to the Larmor frequency (ν0). 

𝐸𝑚 = 𝑚ℎ𝜈0          Eq. 2.1.3 

Where 𝐸𝑚 is energy of spin state m, m is the magnetic quantum number, h is Planck’s constant 

(6.62607 x 10-34 J.s). Hence, the NMR resonance frequency is directly associated with magnetic 

field and is larger at the higher external field strengths. Thus, NMR involves the detection of 

signals which arise due to the transition of spins between energy states created by Zeeman splitting 

and are associated with the radio frequency region of the electromagnetic spectrum. Higher 

magnetic field strength also helps to enhance the sensitivity of NMR as the nuclei with a lower 

magnetogyric ratio (low γ nuclei) by enhancing the signal-to-noise ratio. 

2.2 Polarization 

Nuclei that have a spin possess a magnetic moment and magnetic moment (μ) is proportional 

to the spin angular momentum (I), as μ=γI, where γ is the magnetogyric ratio which is different 
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for different nuclear isotopes. A positive value of γ indicates that the magnetic moment of nuclei 

is parallel to the spin angular momentum whereas a negative γ indicates that the magnetic moment 

and spin angular momentum are opposite in direction. The spin angular momentum can be 

considered as a vector and the direction of vector or the direction of spin angular momentum is 

called spin polarization. When a nucleus is placed in an external magnetic field (B0), there is an 

interaction between the nuclear magnetic moment (μ) and the applied field causing spins to precess 

at the Larmor frequency (ω0 = -γB0) as depicted in Figure 2.2 below:8 

 

Figure 2.2. Precession of nuclei with magnetogyric ratio γ at Larmor frequency (ω0) in the external 

field B0. 

The fluctuations in the local field arise due to factors such as nearby electrons, neighboring 

nuclei, and molecular motion of the nucleus.  These fluctuations perturb nuclear precession. The 

precession frequency is directly proportional to the strength of the local magnetic field, any 

changes in the local field will affect the precession frequency of the nucleus. When the samples 

are first placed in the magnetic field there is no bulk magnetization along the z-axis; instead it 

takes a finite time to build up the magnetization. After a finite time magnetization reaches a steady 

value called the equilibrium magnetization. Over time, the fluctuations in the local field ensure 

that the lower energy populations are preferred as shown in Eq. 2.1.1 which leads to the growth of 
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the net magnetization along z-axis (along the external magnetic field B0) until it reaches 

equilibrium magnetization as stated. The process by which the spins come to equilibrium is called 

relaxation and the rate at which the magnetization attains equilibrium is described by the T1 

relaxation time constant. One possible alignment of spin populations is parallel to B0 (θ = 0), in 

which case the energy of interaction between the nuclear magnetic moment and the applied field 

is lowest or we can say that when the product of magnetic moment (μ) and the magnetic spin 

quantum number (m) of the nuclei is positive. Another possible alignment of spins is perpendicular 

to B0 (θ = π/2 radians) in which case the energy of interaction between the nuclear magnetic 

moment and the applied field is highest or when the product of magnetic moment (μ) and the 

magnetic spin quantum number (m) of the nuclei is negative.  

For spin ½ nuclei in an external applied magnetic field, there are two spin states with magnetic 

spin quantum numbers (m) +1/2 and -1/2. The populations of these states are denoted as Nα and 

Nβ, and at equilibrium, their ratio is governed by the Boltzmann distribution:1,8,9 

𝑁𝛽

𝑁𝛼
=  𝑒

−∆𝐸
𝑘𝑇⁄ = 𝑒

−γℎ𝐵0
2𝜋𝑘𝑇⁄

        Eq. 2.1.1 

where k is the Boltzmann constant (1.380649 x 10 -23 J/K) and T is the temperature in K. The 

minute excess of nuclei in the lower energy state leads to bulk magnetization (M0) aligned with B0 

which is detectable in NMR. A Boltzmann distribution is established after a finite time by the 

spins. The redistribution of spin population occurs from a nonradiative interaction of the nuclei 

with their surrounding lattice, which states the connection between spin system and surroundings 

with temperature T. This is the first order rate process with a lifetime of T1 called the spin-lattice 

relaxation time. To detect an NMR signal or free induction decay a small coil of wire is positioned 

near the sample, with the axis of the coil aligned in the xy-plane as shown in Figure 2.3. The 
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intensity of the NMR signal (oscillating current in the coil) oscillates depending on the delay time, 

pulse length and relaxation time. Delay time (D1) affects the NMR signal intensity (signal-to-noise 

ratio), T2 relaxation time influences the linewidth, pulse length affects the transverse 

magnetization, coherence of spins, excitation profile across the sample, thus affecting the signal 

intensity and phase coherence, and overall quality of NMR spectra. 

 

Figure 2.3. Detection of the free induction decay in the xy-plane. 

The equilibrium magnetization is fixed in size and direction, where the magnetization is along 

the z-axis. In a pulse NMR experiment, the precession of magnetization vector is what we detect. 

The coil used to detect the bulk magnetization can also be utilized to generate an oscillating field 

by supplying some RF power. This results in an oscillating current, which in turn creates an 

oscillating magnetic field along the x-direction, called radiofrequency or RF field (B1). If the 

magnetization is disturbed from its equilibrium by an on-resonance pulse (the transmitter 

frequency matches the Larmor frequency, ω0), the magnetization undergoes precession in the 

transverse plane. The precession seems to disappear if the frame of reference is moved to the 

oscillating RF field, which is called the rotating frame. 
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2.3 The basic NMR experiment 

A basic way of obtaining an NMR signal is by the pulse-acquire technique. After placing the 

sample in the probe and then probe in the magnet, an RF pulse is applied to acquire the FID. A 

simple pulse sequence for the pulse-acquire experiment8 is shown in Figure 2.4: 

 

Figure 2.4. Pulse sequence for the pulse-acquire NMR experiment and evolution of the bulk 

magnetization M0 during the acquisition time 

Using a transverse coil, a π/2 pulse is applied which rotates the bulk magnetization from +z to 

the -y direction. After this, the bulk magnetization undergoes precession about the main magnetic 

field generating an oscillating magnetic field which induces an oscillating current in the transverse 

coil of the NMR probe. This oscillating current (NMR signal) in the time domain is then digitized 

and Fourier transformed to the frequency domain spectrum.  
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2.4 The Echo pulse sequences 

In solid samples, line broadening is very common due to the short length of the FID, especially 

in the static spectrum (without spinning the sample at magic angle 54.74˚). The short FID in solids 

is due to the lack of molecular motion (which is commonly seen in solution) which causes the 

nuclear spins to experience a wide range of local magnetic environments, leading to difference in 

precession of frequency of spins, causing the dephasing of transverse magnetization which results 

in line broadening. Since T2 relaxation (discussed in section 2.6.2) describes the decay of xy-

magnetization over time (FID), a short FID results from faster relaxing spins or a rapid loss of 

phase coherence, leading to broadening of NMR spectra. The length of the FID acquired after the 

RF pulse during an NMR experiment is inversely proportional to the line width of the NMR signal 

in the NMR spectrum. A short FID (wideline) in ssNMR implies that there’s a limited time window 

for the signal acquisition before the signal decays significantly, therefore dead time, (a time 

between the end of a pulse and the time when the receiver is on to collect data) becomes an issue 

when data points are lost during FID. Additionally in solid echo sequences, the dead time interval 

must be coordinated with the timing of refocusing pulses to maximize the echo formation and 

signal enhancement which otherwise adversely affect the quality of echo signal and hence the 

signal-to-noise ratio. Hence, it is necessary to acquire the data at the beginning of FID. To 

circumvent the problem of dephasing caused by chemical shift anisotropy, dipolar coupling, 

quadrupolar coupling, and magnetic field inhomogeneity, a Hahn echo is used.10 The pulse 

sequence can be described as (π/2-τ-π- τ) followed by acquisition of the FID. This pulse sequence 

is related to the spin echo used in solution NMR to measure T2. The depiction of the spin-echo 

pulse sequence10,11 is shown Figure 2.5 below: 
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Figure 2.5. Schematic representation of vector diagram (top) and pulse sequence for the Hahn 

echo. 

As shown in Figure 2.5, the initial π/2 excitation pulse brings the magnetization into the 

transverse plane, xy. After the first delay period τ, the magnetization precesses with different rates 

causing the signal to dephase. The π refocusing pulse inverts all the components of the 

magnetization, which maintains their initial frequencies, and thus lead to refocusing of all these 

components along x after the second interphase delay time τ. This removes the dephasing effect, 

and the FID is collected. Though Hahn echo gives the maximum signal or a strong echo signal (by 

effectively refocusing the dephased magnetization), it may come with line distortions (artifacts) if 

an imperfect refocusing pulse is used and if there are any variations in the magnetic field strength. 

A quadrupolar spin-echo (designed especially for quadrupolar nuclei) is used for solid-state 

deuterium NMR experiments, which consists of two π/2 pulses with a time delay of τ. The second 

π/2 phase shifted pulse has the effect of refocusing the magnetizations at time 2τ to produce an 

echo. A quadrupolar-echo12–14 results in reduction in the signal intensity obtained from a Hahn-
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echo (refocusing pulse in Hahn-echo cancels out the homonuclear dipolar interaction leading to 

effective echo signal) due to the influence of quadrupolar interactions which are not compensated 

fully in quadecho. But this comes with a better line shape as in quadecho the delays and pulses are 

calibrated to get the orientation of quadupolar nuclei, minimizing the coherence; hence the use of 

a quad-echo is a reasonable compromise when analyzing the solids line shape experiments. A 

better line shape is obtained with a quad echo because the pulse sequence avoids the loss of first 

critical data points in the dead time and pulse-breakthrough is avoided, which dramatically 

improves the spectral line shape. Such undistorted line shapes can be obtained up to a linewidth of 

200 kHz.15,16 The quadrupolar-spin echo approach is extremely useful in 2H solid-state NMR 

experiments because of the smaller quadrupolar coupling constant and the local axially symmetric 

interaction associated with 2H nuclei in a symmetric environment. 

2.5 NMR interactions 

The Zeeman interaction is the strongest interaction found in NMR and is dependent on the 

external magnetic field. The internal NMR interactions such as magnetic shielding, quadrupolar 

interactions, dipolar couplings, and scalar coupling affect the Zeeman energy levels and hence it 

is possible to gain the structural information from the NMR spectrum.17 Below, the NMR 

interactions discussed briefly. 

2.5.1 Magnetic Shielding (σ) and Chemical Shift Anisotropy (CSA) 

An external magnetic field applied to a polyatomic molecule produces an additional magnetic 

field at the nucleus via the motion of the electrons. This new field arising at the nucleus gives rise 

to a slight difference in net resultant field at the nucleus which leads to frequency shifts in NMR 

spectra. This effect is called the magnetic shielding interaction and is denoted by σ. The frequency 
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shift that this interaction causes in an NMR spectrum is called the chemical shift, denoted as δ. 

According to Ramsey’s theory,18 the shielding mechanism contains diamagnetic and paramagnetic 

contributions. Diamagnetic shielding arises due to the circulation of electrons under the external 

magnetic field, which in turn produces the secondary field opposing the applied field at the centre 

of motion. Consequently, this field tends to shield the nucleus. Paramagnetic shielding involves 

the distortion of electron distribution by the external magnetic field described as the mixing of 

excited electronic states into the original ground state. This generates a field, which supports the 

applied field at the nucleus and deshields the nucleus. The Hamiltonian for the Zeeman interaction 

and magnetic shielding interaction is expressed using the following equation:19,20 

𝐻̂𝑧+𝜎 =
𝛾

2𝜋
. 𝐼. (1 − 𝜎). 𝐵0         Eq. 2.5.1.1 

Where B0 is the applied field, σ is a second-rank Cartesian tensor, γ is the magnetogyric ratio 

of the nucleus involved. The Zeeman shielding Hamiltonian in Eq. 2.5.1.1 can be re-written as 

follows: 

𝐻̂𝑧+𝜎 =
𝛾

2𝜋
 (𝐼𝑥̂, 𝐼𝑦̂, 𝐼𝑧̂) (

1 − 𝜎𝑥𝑥 𝜎𝑥𝑦 𝜎𝑥𝑧

𝜎𝑦𝑥 1 − 𝜎𝑦𝑦 𝜎𝑦𝑧

𝜎𝑧𝑥 𝜎𝑧𝑦 1 − 𝜎𝑧𝑧

) (
0
0

𝐵0

)    Eq. 2.5.1.2 

Where x, y, z axes refer to the laboratory-fixed axis system, where z-axis is along the direction 

of applied magnetic field B0. 

Under the secular approximation21 or the first order perturbation, the Zeeman shielding 

Hamiltonian is the following: 

𝐻̂𝑧+𝜎 =
𝛾𝐵0

2𝜋
𝐼𝑧̂ . (1 − 𝜎𝑧𝑧)         Eq. 2.5.1.3 
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σzz is the magnetic shielding along the z-direction of the magnetic field and is different for 

chemically different nuclei in the sample. It can take negative or positive values.  The magnetic 

field at the nucleus varies depending on the chemical environment considered. σzz is calculated 

using the following expression:20–22 

𝜎𝑧𝑧 =  𝜎11𝑠𝑖𝑛2𝜃𝑐𝑜𝑠2𝜙 + 𝜎22𝑠𝑖𝑛2𝜃𝑠𝑖𝑛2𝜙 +  𝜎33𝑐𝑜𝑠2𝜙     Eq. 2.5.1.4 

σii are the principal components of the magnetic shielding tensor and ordered as σ33 ≥ σ22 ≥ σ11. 

θ, ϕ are polar angles in the Cartesian coordinate system defining the orientation of the magnetic 

shielding tensor. 

The NMR frequency thus depends both on the magnetogyric ratio and on the effective 

magnetic field seen by the nucleus due to the shielding effect discussed above. Magnetic shielding 

(σ) cannot be measured directly in an NMR experiment.  Rather, chemical shifts, δ, are measured. 

As the frequency of absorption depends on field strength, NMR frequencies (ν) are reported as 

chemical shifts with respect to a reference compound frequency and is expressed as 

following:7,20,23 

𝛿𝑖𝑖 =
𝜈−𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
=  

𝜎𝑟𝑒𝑓−𝜎𝑖𝑖

1−𝜎𝑟𝑒𝑓
         Eq. 2.5.1.4 

Where ν is the spectral frequency in Hz of the signal corresponding to the spin of interest in its 

given chemical site, νref is the resonance frequency of the reference compound corresponding to 

the same spin. The corresponding chemical shift tensors are, σref the shielding constant of a 

reference compound, and 𝛿𝑖𝑖 is the tensor component corresponding to magnetic shielding tensor 

component 𝜎𝑖𝑖. The unit used for chemical shift is ppm (parts per million) and is represented as 

follows: 
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𝛿𝑝𝑝𝑚 =
𝜈−𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
× 106         Eq. 2.5.1.5 

The chemical shift is very sensitive to local chemical environment and changes accordingly. 

In solution, due to molecular tumbling, the anisotropy of the chemical shift arising due to 

different orientations of the molecules is averaged23 and thus only the isotropic chemical shift 

(𝛿𝑖𝑠𝑜) is measured. The dynamic environment averages out the variation in the local magnetic field 

experienced by nucleus in solution and faster T2 relaxation causes narrower linewidth and hence 

sharp signals. The expression for isotropic chemical shift δiso as follows: 

𝛿𝑖𝑠𝑜 =  
𝛿11+𝛿22+𝛿33

3
         Eq. 2.5.1.6 

Where δ11, δ22, δ33 are the principal values of the chemical shift tensor, and are arranged by 

convention, δ11 ≥ δ22 ≥ δ33. 

However, in the solid state, molecular motion is restricted and anisotropic interactions are not 

typically averaged out. This results in broad solid-state NMR spectra, which contain a wealth of 

information. CSA (chemical shielding anisotropy) is defined as (σ┴ – σ‖), where σ┴ and σ‖ are the 

two independent components in the case of axial symmetry.24 CSA line shapes may be described 

using the Herzfeld-Berger convention.25,26 In addition to the isotropic chemical shift; two 

additional parameters are used to describe the line shape: Ω and κ. The span (Ω) is used to quantify 

the breadth of the powder pattern (defined as different molecular orientations corresponding to a 

different orientation of principal axis frame with respect to the applied magnetic field B0 and thus 

having a different chemical shift associated with it) and the skew (κ) defines the asymmetry of the 

chemical shift tensor. 
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Ω = 𝜎33 − 𝜎11 ≈ 𝛿11 − 𝛿33       Eq. 2.5.1.7 

𝜅 =
3(𝜎𝑖𝑠𝑜−𝜎22)

Ω
≈

3(𝛿22−𝛿𝑖𝑠𝑜)

Ω
        Eq. 2.5.1.8 

The value of κ in the Eq. 2.2.1.8 varies between -1 and +1 (-1≤ κ ≤ +1), and the value κ = ±1 

denotes an axially symmetric chemical tensor.  

In the laboratory Cartesian coordinates, B0 is normally taken along the z axis, and the shielding 

(σzz) alters the resonance frequency. Within the secular approximation, σzz that contributes to 

shielding and thereby the resonance frequency can be related to the three principal components via 

their direction cosines relative to the magnetic field B0:
24 

𝜎𝑧𝑧 = 𝜎1𝑐𝑜𝑠2𝜃1 + 𝜎2𝑐𝑜𝑠2𝜃2 + 𝜎3𝑐𝑜𝑠2𝜃3       Eq. 2.5.1.9 

And, the isotropic shielding value is written as, 𝜎𝑖𝑠𝑜 =
1

3
(𝜎11 + 𝜎22 + 𝜎33). Now Eq. 2.5.1.9 

maybe written as follows: 

𝜎𝑧𝑧 =  𝜎𝑖𝑠𝑜 +
1

3
∑ (3𝑐𝑜𝑠2𝜃𝑖 − 1)𝜎𝑖

3
𝑖=1        Eq. 2.5.1.10 

For axially symmetric cases, where σ1= σ2= σ┴ and σ3 = σ‖, we get: 

𝑐𝑜𝑠2𝜃1 + 𝑐𝑜𝑠2𝜃2 + 𝑐𝑜𝑠2𝜃3 = 1        Eq. 2.5.1.11 

Now the Eq. 2.5.1.9 can be written as, 

𝜎𝑧𝑧 =  𝜎𝑖𝑠𝑜 +  1
3⁄ (3𝑐𝑜𝑠2𝜃∥ − 1)(𝜎∥ − 𝜎⊥)       Eq. 2.5.1.12 

The Eq. 2.5.1.12 shows that the orientation dependent (3cos2θ-1) term directly related to the 

chemical shielding anisotropy leads to a variation in the resonance frequency and thus produces 
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SSNMR powder patterns shown in the figure below. Individual powder patterns carry a wealth of 

information but their overlap may render the spectrum hard to interpret. To make this simpler, a 

commonly used sample rotation technique for removing CSA effects to get narrower linewidths in 

solids, is magic angle spinning or MAS. MAS is defined as spinning of a sample at an angle θ = 

54.74˚ with respect to the applied magnetic field, such that the molecular dependence of the nuclear 

spin interaction, 3cos2θ–1 = 0, indicating θ is averaged rapidly compared with the anisotropy of 

the interaction, in turn averaging out the interaction anisotropy to zero. The static powder pattern 

is illustrated with three possible κ values below in Figure 2.6. 

 

Figure 2.6. Simulated 31P solid-state NMR spectra of a stationary powder (without spinning at 

magic angle 54.74˚) at 9.4 T magnetic field strength. The powder pattern is broadened due to 

chemical shift anisotropy. The principal values of the chemical shift tensor are illustrated along 

with the asymmetry parameter (skew, κ) values. 
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2.5.2 Nuclear Quadrupolar Interaction 

Quadrupolar nuclei27 possess a nuclear spin, I >1/2 constituting approximately 75% of the 

NMR active nuclei.  Unlike spin ½ nuclei which have a spherical charge distribution, quadrupolar 

nuclei have an asymmetric charge distribution and hence a nuclear electric quadrupole moment, 

eQ28,29, where e is proton charge. A few examples of quadrupolar nuclei include 2H (I = 1), 7Li, (I 

= 3/2) 11B (I = 3/2), 14N (I = 1), 17O (I = 5/2), 79Br (I = 3/2), etc.  

The term eQ, quadrupole moment,30,31 as mentioned arises the non-spherically symmetric 

nuclear charge distribution. The distribution of the electric point charges may be described as a 

sum of the multipole moments such as monopole, dipole, quadrupole, etc. The monopole term is 

affected by electric potential, a dipole is affected by electric field or potential gradient and a 

quadrupole is affected by the inhomogeneous electric field or electric field gradient i.e. d2V/dz2. 

Q is a constant and is specific to each nuclear isotope, which might take either a positive or 

negative sign depending on the distribution of nuclear charge. If the nuclear charge is elongated 

along the nuclear spin direction, then it takes on a positive value for Q and if compressed then Q 

becomes negative.7,31 A pictorial representation of prolate (positive Q) and oblate (negative Q) 

shapes of the nuclear charge distribution is shown in Figure 2.7. 

 

Figure 2.7. Illustration of quadrupolar nuclei based on distribution of electric field gradient (EFG) 

around the nucleus. (a) prolate shape ellipsoid (b) oblate shape ellipsoid. 
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What is important in NMR of quadrupolar nuclei is the interaction between the nuclear electric 

quadrupole moment and the surrounding electric field gradient (EFG) V which depends on the 

orientation of the nuclear spin, in turn affecting the nuclear spin energy levels. The quadrupole 

interaction strength in NMR is largely dependent on the magnitudes of Q and the EFG tensor, V. 

The components of V, which describes the magnitude, and orientation of the EFG in a coordinate 

system, are very important factors determining NMR line shapes. The magnitude of the EFG at 

the nucleus is given bythe 2nd rank tensor below: 

V =  (

𝑉𝑥𝑥 𝑉𝑥𝑦 𝑉𝑥𝑧

𝑉𝑦𝑥 𝑉𝑦𝑦 𝑉𝑦𝑧

𝑉𝑧𝑥 𝑉𝑧𝑦 𝑉𝑧𝑧

) =  (
𝑉11 00 00
00 𝑉22 00
00 00 𝑉33

)      Eq. 2.5.2.1 

The principal axis system is shown on the right in Eq. 2.5.2.1, where the 2nd rank tensor is 

converted to diagonal form where V11, V22, V33 are principal components of the electric field 

gradient tensor at the nuclear site and describe the size and shape of the field gradient. By 

convention |𝑉33| ≥  |𝑉22| ≥ |𝑉11| and the largest component is V33. In solution, the interaction 

reduces to one third of trace as expressed below: 

Viso= 1/3 (Tr(V)) = 1/3 (V11 + V22 + V33)       Eq. 2.5.2.2 

where (V11 + V22 + V33 = 0) as the tensor is traceless indicating that the quadrupole 

interactions7,24 average to zero in solution NMR and as a result does not affect NMR spectra of 

rapid tumbling or in molecules undergoing rapid motions. The EFG tensor can be represented as 

an ellipsoid surrounding the nucleus with 3 principal components along the three major axes as 

illustrated below in Figure 2.8: 
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Figure 2.8. EFG tensor view as an ellipsoid surrounding a nucleus with 3 principal components 

along 3 major axes. 

The parameters that characterize the magnitude of EFG tensor are the quadrupolar coupling 

constant, CQ and asymmetry parameter (η). CQ may vary up to megahertz in magnitude and hence, 

quadrupolar broadening becomes dominant in the solid state. The following is the equation for 

CQ:32 

𝐶𝑄 =
𝑒2𝑄𝑉33

ℎ
          Eq. 2.5.2.1 

Where e is the Coulombic charge, Q is the nuclear quadrupole moment, V33 is the largest 

principal component of the tensor, and h is Planck’s constant. CQ is expressed in frequency units. 

The asymmetry parameter is dimensionless which ranges from 0 to 1 and is expressed as 

follows:29,33 

𝜂 =
𝑉22−𝑉11

𝑉33
          Eq. 2.5.2.2 

If the EFG is symmetric about the PAS (an axis frame chosen such that an interaction tensor 

is diagonal with respect to the axis system and the orientation of PAS is determined by the local 

environment of the nucleus to which the interaction pertains) where interaction, V33 becomes 
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unique with V11 = V22, and η equals zero. The interaction is called “axially symmetric” about the 

largest EFG component.33 The magnitude of the EFG depends on the arrangement of the chemical 

bonds. This is particularly true in case of 2H NMR where deuterium makes a single bond with a 

neighbouring atom and this bond is identical to the direction V33. To a good approximation, η = 0 

and V33 is in the direction of the bond in case where deuterium makes a single bond with carbon 

where the Zeeman interactions is larger compared to quadrupole interaction. The simulated line 

shape for 2H NMR in the solid state at 4.7 T magnetic field with Larmor frequency of 30.7 MHz 

is given below in Figure 2.9 with different asymmetry parameters: 

 

Figure 2.9. Simulated 2H line shape illustration when η = 0, η = 0.33, η = 1. 
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The quadrupolar Hamiltonian that describes the interaction between the nuclear quadrupole 

moment (eQ) and electric field gradient (EFG) V is described below in Eq. 2.5.2.3:34 

𝐻𝑄̂ =  
𝑒𝑄

2𝐼(2𝐼−1)ℏ
𝐼. 𝑉. 𝐼 =  

𝑒𝑄

2𝐼(2𝐼−1)ℏ
(𝐼𝑥̂, 𝐼𝑦̂, 𝐼𝑧̂) (

𝑉𝑥𝑥 𝑉𝑥𝑦 𝑉𝑥𝑧

𝑉𝑦𝑥 𝑉𝑦𝑦 𝑉𝑦𝑧

𝑉𝑧𝑥 𝑉𝑧𝑦 𝑉𝑧𝑧

) (

𝐼𝑥

𝐼𝑦

𝐼𝑧

)   Eq. 2.5.2.3 

Where V is the EFG tensor, 𝐼 is the nuclear spin vector for a spin I, and ћ is the reduced Planck 

constant. 

In the principal axis system (PAS) frame, the quadrupolar Hamiltonian can be written as 

follows: 

𝐻𝑄̂ =  
𝑒𝑄

6𝐼(2𝐼−1)ℏ
[𝑉11(3𝐼𝑥

2 − 𝐼) + 𝑉22(3𝐼𝑦
2 − 𝐼) + 𝑉33(3𝐼𝑧

2 − 𝐼)]    Eq. 2.5.2.4 

Eq. 2.5.2.4 can be also described as follows: 

𝐻𝑄̂ =  
𝑒𝑄

4𝐼(2𝐼−1)ℏ
𝑉33[(3𝐼𝑧

2 − 𝐼) + 𝜂𝑄(𝐼𝑥
2 − 𝐼𝑦

2)]      Eq. 2.5.2.5 

In a strong external field, the Zeeman term is still dominant, so quadrupolar coupling mixes 

the spin states established by the Zeeman interaction.21 The quadrupolar interaction is treated as a 

perturbation to Zeeman states at high field and the first order quadrupolar interaction from Eq. 

2.5.2.6 is given as follows:7,35,36 

𝐻̂𝑄
(1)

=
𝐶𝑄

8𝐼(2𝐼−1)
[3𝑚2 − 𝐼(𝐼 + 1)]

1

2
[(3𝑐𝑜𝑠2𝜃 − 1) + 𝜂 𝑐𝑜𝑠2𝜙 𝑠𝑖𝑛2𝜃]   Eq. 2.5.2.7 



58 

 

 

Where CQ is the quadrupolar coupling constant with units of Hz and is denoted as e2qQ/ћ, and 

θ and ϕ are polar angles describing the magnetic field (B0) in the principal axis system (PAS) of 

the electric field gradient (EFG) tensor. 

For the transitions from m to m-1, the first-order quadrupolar contribution to the resonance 

frequency is given by following expression when the asymmetry is zero (η = 0):21,28 

𝜈𝑄
(1) =  

3(2𝑚−1)

8𝐼(2𝐼−1)
(1 − 3𝑐𝑜𝑠2𝜃)𝐶𝑄       Eq. 2.5.2.8 

When the asymmetry is non zero (η ≠ 0), the transition frequency of EFG is expressed as 

follows:21,37 

𝜈𝑄
(1) =  

3(2𝑚−1)

8𝐼(2𝐼−1)
(1 − 3𝑐𝑜𝑠2𝜃 − 𝜂𝑐𝑜𝑠2𝜙𝑠𝑖𝑛2𝜃)𝐶𝑄     Eq. 2.5.2.9 

As mentioned earlier, quadrupolar nuclei have spin I ≥ ½.  The spin may take on an integer 

value so that I = 1, 2, 3, etc. and may also take up values of odd multiples of ½, i.e., I = 3/2, 5/2, 

7/2, etc. Nuclei with integer spin do not have a central transition and their spectra are generally 

spread over a large range of frequencies. The nuclides with spin number equal to odd multiples of 

½ possess relatively sharp central transitions (i.e., +1/2↔-1/2, CT) since the first-order 

quadrupolar effects on these two levels become equal as it depends on the value of spin quantum 

number m, which is squared (see Eq. 2.5.2.7). This makes the first-order quadrupolar contribution 

to the central transition zero. This explains why the central transition (CT) is independent of 

orientation up to first order. However, another type of transition called satellite transitions (ST) 

are strongly dependent on θ, and the intensity is spread over wide range of frequencies in a powder 

sample.21 This is depicted in the Figure 2.10 which shows the schematic representation of (2I+1) 
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energy levels for I = 3/2 nucleus, showing the effect of Zeeman (light green shaded), first-order 

(light pink shaded) and second-order quadrupolar interaction (yellow color shaded). 

 

Figure 2.10. Depiction the effect of 1st and 2nd order quadrupolar effects on the Zeeman energy 

levels in spin 3/2 quadrupolar nuclei. 

First-order quadrupolar interaction tends to be quite strong, rendering the first-order 

approximation insufficient for nuclei with larger quadrupolar coupling constant. Consequently, 

second-order perturbation is typically required. Experimental demonstrations have shown the 

necessity of considering higher-order perturbations to accurately replicate the NMR spectra of 

certain quadrupolar nuclei.38,39 The second-order quadrupolar interaction affects all the transitions 

of quadrupolar nuclei including the central transition and the satellite transitions which is described 

as follows:20,21,28 

𝜈𝑄
(2) = − 

𝐶𝑄
2

𝜈0
[

2𝐼+3

(16𝐼2)(2𝐼−1)
] [

3

10
+

6

7
𝑃2(cos 𝜃) −

81

70
𝑃4(cos 𝜃)]    Eq. 2.5.2.10 
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Where 𝜈𝑄
(2) is the second-order resonance frequency for the central transitions for an axially 

symmetric case, θ is the angle between V33 and B0, ν0 is the Larmor frequency, P2(cosθ) 

=1/2(3cos2θ-1) and P4(cosθ) =1/8(35cos4θ-30cos2θ+3). 

Second-order quadrupolar energy levels for central transitions change differently, meaning 

they are affected equally but to opposite extents. CT is shifted away from ν0 as the effect is 

dependent on the orientation (θ) of the EFG.40 Second-order effects decrease with increasing B0 

(see Eq. 2.5.2.10) and cannot be eliminated with magic angle spinning (MAS) as they are not 

solely dependent on the term (3cos2θ-1). Rather, an additional term (35 cos4θ - 30 cos2θ + 3) is 

involved as well.  The second-order interaction ranges from several kHz to MHz. 

2.5.2.1 Deuterium 

Deuterium (2H) is a spin I = 1 nucleus with a natural abundance of 0.015%.  It can substitute 

1H to study organic and inorganic molecules, polymers, and biomolecules by SSNMR and has 

mainly proven to be useful in the study of molecular dynamics in solids. Considering dominant 

quadrupolar interaction of 2H, its weak dipolar and chemical shift interactions can be neglected, 

which simplifies the theoretical analysis of lineshape and relaxation data. 

For 2H and 6Li, which possess small Q, the 2nd order corrections are very small and can be 

usually ignored. The energy level diagram for a spin 1 nucleus with combined Zeeman and 

quadrupole interactions is given in the Figure 2.11 below: 



61 

 

 

 

Figure 2.11. Energy levels for an I = 1 nucleus.  

For I = 1 nuclei, there are 3 energy levels as (2I+1) = 3, associated with m values of -1, 0, +1. 

In an axially symmetric case, it is important to note that the transitions m = ± 1 levels are affected 

in the opposite direction to m = 0 (shown in Eq. 2.5.2.7) level by the quadrupolar interactions. 

Therefore, one of the ∆m = ±1 transitions increases in frequency (as shown in Figure 2.11), while 

the other one decreases.21 There can be no central transition. The spectrum for I =1 nucleus 

interacting with an axially symmetric field gradient gives rise to a doublet with the peak 

separations given by the following expression: 

∆𝜈 =  
3

4
(

𝑒2𝑞𝑄

ℎ
) (3cos2 𝜃 − 1)       Eq. 2.5.2.1.1 

Where ∆ν is the separation of peaks in frequency units, θ is the angle between the principal 

component of the electric field gradient tensor and magnetic field vector. The 3 energy levels as 

mentioned above is expressed as follows:41 
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𝐸−1 = ℎ𝜈𝑧 + 𝐴
3⁄  when m = -1 

𝐸0 = 0 − 2𝐴
3⁄  when m = 0 

𝐸+1 = −ℎ𝜈𝑧 + 𝐴
3⁄  when m = +1 

Similarly, frequency for allowed transitions are expressed as follows: 

𝜈0,−1 = ℎ𝜈𝑧 + 𝐴 when (m = -1) ↔ (m = 0) 

𝜈+1,0 = ℎ𝜈𝑧 − 𝐴 when (m = +1) ↔ (m = 0) 

where 𝐴 =  (
ℎ𝜈𝑄

4
) [3 cos2 𝜃 − 1 − 𝜂𝑐𝑜𝑠2𝜙 sin2 𝜃]  

[3 cos2 𝜃 − 1 − 𝜂𝑐𝑜𝑠2𝜙 sin2 𝜃] is the angular term where θ, ϕ relates EFG to B0 direction. 

Quadrupole frequency, 𝜈𝑄 =  
3𝑒2𝑞𝑄

2ℎ
=  

3

2
𝐶𝑄 

Quadrupole coupling constant, 𝐶𝑄 =
𝑒2𝑞𝑄

ℎ
 

 For deuterons bonded to carbon the value of the quadrupole coupling constant varies from 150 

to 200 kHz with the principal axis being along the vector of the bond (C-D). The modulation of 

the EFG tensor along C-D bonds as methyl groups rotate is studied, which gives an average powder 

line shape in static 2H NMR experiments, as EFG tensors are oriented at different θ values during 

the methyl rotation.  For other nuclei such as 35Cl, CQ ranges up to 80 MHz and in 14N it ranges up 

to 5 MHz making them difficult to study as compared to nuclei with small Q values. Hence, 2H 

NMR investigation becomes the easiest approach because of the spectral width associated with it. 
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 In the case of a polycrystalline powder sample, Eq. 2.5.2.8 is averaged over all possible 

crystallite orientations, which yields a Pake doublet spectrum as below: 

  

Figure 2.12. 2H line shape showing a powder averaged Pake doublet with ∆VXX = ∆VYY. The 

doublet pattern is due to the allowed spin transitions. 

The steps of the Pake doublet correspond to θ = 0°, the central peaks corresponds to θ = 90°, 

and the mid point to the orientation is θ = 54.74° to the magnetic field, where the quadrupolar 

splitting and interactions vanish. The total spectrum is the summation of two axially symmetric 

distributions corresponding to two  lines as shown in the above Figure 2.12. The separation of the 

lines of the central doublet is indicated in Eq. 2.5.2.1.2 and the outermost separation is shown in 

Eq. 2.5.2.1.3. 

∆𝜈1 =  
3

4
(

𝑒2𝑞𝑄

ℎ
)          Eq. 2.5.2.1.2 

∆𝜈2 =  
3

2
(

𝑒2𝑞𝑄

ℎ
)          Eq. 2.5.2.1.3 

The 2H powder line shapes (illustrated in Figure 2.12) show characteristic features such as 

edges, shoulders, peaks separated by frequencies and the expression for ∆νii are given below in 

terms of η, asymmetry parameter and νQ quadrupole coupling frequency:42 
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Δ𝜈33 =  𝜈𝑄          Eq. 2.5.2.1.4 

Δ𝜈22 =  
𝜈𝑄

2
(1 + 𝜂)        Eq. 2.5.2.1.5 

Δ𝜈11 =  
𝜈𝑄

2
(1 − 𝜂)         Eq. 2.5.2.1.6 

The NMR spectrum of a single 2H in a single crystal sample is a doublet or 2 lines equally 

spaced on either side of the Zeeman frequency and the peak separation reflects the angle of 

orientation of the C-D vector to the magnetic field vector. There are several studies reported on 

single crystal systems using 2H NMR. D2O has been explored using 2H NMR in inorganic salts. 

Two pairs of 2H resonance lines were reported in the study of 2H single crystal study43 of 

Li.SO4.D2O at room temperature, each corresponding to a single EFG value with quadrupole 

coupling constant being 123 ± 3 kHz and asymmetry parameter,44 η = 0.80 ± 0.02 with the 

maximum principal component lying perpendicular to the minimum component in the plane 

bisecting the D-O-D angle. The same data collected at lower temperature of about -125 °C showed 

the four pairs of lines with quadrupole coupling constant of 237 ± 10 kHz and asymmetry 

parameter of about 0.14 ± 0.04 with maximum component of EFG tensor along the O-D bonds in 

the unit cell. This shows the isolation of two tensors for each of the two 2H atoms in a D2O molecule 

where exchange between the two states can be restricted at lower temperatures.  

2.5.3 Direct Dipolar Coupling  

Nuclear spins possess magnetic moments and they generate a magnetic field in the direction 

of the spin magnetic moment. The magnetic field generated is experienced by the nearby spins and 

is mutual. The interactions between the nuclei propagate through the intervening space and hence 

are called through-space dipole-dipole couplings or direct dipolar couplings.1,45 Dipolar coupling 
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depends on the inverse cube of the interatomic distance between the spins and by measuring the 

dipolar coupling, it is possible to get distance information indirectly.46,47 

The dipolar coupling constant31 (RDD) for two coupled spins (j and k) with internuclear distance 

rjk is given by following equation: 

𝑅𝐷𝐷 = 𝛾𝑗𝛾𝑘 (
ℎ

4𝜋2
) (

𝜇0

4𝜋
) 𝑟−3

𝑗𝑘        Eq. 2.5.3.1 

where 𝑅DD is the direct dipolar coupling constant, 𝛾𝑗𝛾𝑘, are the magnetogyric ratios of nuclei 

j and k, and μ0 is the permeability constant. For a heteronuclear spin pair (J and K) the dipolar 

splitting given by the following expression:7,31 

𝜈𝐷𝐷 =  −𝑅𝐷𝐷𝐽𝑧𝐾𝑧(3𝑐𝑜𝑠2𝜃 − 1)        Eq. 2.5.3.2 

Where θ is the angle between magnetic field and internuclear vector, The dependence of the 

resonance frequency on the term (3𝑐𝑜𝑠2𝜃 − 1) in Eq. 2.5.3.2 shows that it is orientation 

dependent, hence by using higher MAS speed, the dipolar broadening can be reduced along with 

the use of heteronuclear decoupling techniques while collecting the spectra.47,48 Whereas in 

solution NMR dipolar coupling may cause nuclear spin relaxation, due to the fact that isotropic 

component of the dipolar coupling tensor is zero a splitting effect is not seen on the resonance 

frequency in solutions.21 

2.5.4 Indirect Nuclear Spin-Spin Coupling 

Indirect nuclear spin-spin coupling, also sometimes called scalar (J) coupling, is the through 

bond coupling due to an internuclear interaction mediated by bonding electrons. This type of 

nucleus-nucleus coupling is indirect, indicating that there is assistance of electrons in the coupling 
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mechanism.1 The involvement of electrons affects the orientation dependence of the interaction, 

and the isotropic part observed in solutions is non-zero. There are five different mechanisms which 

contribute to J coupling.49 They are diamagnetic spin-orbital coupling (DSO), paramagnetic spin-

orbital coupling (PSO), Fermi-contact coupling (FC), spin-dipolar coupling (SD), and FC-SD 

cross coupling. DSO and PSO involve the diamagnetic and paramagnetic orbital coupling, which 

occurs due to the coupling of nuclei through the orbital angular momentum of electrons. SD is the 

direct dipolar interaction of a nucleus with an electron. The FC mechanism, which is often the 

largest contributor,49 involves the interaction between nuclear and electronic spins when the 

electron is located at the nucleus. Orbitals with significant s-character can contribute via the Fermi 

contact mechanism as these orbitals have a non-zero probability of locating electrons at the 

nucleus.50 

J coupling is an experimental  measure of the nature of different chemical bonds.1 As 

mentioned earlier, J coupling is measurable in solution NMR, as the isotropic component is not 

zero and the J coupling tensor is not traceless. This is why we often observe multiplets in solution 

NMR. In solid-state NMR, J coupling may often be smaller in magnitude than the inhomogeneous 

broadening arising from anisotropic interactions, transverse relaxation, etc. Hence, 1D SSNMR is 

often not sufficient to directly observe J splittings and instead J-resolved 2D NMR experiments 

can be acquired,51,52 including REDOR46,52,53 and TEDOR54 and PRESTO.55 

The isotropic component of the J coupling is expressed as: 

𝐽𝑖𝑠𝑜 =  
(𝐽11+𝐽22+𝐽33)

3
         Eq. 2.5.4.1 
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where Jii are the principal components of the tensor. The magnitude of the three components 

are ordered as: |𝐽33 − 𝐽𝑖𝑠𝑜| ≥  |𝐽11 − 𝐽𝑖𝑠𝑜| ≥  |𝐽22 − 𝐽𝑖𝑠𝑜|. 

The anisotropy (∆J) and asymmetry parameters of J coupling are noted below: 

∆𝐽 =  𝐽33 − (
𝐽22−𝐽11

2
)         Eq. 2.5.4.2 

𝜂𝐽 =
(𝐽22−𝐽11)

(𝐽33−𝐽𝑖𝑠𝑜)
          Eq. 2.5.4.3 

J couplings may be measured  using spin-echo experiments where the echo delay periods are 

multiples of the rotation period. By setting the rotor angle accurately to 54.74˚, anisotropic 

interactions are refocused over the rotation cycle which leaves only the spin echo signals 

determined by J couplings that are not refocussed. This occurs due to the presence of isotropic 

parameter and a time dependent anisotropic term; the ratio of these two parameters result in either 

single isotropic peak or a static powder pattern or the rotational echoes with spinning sidebands 

positioned at multiple of MAS speed from the centreband. The refocusing of magnetization occurs 

each time a rotor completes a cycle and the crystallites returns to their initial positions, producing 

the rotational echoes. The main concerns in measuring J coupling involve the short T2 relaxation 

times. This is partially addressed by high MAS rates (which reduces the time averaged dipolar 

interactions resulting in longer coherence time, leading slower decay of transverse magnetization), 

homonuclear decoupling techniques (help in better resolution of peaks and hence narrower 

linewidth which indirectly helps in increasing T2 relaxation time) and by prolonging the T2 

relaxation times using high-power and multiple-pulse proton decoupling techniques which 

involves adjusting parameters such as power and duration of RF pulses to minimize the relaxation 

induced signal loss.56 
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2.6 General Introduction to Relaxation in SSNMR  

As discussed in section 2.2, to reach a Boltzmann distribution spins undergo redistribution or 

relaxation to equilibrium by first order processes characterized by two relaxation times: T1, the 

spin–lattice, or longitudinal, relaxation time; and T2, the spin-spin, or transverse, relaxation time.  

The net magnetization of spins whenever perturbed tends to return to an equilibrium state through 

the interaction of the spin system with the thermal molecular environment.1 This is considered as 

the origin of relaxation in NMR.  The process may be understood by considering the population 

difference between the lower energy α-state and upper energy β-state [Let (n = nα-nβ) population 

difference]; let (n0 = nα+nβ) be total population of energy states; let P+ be the probability for a spin 

to undergo transition from lower to upper energy state as a result of an interaction with the 

environment and P- be the probability for upper to lower energy state. Reaching equilibrium 

involves changing spin populations between two energy states; hence, longitudinal (T1) relaxation 

is defined to arise from the transition between two energy states. Since upward and downward 

transitions of spin states are equal at equilibrium, we can express the relationship between spin 

population and probability of spin states as following:24 

P+ nα = P- nβ         Eq. 2.6.1 

From Eqs. 2.1.1 and 2.6.1, 

𝑃+

𝑃−
= (

𝑛𝛼

𝑛𝛽
)

𝑒𝑞

= 𝑒
−𝛾ℎ𝐵0

2𝜋𝑘𝑇⁄
        Eq. 2.6.2 

Since the energy levels are separated only by very few millicalories in NMR, the exponential 

term gets smaller except at low temperature. Hence using the “high temperature” approximation 

as -γhB0/2πkT << 1 for Eq. 2 and defining P as the average of P+ and P-, we can write 
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𝑃+

𝑃
=

(𝑛𝛽)
𝑒𝑞

𝑛0
2⁄

= 1 −
𝛾ℎ𝐵0

2𝜋𝑘𝑇
         Eq. 2.6.3a 

𝑃−

𝑃
=

(𝑛𝛼)𝑒𝑞
𝑛0

2⁄
= 1 −

𝛾ℎ𝐵0

2𝜋𝑘𝑇
         Eq. 2.6.3b 

The total change of population n is 

𝑑𝑛

𝑑𝑡
=

𝑑𝑛𝛼

𝑑𝑡
−

𝑑𝑛𝛽

𝑑𝑡
= 2

𝑑𝑛𝛼

𝑑𝑡
          Eq. 2.6.4  

But by definition of P+ and P-, 

𝑑𝑛

𝑑𝑡
= 𝑛𝛽𝑃− − 𝑛𝛼𝑃+          Eq. 2.6.5  

Hence, we can write, 

𝑑𝑛

𝑑𝑡
= −2𝑃 (𝑛 − 𝑛0

𝛾ℎ𝐵0

2𝜋𝑘𝑇
)         Eq. 2.6.6  

The Eq. 2.6.6 describes a first-order decay process with rate constant being 2P, which maybe 

described as R1 or 1/T1. The term (n0γhB0/2πkT) is the value of equilibrium population neq. Eq. 

2.6.6 can be re-written as, 

𝑑𝑛

𝑑𝑡
= −𝑅1(𝑛 − 𝑛𝑒𝑞)         Eq. 2.6.7  

Thus longitudinal relaxation rate (R1) or time constant (T1) is a measure with which spin system 

relax back to equilibrium. 

Though there are different types of relaxation processes, solid-state NMR is mainly concerned 

with following three types: 1) spin-lattice relaxation or longitudinal relaxation, 2) spin-spin 
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relaxation or transverse relaxation, 3) spin-lattice relaxation in the rotating frame. We will discuss 

here the first two processes in brief. 

2.6.1 Spin-lattice relaxation or longitudinal relaxation (T1) 

Longitudinal relaxation is an exponential process for a homogeneous solid sample and is 

described by the Bloch equation below (re-written from Eq. 2.6.7):57 

𝑑𝑀𝑧

𝑑𝑡
= −

[𝑀z(t)−𝑀𝑧
0]

𝑇1
         Eq. 2.6.1.1  

This Eq. 2.6.1.1 can also be written as follows: 

𝑑𝑀𝑧

𝑑𝑡
= −𝑅𝑧 [𝑀z(t) − 𝑀𝑧

0]        Eq. 2.6.1.2 

Integration of Eq. 2.6.1.2 gives 

ln[𝑀z(t) − 𝑀𝑧
0] = −𝑅𝑧 + 𝑐𝑜𝑛𝑠𝑡        Eq. 2.6.1.3 

At  t = 0, the magnetization is Mz(0), So Eq. 2.6.1.3 becomes, 

ln[𝑀z(0) − 𝑀𝑧
0] = 𝑐𝑜𝑛𝑠𝑡.  

Plugging this value in Eq. 2.6.1.3 we get, 

ln[𝑀z(t) − 𝑀𝑧
0] = −𝑅𝑧 + ln[𝑀z(0) − 𝑀𝑧

0]      Eq. 2.6.1.4 

Simplifying Eq. 2.6.1.4 by applying exponentials and rearranging gives, 

𝑀z(t) = [𝑀z(0) − 𝑀𝑧
0]𝑒(−𝑅𝑧𝑡) + 𝑀𝑧

0        Eq. 2.6.1.5 
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Eq. 2.6.1.5 shows that the time taken for magnetization to reach equilibrium values becomes 

shorter as the rate constant Rz becomes larger.  

2.6.1.1 Inversion Recovery Experiments: T1 measurement 

To have an estimate for the rate constant Rz for longitudinal relaxation which was discussed 

earlier or to measure the time constant T1, the method used in my work is the inversion-recovery 

experiment. Eq. 2.6.1.5 is useful in providing a framework for an estimate of T1. The pulse 

sequence for the inversion-recovery experiment is illustrated below:  

 

Figure 2.13. Pulse sequence for the inversion recovery experiment to measure the longitudinal 

relaxation time constant, T1. 

As depicted in Figure 2.13 above, the pulse sequence of inversion-recovery experiments1,8,35 

consists of two RF pulses separated by an interval time τ. This experiment is done in an arrayed 

fashion meaning a series of separate experiments is conducted with the delay time τ taking a set of 

different values as indicated in the Figure 2.13 as the “variable delay time” between the two pulses. 

The relaxation delay or recycle delay, d1, comes at the beginning of the pulse sequence and plays 

a crucial role in ensuring accurate signal integration by allowing enough time for the spins to relax 

to their equilibrium value before the pulse is applied. A π pulse inverts the magnetization so that 



72 

 

 

Mz (0) becomes –𝑀𝑧
0. The inverted magnetization is allowed for a τ time to relax. Using Eq.  2.6.1.5  

and considering t = τ and Mz (0) = –M0, we can write the equation for z-magnetization as follows: 

𝑀𝑧(𝜏) = −[2𝑀𝑧
0]𝑒(−𝑅𝑧𝑡) +  𝑀𝑧

0        Eq. 2.6.1.1.1  

𝑀𝑧(𝜏) = 𝑀𝑧
0 [1 − 2𝑒(−𝑅𝑧𝑡)]        Eq. 2.6.1.1.2 

After the time interval τ, a π/2 pulse is applied to bring the magnetization into the xy-plane 

where an FID is observed and then Fourier transformed to give the spectrum.  

The pulse sequence and the acquisition are repeated for a range of τ values. The recycle delay 

or wait time, d1 mentioned previously is required magnetizations return to the thermal equilibrium. 

To attain thermal equilibrium, d1 should be several times grater the T1 time constant. A rough 

estimate of T1 can be achieved by finding the τ value in the inversion-recovery pulse sequence, 

where signal goes through a null. Under these conditions; 

0 = 𝑀𝑧
0 [1 − 2𝑒(−𝑅𝑧𝑡)]          Eq. 2.6.1.1.3  

Rearranging the above equation gives, 𝑒(−𝑅𝑧𝑡) = 1/2 

Hence,  𝑅𝑧 =  
−𝑙𝑛1

2
𝜏𝑛𝑢𝑙𝑙

⁄  or 𝑅𝑧 =
1

𝑇1
= 𝑙𝑛2

𝜏𝑛𝑢𝑙𝑙
⁄       Eq. 2.6.1.1.4 

Hence, by estimating the τnull value from the experiment we will be able to calculate an estimate 

for the T1 value by using the relationship in Eq. 2.6.1.1.4. 

If we assume that there is no z-magnetization at the end of pulse so that Mz(0) becomes zero, 

Mz(d1) = nM0 where n is the fraction of equilibrium magnetization and after the d1 delay τ = d1, 

from Eq. 2.6.1.4 we get the following expression: 
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𝑛𝑀𝑧(𝑑1) − 𝑀𝑧
0 = [0 − 𝑀𝑧

0]𝑒(−𝑅𝑧𝑡)        Eq. 2.6.1.1.5 

This is simplified to, 

𝑑1 =  −𝑇1 ln(1 − 𝑛)         Eq. 2.6.1.1.6 

If we assume that there is no z-magnetization at the end of pulse, Mz(0) becomes zero, we can 

work out the relaxation delay, d1, This implies that it takes an infinite amount of time for the 

magnetization to return to equilibrium completely, i.e., to become n = 1. However, to return to 

99% (n = 0.99), d1 = 4.6T1.  Therefore, in practice d1 is typically set to five times T1 is used. If 

there are different nuclei with different T1 values in the same sample then the longest T1 is selected 

to set the d1 value. 

2.6.2 Spin-Spin Relaxation or Transverse Relaxation (T2) 

Transverse relaxation, denoted by T2, is a quantification of rate of decay of the magnetization 

in the xy-plane. Mxy is orthogonal to Mz, and hence relaxation may be different compared to 

longitudinal relaxation, although the mechanisms of relaxation may be the same. In the case of T2 

relaxation, after the pulse, spins align themselves in the xy-plane due to phase coherence and 

gradually the coherence is lost due to field inhomogeneity or/and direct interactions between the 

spins without any energy transfer to surrounding lattice. T2 relaxation time constants in solids are 

very short, often on the order of microseconds to milliseconds. To be more precise, T2 specifically 

denotes intrinsic dephasing, that would occur in a perfectly homogenous magnetic field. In a real 

magnetic field, which inevitably possesses some degree of inhomogeneity, the transverse 

relaxation time is represented by T2
* and is directly related to the linewidth or line shape of the 

resonances.21 
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𝑇2
∗ = 1

∆𝜈1
2

⁄           Eq. 2.6.2.1 

where ∆𝜈1
2
 is the half-height of the NMR signal. T2 ≤ T1, since an increase in z-magnetization will 

decrease xy magnetization. In solution T2 is often equal to T1 while in solids T2 << T1.  

2.6.3 Relaxation and Rotational Dynamics 

Solid state NMR is an excellent method to study dynamics as nuclear spin interactions are 

anisotropic, meaning they depend on the molecular orientation within the applied magnetic field 

of the NMR experiments.7 A transverse magnetic field oscillating at the Larmor frequency is 

needed to rotate the magnetization from the xy plane to to the z-axis and this may be done manually 

using an appropriate RF pulse but this also occurs naturally within the sample due to the nuclear 

relaxation. These interactions involve electric fields for quadrupolar nuclei; fields generated by 

dipoles for spin ½ nuclei, and/or due to the anisotropy of the electron distribution. The RF pulse 

affects all the spins same way whereas the field generated by a spin is highly localized and it varies 

in magnitude and orientation as the molecules experience the motion. If this motion results in the 

transverse component of the field oscillating near the Larmor frequency, then field experienced by 

the magnetic moment of the spin is rotated to the new direction in the same way as it would be by 

an rf pulse. The oscillating fields that may arise from molecular motions in solids are incoherent 

and such motions may involve a rotation or ring flipping motions in solids for which there maybe 

a range of frequencies involved; here we consider the spectral density function58 to describe the 

range of frequencies which is broad and continuous. In NMR among the range of frequencies, the 

contribution at the Larmor frequency governs the strength of the oscillating field that can cause 

the relaxation. 
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Molecular motions can be described by a function f(t) which is the time dependent position or 

orientation of a molecule in the sample; its position after a time τ is f(t+τ), and the autocorrelation 

function G(τ) for many such molecules which is a measure of proportion of molecules in the 

sample having the same position at time (t + τ) as they did at t is defined by 

𝐺(𝜏) =  𝑓(𝑡)𝑓(𝑡 + 𝜏)          Eq. 2.6.3.1 

Where the bar indicates the average over entire ensemble of molecules. G(τ) is related to the 

initial position in an exponential manner, i.e., the two positions are different after a long time τ. 

Hence G(τ) can be expressed as follows: 

𝐺(𝜏) = 𝑒
(

−𝜏
𝜏𝑐

)
          Eq. 2.6.3.2 

Where τc is the (rotational) correlation time for the molecular motion which is defined as the 

average time it takes for a molecule to complete a rotation of 1 radian from the starting position.8 

Fourier transform of correlation function G(τ) is called J(ω), a spectral density function: 

𝐽(𝜔) =  𝐵𝑙𝑜𝑐
2̅̅ ̅̅ ̅ 2𝜏𝑐

1+𝜔2𝜏𝑐
2         Eq. 2.6.3.4 

Where the term 𝐵𝑙𝑜𝑐
2̅̅ ̅̅ ̅ is the local field associated with the NMR interactions.  

The motion at the Larmor frequency can be quantified by evaluating J(ω) at ω = ω0. The 

reciprocal of the Larmor frequency ω0 is comparable to τc values, and either very short or long τc 

values of J(ω) at ω0 is relatively small. J(ω) reaches its maximum value when τcω0 = 1, i.e., when 

the frequency of average rotational motion is equal to the nuclear precession frequency. Under 

such a condition, energy transfer between the precessing nuclei and rotational motion of molecules 

is most efficient, the relaxation rate is maximum, and T1 is a minimum. For fast motion with short 
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τc, τcω0 << 1, resulting in longer T1. In this ‘extreme narrowing’ regime, T1 is inversely proportional 

to τc. In the slow motion regime, τcω0 >> 1, faster relaxation occurs due to increased motion and 

T1 is directly proportional to τc. For solids, R1 = CB2/2ω0 and relaxation efficiency decreases with 

an increase in resonance frequency and B2 is independent of the field. 

There are mechanisms of relaxation1,8,21,59,60 such as shielding/chemical shift anisotropy 

(CSA), dipolar coupling, quadrupolar coupling,61 relaxation by paramagnetic species62 which 

induces the fluctuating local field depending on nucleus of the study. 

2.7 Mechanisms of Relaxation 

A particular source of a fluctuating local magnetic field experienced by the nuclei is called a 

relaxation mechanism.8 The dipolar mechanism and chemical shift anisotropy mechanism are the 

two dominant relaxation mechanisms seen for spin ½ nuclei. For spin ½ nuclei the usual order of 

importance of relaxation mechanisms follows the trend shown below: 

dipole-dipole > chemical shift anisotropy 

For nuclei with spin > ½ the order of importance of the relaxation mechanisms is shown as 

follows:1,63 

quadrupole >> dipole-dipole > CSA  

The electric quadrupole relaxation mechanism dominates the relaxation of spins > ½ and its 

effects are seen clearly in NMR spectra. We will briefly discuss the dipolar mechanism and 

chemical shift anisotropy mechanism in spin ½ nuclei to start with and then the quadrupole 

relaxation mechanism as this thesis focusses on the spin-1 quadrupolar nucleus, 2H. 
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2.7.1 The Dipolar Mechanism of Relaxation 

Fluctuating magnetic fields arise due to the magnetic moment or magnetic dipole involving 

two nuclear sites. This results in dipole-dipole coupling between the two nuclear spins where the 

magnitude and direction of the magnetic field exerted by one spin on the other changes, leading to 

relaxation. The local field exerted by the nuclear spins depends on the distance (r) between the 

spins, and the dipolar interaction is related to r as 1/r3 indicating that as the distance between 

nuclear site increases, the dipolar interaction weakens.45 The higher the magnetogyric ratio, the 

larger is the magnetic moment causing the local field between the nuclear spins; and hence a 

stronger dipolar interaction. The local fields can be caused by more than one spin; hence relaxation 

is caused by either a single or multiple spins in close proximity. 

For homonuclear spin pair, relaxation rate is given by 

𝑅1 = (
𝜇0

4𝜋
)

2

𝛾1,2
4 ℎ2 𝜏𝑐

𝑟1,2
6         Eq. 2.7.1.1 

For heteronuclear spin pair 1 and 2, relaxation rate is expresses as follows: 

𝑅1 = (
𝜇0

4𝜋
)

2

𝛾1
2𝛾2

2ℎ2 𝜏𝑐

𝑟1,2
6          Eq. 2.7.1.2 

Where r is the separation between the spin pair. 

The local field fluctuates in magnitude and direction with the motion, and thus generates an 

oscillating field with frequencies of oscillation dependent on τc. The field can interact with 

molecular magnetic component at the Larmor precession frequency, which provides a time-

dependent perturbation. As discussed in section 2.6.3 the effectiveness of the fluctuating local field 
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bringing about relaxation depends on the Larmor frequency as well the square of the interaction 

energy (Eq. 2.6.3.4).  

Additionally, the dipolar interaction between two spins may lead to relaxation via four energy 

levels8,24, namely αα, ββ (where spin 1 and spin 2 are in the same energy state) and αβ, βα (where 

spin 1 and spin 2 are in the different energy states). The single quantum transitions with change in 

total magnetic quantum number (∆m) associated with the transition equal to 1 which involves one 

of the spins flipping at a time. The double quantum transition involves ∆m = 2 both the spins flip 

between energy states (αα) and (ββ); zero quantum transition is denoted by ∆m = 0 where transition 

is between the energy states (αβ) and (βα) where both the spins flip simultaneously. The single 

quantum relaxation rates that are induced my molecular motions depend on the spectral density at 

Larmor frequency of either spin 1 or 2. Double quantum relaxation rate depends on the sum of the 

Larmor frequencies of spin 1 and 2; while zero quantum relaxation rate depends on the spectral 

density at the difference of the two Larmor frequencies of spin 1 and 2. 

2.7.2 Chemical Shift Anisotropy 

CSA strongly depends on the bonding environment. The local field generated is proportional 

to the applied field and its interaction with the nucleus depends on the magnetogyric ratio of the 

nucleus. The anisotropy in chemical shielding leads to a dispersion of resonance frequencies for 

molecules in solids as discussed in section 2.5.1. The general rules discussed in section 2.6.3, 

anisotropy in chemical shielding due to distribution of electrons leads to relaxation.  

From Eqs. 2.5.1.3 and 2.5.1.12, we can write the following relaxation expression for CSA (R1) 

for an axially symmetric shielding tensor:64 
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𝑅1
𝐶𝑆𝐴 =

2

15
𝛾2𝐵0

2(𝜎∥ − 𝜎⊥)2𝜏𝑐        Eq. 2.7.2.1 

Hence, 𝑅1
𝐶𝑆𝐴 quadratically increases with B0, and becomes significant at higher field, and is 

dependent on the chemical environment of the nucleus [shielding anisotropy term (𝜎∥ − 𝜎⊥)] and 

correlation time of motion involved. 

2.7.3 Electric Quadrupole Relaxation 

For nuclei with spin > ½, the interaction between the nuclear electric quadrupole moment and 

the electric field gradient caused by the surrounding electrons and ions becomes very crucial in the 

case of solids. It usually dominates dipolar and chemical shift relaxation mechanisms discussed 

above. 

The theory of quadrupolar relaxation is complex in general, but it can be simplified in terms 

of molecular rotation and by assuming axial symmetry of the molecular electric field.28 The 

interaction energy between the nucleus and the electric field gradient from the Eq. 2.5.2.7 

quadratically given by the following rate equation for a spin-1 nucleus:65,66 

𝑅1
𝑄 =  

1

𝑇1
𝑄 =

3

10
𝜋2 2𝐼+3

𝐼2(2𝐼−1)
𝐶𝑄

2 (1 +
𝜂2

3
) × {𝐽(𝜔0) + 4𝐽(2𝜔0)}    Eq. 2.7.3.1 

where CQ is the quadrupolar coupling constant, η is the asymmetry parameter, I is the spin 

quantum number, R1 is the relaxation rate and T1 is the longitudinal time constant. J(ω0) is the 

spectral density function at ω0. 

The quadrupolar coupling constant, CQ could be zero for a highly symmetric system67 such as 

35/37Cl- ion and tetrahedral 14𝑁𝐻4
+, but can be very large in other cases such as 93Nb in NaNbO3 

which is about 19.5 MHz.68 For 2H, CQ is generally 100-200 kHz with relaxation times of several 
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milliseconds in solids and for 14N, CQ is typically a few MHz leading to T1 and T2 of 10-20 ms. 

For bromine (79/81Br) and chlorine (35/37Cl) in lower symmetry environments, CQ is ~100 MHz with 

T1 on the order of microseconds.  Since quadrupolar nuclei have spin > ½, there are many energy 

levels to consider, and the transition relaxation probability between different energy levels may 

differ too. For example,69 in the case of 23Na with I = 3/2, there are distinct relaxation rates for the 

m = -1/2 to +1/2 transition and the ±1/2 to ±3/2 transitions. The relaxation rates and linewidths of 

quadrupolar nuclei in solution also depend on correlation time τc, spin quantum number I, 

quadrupolar moment eQ, and electric field gradient Vzz.
70  

Quadrupolar linewidths depend on the Q values of different nuclei. The smaller Q values give 

rise to relatively sharp lines or less broad lines for nuclei such as 2H and 133Cs. In case of nuclei 

with larger Q values, the linewidth is broader, such as for 79Br and 35Cl. In the case of 127I it Q  is 

so large that it becomes too difficult to study by NMR. The linewidth factor L can be given by 

following equation where I and Q are characteristic of a given nucleus:70 

𝐿 =  
𝑄2(2𝐼+3)

𝐼2(2𝐼−1)
          Eq. 2.7.3.3 

Eq. 2.7.3.3 becomes important when an element has more than one quadrupolar isotope in the 

same samples such as 63Cu/65Cu or 95Mo/97Mo. The direct relationship between L and Q2 shows 

that ratio of linewidths can be used to find the ratios of quadrupole moments. 

Symmetrical sites such as spherical, tetrahedral or cubic sites result in zero field gradient and 

hence sharp lines. Yet there maybe long-range order in those samples that would give rise to  

quadrupolar relaxation and line broadening effects. In the case of 35Cl the linewidth of aqueous 

NaCl is around 10 Hz and in case of CCl4 it is found to be 10 kHz70,71 which reflects the lower 
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local symmetry; hence electrical symmetry can cause smaller linewidths than expected from 

simple molecular symmetry considerations.  

2.8 Effects of dynamics on 2H line shapes and applications 

Deuterium NMR is a powerful tool to study molecular motions. As deuterium has a low natural 

abundance, it becomes important to isotopically label the samples to observe deuterium solid-state 

NMR spectra. Deuterium being a quadrupolar nucleus, its lineshape depends on the quadrupolar 

interaction21,41 with the electric field gradient at deuterium nucleus. The quadrupolar mechanism 

dominates its relaxation processes making the deuterium NMR spectrum sensitive to local 

motions. The powder spectrum or “Pake doublet” named after the physicist George E. Pake, is 

weighted sum over all orientations of θ, given by Eq. 2.5.2.1.1. Furthermore, the EFG tensor is 

approximately axially symmetric (η = 0) in case of 2H spectra depending on the functional groups 

attached and frequency of separation in crystalline material with simple doublet reflects the C-D 

bond orientation to the magnetic field vector. This also facilitates the line shape calculation in the 

case of 2H NMR. 

As discussed in section 2.5.2.1, since 2H has two allowed transitions and a single crystal with 

C-D bonds in a single orientation will give rise to two equally separated lines depending on the 

orientation of C-D bond magnetic field vector. By alternating the position of the single crystal with 

respect to external magnetic field, the positions of the peaks will change. If there was any kind of 

motion in the single crystal, this could average out the positions of these lines. Therefore, the 

amplitude of motions in the solids can be studied by investigating the line shapes of 2H NMR 

spectra. However, the majority of samples studied are not crystalline but rather powders and the 

powder averaged Pake pattern results as shown in Figure 2.12.  
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If the C-D bond is involved in two-site hops between the two positions with bisector of the hop 

angle being 54.7° then the component of the electric field gradient tensor perpendicular to the hop 

axis is being unaffected by this motion. In case of C-D bond as a part of deuterated methyl group, 

methyl group rotation causes the 2H static line shape to averages by a factor of ½(3cos2ϕ-1) where 

ϕ is the angle that C-D bond makes with the rotation axis. For methyl groups with 3-fold rotation 

it comes out to be 109.5° and the quadrupolar coupling constant averages by 1/3.  

The rate of molecular motion is considered to be on the intermediate deuterium timescale is  

represented by correlation time τc, which ranges between 10-7 s to 10-3 s in solids.72 Static line 

shapes generally occur when exchange rates less than 10-3 s while the fast motion limit exceeds 

10-7 s.  Hence, line shape simulations can be used to find the rate constant for exchange. If the rate 

constants are acquired for a range of temperatures then they can be plotted against inverse 

temperature to obtain the energy barrier for this dynamic process. H. W. Spiess et al. in in 1980 

studied the 2H SSNMR on of hexamethylenetetramine (HMT)73 over a range of temperatures. They 

obtained the correlation time τc at each temperature from line shape analysis, which they confirmed 

followed the Arrhenius equation to allow the calculation of activation energy for reorientation of 

HMT.  

As per Eq. 2.5.2.1.1, ∆ν is the doublet separation in frequency units and θ is the angle between 

principal axis of the EFG tensor which is considered to lie along the C-2H bond vector and axis of 

rotation. Barnes et al.74 have studied the separation of spectral width in perdeuterobenzene which 

decreased from 180.7 ± 1.5 kHz at 77 K to 69.10 ± 1.0 kHz at 200K showing that the in-plane 

reorientation of the molecule is restricted at lower temperatures. Further T1 relaxation 

measurements on perdeuterated benzene have shown that the energy barrier to reorientation 19.0 

± 0.1 kJ/mol with an exponential function describing the activation energy.  
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Boden et al. calculated the quadrupolar coupling constants for –CD2- and –CD3 groups to be 

168.0 ± 1.3 kHz and 49.9 ± 1.33 kHz in the polycrystalline n-nonadecane-d40 at the temperature 

of 165 K.75 At 165K, the spectrum exhibits a narrow central doublet splitting as a result of rotation 

of two terminal CD3 groups around the methyl axis that reduces the quadrupolar coupling constant, 

while the outer lines arise from the rigid backbone deuterons of –CD2- groups. Hence –CD2- 

groups have longer spin lattice relaxation (T1) constants compared to the rotating –CD3 groups. 

These characteristics can be used to differentiate these groups by recording the spectrum with a 

very short interscan delay so that only the fast relaxing –CD3 groups will be detected. 

In summary, the thesis explores the energy barriers of deuterated methyl groups in halogen 

bonded cocrystals via 2H lineshape analysis and T1 relaxation measurements. Understanding the 

details of NMR interactions is essential for interpreting our findings. We discussed here in brief 

all the NMR interactions and their mechanism in brief, focussing on Quadrupolar nucleus 2H, it’s 

relaxation mechanism, pulse program used in the chapter 4.  
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Chapter 3 X-Ray Crystallography 

3.1 Background on X-ray diffraction and its importance 

Understanding high resolution crystal structures of molecules is crucial. Presently, the gold 

standard for solving structures is via diffraction studies either by X-rays or neutrons. X-rays are 

scattered by electrons of atoms which occurs due to the oscillations of electrons from in the electric 

field of the incoming X-ray beam and such scattering by electrons is called Thomson scattering.1 

This results in a diffraction pattern, the measurement of which gives information on the 

arrangements of atoms within the crystal of being studied. In 1895, Wilhelm Conrad Roentgen 

discovered X-rays2 and in 1912 Max von Laue showed that these X-rays could be diffracted by 

crystals.3 In 1913, William Laurence Bragg used X-ray diffraction for the first time to establish 

the three-dimensional arrangement within an NaCl crystal where he found that each sodium ion is 

surrounded by six equidistant chloride ions and each chloride by six equidistant sodium ions. From 

this Bragg hypothesized that the crystal consisted of sodium and chloride ions rather than 

uncharged individual atoms as there was no discrete molecule of NaCl found.4,5 This was predicted 

earlier in 1907 by William Barlow and William Jackson Pope,6 but was experimentally 

demonstrated by Bragg in 1913.4,5,7  

In this thesis, X-ray diffraction studies have been employed to determine the single crystal 

structures of halogen bonded cocrystals and powder X-ray studies are used as preliminary methods 

to distinguish the new structures. X-ray diffraction acts here as a complementary technique in 

determining the structures of samples which were then used in SSNMR studies. Single crystals 

were grown, screened, and structures solved to be able to understand the features of novel 

structures designed for the thesis. These studies were helpful in understanding the various aspects 



92 

 

 

of molecular arrangement leading to observed differences in energy barriers to methyl group 

rotations in halogen-bonded cocrystals discussed in the Chapter 4.  

3.2 Growing crystals: Methods in brief 

There are various methods8 used to grow single crystals.  The better the quality of a crystal, 

the more precise the resulting crystal structure. Crystals are grown from solution as a commonly 

practiced method; however, other methods like cooling molten material, sublimation, and vapour 

diffusion methods are also useful. Growing crystals from solution involves dissolving the sample 

in a solvent of choice and/or a combination of solvents until the saturation point.  The solvent is 

then removed or evaporated to slowly increase the concentration.  The resulting saturated or 

supersaturated solution may yield crystals. During this crystal growth process, solute molecules 

interact with each other forming aggregates, a process referred to as nucleation. Crystal growth 

continues until the sample concentration drops down to the saturation point. The crystallization 

process relies on having an appropriate nucleation site. If crystallization conditions are reached 

quickly, the resulting crystal size is smaller than those obtained via a longer crystallization process, 

as the faster approach produces many nucleation sites. Crystals will not grow if there are very few 

nucleation sites as crystal growth may have to compete with other processes like precipitation or 

aggregation, which may dominate. 

Key factors affecting the growth of crystals include the choice of solvent, generation of enough  

nucleation sites, the rate of crystal growth and maintaining an undisturbed crystallization system.9 

There is advanced equipment available for crystal growth, especially for macromolecules where 

robotics can be used to test a wide variety of crystallization conditions.10 The preparation of 

crystals can be difficult for some samples or sample may be unstable under normal laboratory 
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conditions. Such samples require extra care since may lose solvent and become polycrystalline 

powder or absorb water from the atmosphere and dissolve. Biomolecular crystals need optimal 

humidity and they are fragile due to the high proportion of water they possess. These difficulties 

make it necessary to use special techniques such as sealing the crystal in a capillary tube in suitable 

atmospheric conditions, cooling the crystals or growing them in a very low temperature. Some 

unstable organometallic crystals are grown in inert atmospheres to avoid unwanted side reactions. 

A twinned crystal may be formed when there is intergrowth of two different crystals in the same 

sample. This complicates a diffraction studies; however, the treatment of twin crystals while data 

processing and refinement is a standard practice. The size of a crystal for single crystal diffraction 

studies ranges from 0.2 to 0.4 mm or less and they weigh less than a small fraction of a milligram. 

However, some samples do not yield single crystals and thus powder X ray diffraction studies are 

used to obtain structural information. Mechanochemical techniques such as ball milling, grinding 

of samples by mortar and pestle, resonant acoustic mixing (RAM) yield novel cocrystals and are 

being explored these days.11 

3.3 Basics of X-ray crystallography 

3.3.1 Crystals and polycrystalline or powder samples 

A crystal is a solid that contains a high degree of long-range three-dimensional internal order 

of the atoms, ions or molecules. The term “crystallography” was termed by the Swiss physician 

and naturalist Moritz Anton Cappellar in his work published in Lucerne in 1723.12,13 By contrast, 

in non crystalline or powdered samples there is no evident geometric order beyond the immediate 

neighbouring environment of the fundamental structural unit. X-ray diffraction patterns of 

powders indicate that there is no geometric order in space in any possible direction that could 

define a period. They are termed as “amorphous”. The only regularities seen in the diffraction 
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pattern (symmetrically spherical) of amorphous materials are due to the recurring bond distances. 

Not all solid materials can be assumed to be perfect crystals e.g. glass, calcite are not crystalline. 

Though crystalline material is known to have perfectly arranged components in three dimensions, 

a real crystal at non-zero temperature can have a variety of imperfections including defects, 

twinning, disorder, dislocations, and impurities. The internal regularity of crystal was used as 

diffraction grating in 1912 to demonstrate the wavelike property of X-rays5 and also led to a useful 

technique to study molecular structure. The internal regularity is what defines the crystal more 

than the external appearance and the diffraction pattern obtained with X-rays shows the extent of 

crystallinity.  

3.3.2 The unit cell and faces of a crystal 

A crystal is built up by the continuing three-dimensional translational repetition of a basic 

structural unit, which may include one or more atoms, molecules, or ions or a complex assembly 

of the same. The simplest component of this three-dimensional pattern is called the “unit cell”.14 

The word “translational” implies that the repetition of an arrangement of atoms in a specific 

direction at regular intervals. The unit cell hence contains a translationally repeating pattern 

defined by crystal axes namely a, b and c, with magnitudes a, b and c. The angles between these 

axes are named for convenience, α between b and c, β between b and c, and γ between a and b. 

The three lengths and the three angles are called lattice parameters or unit cell parameters. The 

atomic positions along each of the unit cell directions are measured as fractions of x, y and z of 

repeat lengths a, b and c. The crystal planes are characterized by the three integers and is known 

as “indexing”, namely h, k, and l. The ratio of the lengths of the unit cell and hence the shape of 

the unit cell is obtained after the cell indexing which has the information of crystal faces and the 

angles between them measured. 
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3.3.3 Crystal lattice, symmetry, space groups 

If the repeating unit cell in a crystal is replaced by a point, a crystal lattice is generated and is 

an infinite network of points arranged in three-dimensional space.  A crystal lattice consists of an 

ordered array of imaginary points whereas a crystal structure consists of an ordered array of 

components such as atoms/ions/molecules as defined earlier. Crystal lattice points are positioned 

uniformly in every repetitive unit cell and as a result every crystal lattice point in the unit cell has 

the same environment in the entire crystal structure. Unit cells and crystal lattices are classified 

based on their rotational symmetry.14,15 Physically, symmetry elements can be visualized as a 

point, line or plane in any object or molecule around which symmetry operations are applied. Such 

symmetry operations may include an inversion through a point, a rotation about a line or a 

reflection in a plane resulting in the identical appearance of the molecule afterwards. Each 

symmetry element thus has characteristic number of symmetry operations that can be performed; 

for example, the presence of an n-fold rotation axis implies that when the unit cell is rotated 

(360/n)° about this axis, the crystal lattice obtained afterwards is indistinguishable from the 

original before the rotation (n can be any integer). The Figure 3.1 shows the symmetry operations 

of rotation, inversion and reflection and the resultant images. 

 

Figure 3.1. Illustration of basic symmetry operations. 
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Different types of possible rotational symmetry including two-fold, three-fold, and six-fold 

rotational axes result in seven types of crystal systems namely triclinic, monoclinic, orthorhombic, 

tetragonal, trigonal/rhombohedral, hexagonal and cubic. Any crystal lattice may always be 

described as primitive with only one crystal point or non-primitive with more than one crystal 

point. By considering the fact that the non-primitive cell has more than one crystal point and 

necessity being that the crystal lattice point must have the identical surrounding, there are 14 types 

of crystal lattices that were deduced by Moritz Ludwig Frankenheim and Auguste Bravais. These 

14 crystal lattice types are named after Bravais in 1850 which were obtained by the combination 

of 7 crystal systems mentioned before Figure 3.2 with the four crystal lattice types based on 

arrangement of atoms in crystal lattice (P-primitive, A or B or C-simple cubic, F-face centered, 

and I-body centered). 

 

Figure 3.2. Depiction of 7 types of crystal systems with corresponding cell parameters to 

distinguish them. 
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The collection of all the symmetry operations for a molecule is called its point group and each 

point group has its own characteristics. There are a total of 32 point groups. The number of 

molecules in each unit cell is denoted as Z. The smallest part of a crystal structure from which the 

complete crystal structure can be obtained by symmetry operations using appropriate space groups 

is called the asymmetric unit. The number of molecules in the asymmetric unit is denoted by Z’. 

The combination of symmetry elements consistent with 14 Bravais lattices can be arranged in such 

way that there will be 230 distinct combinations possible for three dimensional crystals called 

crystallographic space groups. They are listed in the International Tables for Crystallography, 

Volume A. 

3.3.4 Diffraction and Bragg’s equation 

 Von Laue with Friedrich and Knipping discovered the diffraction of X rays by crystals in 

1912.3 In 1913, William Lawrence Bragg with his father William Henry Bragg, explained that the 

diffracted X-ray beams were reflected from planes passing through points of the crystal lattice.4,5  

Bragg’s diffraction condition is shown in the Figure 3.3 below: 

 

Figure 3.3. Illustration of Bragg's law: Diffraction of X-rays from the lattice plane. 
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Bragg’s law states that difference in the paths traveled by the scattered waves from adjacent 

crystal lattice plane will be an integral multiple of the wavelength, nλ. Below is Bragg’s equation: 

𝑛𝜆 = 2𝑑 sin 𝜃          Eq. 5.3.4.1 

Where λ is the wavelength of radiation used, n is an integer, nλ is the path difference, d is the 

perpendicular spacing between the lattice planes in the crystal, θ is the complement (90°-θ) of the 

angle of incidence of X-ray beam. 

 

Figure 3.4. Depiction of array of two type of atoms in a crystal and each array separately satisfies 

the Bragg equation. The amplitude of the diffracted wave depends on the number of electrons in 

the two atoms here and the angle, θ. This produces different intensities of diffraction spots for the 

two atoms in consideration.  
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3.4 Single crystal X-ray diffraction 

The conditions of data collection can be decided by a crystallographer, which include the 

radiation source, temperature, and pressure.16 The radiation source could be copper (λ = 1.54184 

Å) or molybdenum (λ = 0.71073 Å). Copper radiation is particularly useful for weakly diffracting 

crystals which are smaller in size and contains lower atomic number elements (smaller path 

difference with respect to wavelength used) whereas molybdenum radiation allows collection of 

higher resolution data. The analysis of a crystal structure by single crystal X-ray diffraction as 

performed for this thesis consists of three stages: 

Screening of crystal involves the selection of a crystal from multiple crystals; indexing the 

diffraction spots gives the unit cell parameters and evaluate the quality of crystal based on their 

intensity of spots indexed. 

Data collection involves experimental measurement of the directions of scatter of the diffracted 

beams and measuring the unit cell dimensions. The Bragg reflection (where the wavelength, λ of 

X-ray comparable to the lattice spacing d in lattice; each crystal plane acts as weakly reflecting 

plane; the radiation is called Bragg reflected and the reflections produced if satisfy the Bragg 

equation they add constructively to produce nearly 100% reflections) with different intensities 

based on the type of atoms present in the sample and their relative positions of atoms in the unit 

cell is recorded. 

Finding a possible structure is the deduction by direct methods which are based on statistical 

and probabilistic calculations which use the experimental structure factor modulus for each 

reflection and inverse Fourier transform of structure factors (contains information of x, y, z values 

for each atom; h, k, l Bragg reflections) provides electron density map whose maxima 
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corresponding to the atomic positions.15 This is embedded in the software program used to solve 

the data. In the current work atomic coordinates that are measured with respect to unit cell are 

located based on electron density map using the software WingX.17,18 

Refinement of the trial structure involves modifications made to obtain agreement between  

calculated and experimentally measured intensities within the limits of any errors. The discrepancy 

index, R is a useful measure of reliability of a crystal structure. R is called as reliability index and 

or conventional residual or residual index; it is defined as following:19 

 𝑅 =  
∑|(|𝐹0|−|𝐹𝑐|)|

∑|(𝐹0)|
          Eq. 3.4.1 

R is a measure of how closely the experimentally observed structure factor amplitudes are 

matched by the calculated values for a possible structure model proposed. F0 is the observed 

structure factor amplitudes and Fc is the calculated structure factor amplitudes. In general, the 

lower the R value, the better the structure determination. 

Mercury20 is software which provides comprehensive tools to visualize crystal structures after 

solving them. WingX17,18 and ShelXle21 software programs are used for solving the crystal 

structures described in this thesis. Crystal structures in this thesis were prepared using this program 

and then novel structures were deposited in the CCDC.22 

3.5 Powder X-ray diffraction 

Powder X-ray diffraction was used in this thesis to check the purity of the novel cocrystals 

along with characterizing the products formed in the crystallization process. Around 1917, 

Johannes Christian Michael Brentano worked on the Bragg-Brentano geometry23 used in powder 

X-ray diffraction instruments. Sample preparation for X-ray powder diffraction measurements 
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becomes important to avoid any impurity or phase changes.24 The samples must be finely grinded 

to achieve a good signal-to-noise ratio and to minimize the preferred orientation of crystallites, 

also making enough particles to participate in the diffraction process. For phases quantification of 

samples, its recommended that the particle size be in the range of 1 – 5 μm.25,26 For routine 

qualitative evaluation, samples are ground to pass through a 325-mesh sieve, resulting in particles 

about 45 μm in size. Powdered sample is prepared by mechanochemical methods such as mortar 

and pestle, ball milling and resonant acoustic mixing. The scattering angle, θ is measured for every 

family of planes by rotating the sample and measuring the angle of diffracted rays with respect to 

the angle of incidence. Alternatively, the detector could be moved while keeping the angle between 

sample and the X-ray source fixed. Since the wavelength of the X-ray source is known, d-spacings 

or the spacing between the planes can be calculated by Bragg’s Law. The powder X-ray data 

collected for the starting materials and products are compared using X’Pert HighScore Plus 

software to get a fingerprint pattern. The software can be used to convert the raw files into desired 

file format for interpretation of diffraction data; it helps with background subtraction, peak fitting 

to determine the positions, intensities and width of diffraction peak, profile fitting, semi-

quantitative phase analysis. This helps in the initial screening of samples by comparing the powder 

patterns obtained by simulation of single crystal data and experimental powder pattern in our 

studies to identify the phase purity and carry forward for subsequent SSNMR experiments. 

3.6 Applications of X-ray diffraction data 

X-ray diffraction remains a powerful technique that has a long history of solid-state structure 

characterization. There are a wide range applications of X-ray diffraction studies in identifying 

phases, crystal size and structure, residual strain,27 phase transformation,28,29 studying non-
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covalent interactions,30,31 structural information of protein-ligand complexes, supramolecular 

chemistry, structure based drug discovery,32 and many more.  

The earliest days of crystallography involved the study of small molecules. One such example 

includes the structure of resorcinol reported by Robertson in 1936,27 which was termed as α-form. 

Shortly thereafter in 1938, it was found that the α–form underwent a transformation to the β-form 

when heated to 74 °C.25 Though both forms were in the Pna space group, the new form was denser 

and the structure was completely different from the α-form. Each form is characterized by different 

type of hydrogen bond motif. 

The qualitative use of powder X-ray diffraction provides a fingerprint of powder samples. 

Quantitative analysis of complex powder sample mixtures is done using a profile refinement 

method developed by Rietveld, which involves in simple terms to input the cell parameter (a, b, c 

and symmetry unrestricted angle, example being β angle in monoclinic system) of known phase 

for the refinement in such a way that it matches best with the experimental powder pattern.33 This 

approach has been useful for detecting as little as 1% of analyte concentration in a mixture. Since 

each component in a mixture contributes to the overall scattering in a manner that is proportional 

to its weight fraction the powder pattern of a mixture will contain one or more peaks whose 

scattering angle is unique to that analyte. For example, powder X-ray diffraction of ranitidine 

hydrochloride that crystallizes in two polymorphic forms34,35 showed the presence of 0.50% w/w 

of Form I in a bulk Form II sample. 

Over the years, CCDC22 has had millions of crystal structures deposited into its database. 

Crystal engineering35–38 defined as the building of crystal structures of organic, metal organic 

species, using the knowledge of intermolecular interactions, as the base for supramolecular 
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structures required to generate macromolecular crystals. Engineered crystals have potential to be 

used to make functional materials, catalysts, molecular rotors, drug-delivery complexes, etc. To 

engineer a crystal, a molecule is chosen so that there are appropriate donors and acceptors of 

hydrogen bonds or halogen bonds. While hydrogen bonds are more directional and ubiquitous in 

nature, the halogen bonds have gained interest since they can play a similar as hydrogen bonds a 

discussed in Chapter 1 of the thesis. The location and position of bonding groups are chosen to 3-

dimensional bonding network. For example, Colin-Molina et al.39 synthesized and studied the 

dynamics of a supramolecular rotor composed of a cocrystal components comprised of two 

carbazoles and a DABCO molecule acting as a stator and a rotator respectively, held together by 

N-H…N bonds. 1H T1 spin-lattice measurements were carried out using saturation recovery in 

solid-state cocrystals as a function of temperature, to measure the activation energy of this rotation, 

which was to be 2.6 kcal/mol, comparable with ultrafast supramolecular rotors. As is shown in the 

results of Chapter 6 in this, halogen bonded novel cocrystals are studied by both SSNMR and X-

ray diffraction to characterize the intermolecular interactions and their influence on dynamics.  

In summary, thesis deals with designing novel cocrystals using the knowledge of halogen 

bonding interactions and crystal engineering principles. Newly prepared cocrystals were semi-

quantitavely analyzed using powder diffraction studies to identify new peaks when compared and 

overlaid with the powder diffractogram of starting materials using X’Pert HighScore Plus 

software. The structure of new cocrystals were confirmed by solving single crystal X-ray 

diffraction data and then comparing them with powder difractograms obtained experimentally. 

Mercury software was used to study the intermolecular interactions, crystal packing, void volume, 

geometry and unit cell parameters to analyse the results obtained with respect to barrier energy 

measured using variable temperature 2H SSNMR experiments.  
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Part 2: Modulation of Dynamics 

Chapter 4 Modulation of Rotational Dynamics in Halogen-Bonded 

Cocrystalline Solids 

Permission: Chapter 4 is from Shubha S. Gunaga and David L. Bryce, J. Am. Chem. Soc. 

2023, 145, 34, 19005–19017 (DOI:10.1021/jacs.3c06343). Reproduced with permission of 

American Chemical Society. 
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4.1 Abstract 

 Dynamic processes are responsible for the functionality of a range of materials, 

biomolecules, and catalysts. We report a detailed systematic study of the modulation of methyl 

rotational dynamics via the direct and indirect influence of non-covalent halogen bonds. For this 

purpose, a novel series of cocrystalline architectures featuring halogen bonds (XB) to 

tetramethylpyrazine (TMP) is designed and prepared using gas-phase, solution, and solid-state 

mechanochemical methods. Single-crystal X-ray diffraction reveals the capacity of molecular 

bromine as well as weak chloro-XB donors to act as robust directional structure-directing 

elements. Methyl rotational barriers (Ea) measured using variable-temperature deuterium solid-

state NMR range from 3.75 ± 0.04 kJ mol-1 in 1,3,5-trichloro-2,4,6-trifluorobenzene∙TMP to 7.08 

± 0.15 kJ mol-1 in 1,4-dichlorotetrafluorobenzene∙TMP. Ea data for a larger series of TMP 

cocrystals featuring chloro-, bromo-, and iodo-XB donors are shown to be governed by a 

combination of steric and electronic factors. The average number of carbon-carbon close contacts 

to the methyl group is found to be a key steric metric capable of rationalizing the observed trends 

within each of the Cl, Br, and I series. Differences between each series are accounted for by 

considering the strength of the -hole on the XB donor. One possible route to modulating dynamics 

is therefore via designer cocrystals of variable stoichiometry, maintaining the core chemical 

features of interest between a given donor and acceptor, while simultaneously modifying the 

number of carbon close contacts affecting dynamics. These principles may provide design 

opportunities to modulate more complex geared or cascade dynamics involving larger functional 

groups. 
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4.2  Introduction 

 Molecular dynamics are crucial to the functionality of biomolecules,1 chemical catalysts,2,3 

and supramolecular systems.4 The intelligent and deliberate engineering of molecular structure and 

dynamics also holds the key to improving the properties of designer proteins,5 advanced functional 

materials,6 and molecular machines.7,8 While atomic-level structure resolution has long been a goal 

of chemical and biochemical crystallography, be it via diffraction methods, complementary 

approaches such as NMR crystallography,9,10 or purely computational crystal structure prediction 

(CSP) methods,11 it has become more evident in recent years that static structures only provide 

part of the story, and that dynamical features are of comparable importance in many cases.12,13 

For example, in the realm of structural biology, AlphaFold214 has found great success in 

generating structural models which are consistent with those established experimentally via 

diffraction or NMR approaches.15 However, it is clear that NMR spectroscopy provides invaluable 

insights into dynamic processes,16 including the interconversion between states,17,18,19 slow 

motions in proteins,20 and hierarchical protein dynamics across a range of timescales21,22 which are 

not available from a static structural model. Low methyl rotational barriers have recently been 

identified in proposed drugs against the SARS-CoV-2 virus.23 

From the perspective of materials and crystal engineering, great strides have been made in 

designing metal-organic frameworks and other porous systems which feature molecular 

rotors.24,25,26,27,28,29,30,31,32 The characterization of the dynamic features of these rotors is often 

carried out with solid-state NMR spectroscopy, typically via the analysis of deuterium NMR line 

shapes and spin-lattice relaxation time constants (T1) measured as a function of temperature. 

Analysis of these data can provide activation energies (Ea) corresponding to the rotational energy 



111 

 

 

barrier, among other parameters. For example, Schurko and Loeb have explored mechanically 

interlocked linkers and pillars in MOFs, and the role of sterics and phase changes in controlling 

their dynamics.28,29,30 Comotti, Sozzani, and coworkers have recently described a number of 

fascinating examples which demonstrate how molecular rotors offer a platform to realize 

controlled dynamics and modulate the functions of solids. In one case, a so-called ‘hypermobile’ 

rotor within the bicyclopentane–dicarboxylate struts of a zinc-based metal–organic framework was 

found to have an energy barrier of just 6.2 cal mol-1.24 Garcia-Garibay and coworkers have invested 

significant effort into designing and understanding the dynamics of supramolecular and ultrafast 

rotors, with some focus on systems constructed via halogen bonds.33,34,35,36,37,38,38,39 Their work has 

also explored the role of intrinsic rotational barriers as well as crystal fluidity in determining 

dynamics in molecular rotors and machines.40,41 

Although non-covalent interactions, typically hydrogen bonds and sometimes halogen bonds, 

are often used as the anchor points of supramolecular rotors in, e.g., MOFs and other porous 

systems,42 the possible indirect or unanticipated steric and electronic effects of these non-covalent 

bonds on rotational energy barriers are less understood. The factors which may influence rotational 

energy barriers have been often discussed,43,44,45,46 and while there are certain classes of systems 

whose rotational energy barriers may be well described by e.g., a steric model, the role of non-

covalent interactions as tools to expressly modulate rotational energy barriers is an open question. 

In a series of papers, Baudry47,48,49 showed computationally that the rotational barriers of methyl 

groups may either increase or, somewhat counterintuitively, decrease depending on the 

microenvironment. Skrynnikov and coworkers50 reached similar conclusions via side-chain 2H and 

backbone 15N NMR relaxation data recorded for the SH3 domain from -spectrin; that is, the 

methyl rotational activation energies outside the fluid hydrophobic protein core were either 
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elevated or decreased from the core reference value of 2.8 ± 0.9 kcal/mol. However, an assessment 

of activation energies compared with various structural parameters on a per-residue basis yielded 

no correlation.  

A recent communication from our laboratory described the ability of halogen bonds42 to 

catalyze supramolecular dynamics in cocrystalline solids.51 This work demonstrated that a 

counterintuitive reduction in the methyl rotational barrier of 2,3,5,6-tetramethylpyrazine (TMP) 

could be achieved by preparing cocrystalline materials featuring hydrogen bonds or halogen bonds 

to the pyrazyl nitrogen atom. Interestingly, this decrease was greater when strong prototypical 

halogen bond donors (1,4-diiodotetrafluorobenzene, 1,3,5-trifluoro-2,4,6-triiodobenzene, and 

molecular iodine) were used compared to hydrogen bond donors, despite the greater steric bulk of 

the former. Furthermore, the reduction in this barrier was absent in control experiments where an 

iodide salt was cocrystallized with TMP. These observations, coupled with calculations of the 

magnitude of the -hole52 molecular electrostatic potential maximum on iodine, suggested that a 

combination of electronic and steric factors is at play in determining the overall rotational barrier.  
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Figure 4.1. Key concepts explored in this work. Left: Molecular electrostatic potential surface of 

one of the halogen bond donors used herein, 1,3,5-tribromo-2,4,6-trifluorobenzene, with the σ-

hole on bromine indicated (blue). Right: 2,3,5,6-tetramethylpyrazine, the halogen bond acceptor. 

The halogen bond is indicated in purple. The possible role of steric clashes (brown), both with the 

halogen bond donor and with atoms in the extended crystal lattice, in determining the barrier to 

pseudo-C3 rotation (red) of the deuterated methyl groups, is depicted. 

 In the context of the foregoing discussion, we sought to provide new insight into how 

molecular dynamics in solids may be tailored for certain applications. In the present contribution, 

we establish some general principles of modulation of methyl rotational energy barriers via 

cocrystal engineering of halogen-bonded frameworks (Figure 4.1). A series of novel halogen-

bonded cocrystals is designed and synthesized using mechanochemical and cosublimation 

techniques, and their static structures are solved via single-crystal X-ray diffraction (Figure 4.2). 

Deuterium spin-lattice relaxation time constants are measured as a function of temperature for the 

cocrystalline powders in order to determine the methyl rotational activation energy barriers. These 

data are carefully interpreted in the context of the single-crystal X-ray structures to deconvolute 

the influence of steric and electronic factors, thereby providing a pathway towards the control of 

molecular and supramolecular dynamics in related systems.  
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Figure 4.2. Depiction of halogen bonds in the single crystal structures (this work) and molecular 

structures of five halogen-bonded cocrystals. Pure TMP (6) is also shown. The dashed light pink 

lines represent halogen bonds. Carbon: grey; fluorine: yellow; chlorine: green; nitrogen: blue; 

hydrogen/deuterium: white; bromine: orange. 

 

4.3 Experimental 

4.3.1 (i) Sample preparation 

2,3,5,6-tetramethylpyrazine (98%), 1,4-dibromotetrafluorobenzene (≥ 99%), and Br2 (≥ 

99.99%) were purchased from Sigma Aldrich. 1,3,5-tribromo-2,4,6-trifluorobenzene (95%) was 

purchased from abcr GmbH, 1,4-dichlorotetrafluorobenzene was purchased from Synquest 

Laboratories, and 1,3,5-trichloro-2,4,6-trifluorobenzene (95%) was purchased from AmBeed. 
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These chemicals were used without further purification. Deuterium oxide, D2O, was purchased 

from Sigma Aldrich (99.9 atom % D) and other solvents were purchased from Macron Fine 

Chemicals and from Alfa Aesar. 

2,3,5,6-Tetramethylpyrazine was deuterated following a modified procedure from the 

literature.51,53 In a 100 mL glass pressure tube, 50 mL of 0.6 M NaOH solution in D2O was 

prepared in an ice bath, to which 3 g of 2,3,5,6-tetramethylpyrazine was added carefully. The 

sealed glass tube was then placed in an oven at 92 ºC and left for 7 days. The glass tube was taken 

out and allowed to cool to room temperature, resulting in crystallization of deuterated 2,3,5,6-

tetramethylpyrazine. The solution was filtered to isolate crystalline flakes of the product, which 

was further rinsed with water and sublimed to get the pure product with a yield of 65%. This 

procedure afforded a deuterium enrichment factor of approximately 73% as assessed by NMR 

spectroscopy and mass spectrometry. 

The cocrystals 1, 2, 3, 4, and 5 (Figure 4.2) were prepared using slow evaporation and 

cosublimation techniques with deuterated 2,3,5,6-tetramethylpyrazine as the halogen bond 

acceptor. Cocrystal 3 was prepared using a cosublimation apparatus54 by using liquid Br2 and solid 

deuterated 2,3,5,6-tetramethylpyrazine; orange crystals were produced over 48 h (see SI for further 

details). Cocrystals 1, 4, and 5 were produced using a 1:1 molar ratio of donor and acceptor 

molecules with slow evaporation from dichloromethane. 2 was produced using a 1:1 molar ratio 

of donor and acceptor molecules with slow evaporation from anhydrous acetonitrile (99.8+%) 

initially at room temperature and subsequently at 5 ºC in the refrigerator over 7 to 10 days.  
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4.3.2 (ii) Single crystal X-ray diffraction 

Single crystals were mounted on glass fibres or transparent MiTeGen MicromountsTM 

precision tools and cooled to 200 ± 2 K before data collection using an FTS AirJet compressed air 

refrigerator (SP Scientific) liquid nitrogen cryogenic system. The X-ray diffraction data were 

collected on Bruker Kappa Apex and Bruker Smart Apex diffractometers equipped with APEX II 

CCD detectors using MoKα radiation (wavelength λ = 0.7103 Å). The distance from crystal to 

detector was between 43 mm and 45 mm as needed, and the scan width (∆ω) was 0.5˚ per frame. 

The data collection strategy was chosen in such a way to get 100% completeness. The data 

collection, cell refinement, integration, and reduction were carried out using the APEX III software 

package. Structures of cocrystals were solved using WinGX software packages with the direct 

method and refined based on the spherical atom approximation based on F2 using SHELXL 97.55 

Crystal packing diagrams and the crystal structure images were generated using Mercury 2020.1 

and POV-Ray.56 Analysis of intermolecular interactions was done with PLATON.57 The non 

hydrogen atoms were refined anisotropically and hydrogen atoms were refined using difference 

Fourier maps or positioned geometrically. Crystallographic information files have been deposited 

in the Cambridge Structural Database, entries 2215842 – 2215846. It is noted that after work on 

this project commenced, Pennington and coworkers reported the X-ray diffraction structure of 1, 

which is in agreement with our findings.58 

4.3.3 (iii) Mechanochemistry and powder X-ray diffraction 

The cocrystals were also synthesized mechanochemically using a Retsch MM400 ball mill and 

by placing deuterated 2,3,5,6-tetramethylpyrazine and halogen bond donors (except Br2) in a 1:1 

molar ratio in 10 mL stainless steel ball mill jars. The mixtures were ground for 45 min at 18 Hz 

frequency with two stainless steel milling balls. The produced cocrystalline powders were 
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individually placed in zero diffraction plate sample holders and diffraction data were collected on 

a Rigaku UltimaIV powder diffractometer at 293 ± 2 K (Cu Kα1 radiation with a wavelength of λ 

= 1.54056 Å). The measurements were carried out in focussed beam geometry with a step scan 

technique, with 2θ ranging from 5 to 60˚. Data were acquired by a scintillation counter detector in 

continuous scanning mode with a step size of 0.02˚. Experimental and simulated PXRD patterns 

were then compared to assess morphology and phase purity. 

4.3.4 (iv) 2H solid-state NMR spectroscopy   

2H solid-state NMR experiments were performed on a 200 MHz (B0 = 4.7 T) spectrometer 

using a Bruker Avance III console and a single-channel wideline probe fitted with a 5 mm solenoid 

coil. Static 2H NMR spectra were acquired using a quadrupolar echo59,60  (
𝜋

2
− 𝜏 −

𝜋

2
− 𝜏) pulse 

sequence using a 4 μs π/2 pulse length and a 20 μs τ delay. The T1 relaxation experiments were 

performed using a quadrupolar echo coupled with an inversion recovery sequence at temperatures 

ranging from approximately 140 K to 320 K at roughly 10 to 20 K intervals. A high-pressure liquid 

nitrogen cylinder was connected to the VT inlet of the probe via a wide mouth insulated glass 

Dewar which was continuously maintained at liquid N2 temperature. The sample temperature was 

measured with a thermocouple connected to a multimeter. 

(v) Density functional theory calculations  

DFT calculations (LDA/VWN functional) were carried out using the Amsterdam Modelling 

Suite (2020). 61,62 Models consisting of a halogen donor and acceptor molecule were built based 

on the single X-ray crystal structures. A series of linear transit calculations were performed using 

the TZ2P basis set by optimizing the Cartesian coordinates and varying the H-C-C-C dihedral 

angle from -180˚ to +180˚ for the methyl group of TMP nearest to the halogen bond. After each 
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geometry optimization cycle, the energy was calculated at every point of methyl group rotation of 

interest. The activation energy is then estimated by subtracting the energy minimum from the 

energy maximum.  

4.4 Results and Discussion 

4.4.1 (i) Synthesis, X-ray diffraction, and description of crystal structures 

 Five halogen-bonded cocrystals were prepared as described in the Experimental section: 

1,4-dibromotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (1); 1,3,5-tribromo-2,4,6-

trifluorobenzene∙2,3,5,6-tetramethylpyrazine (2); Br2∙2,3,5,6-tetramethylpyrazine (3); 1,4-

dichlorotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (4); 1,3,5-trichloro-2,4,6-

trifluorobenzene∙2,3,5,6-tetramethylpyrazine (5) (see Figure 4.2). Initial cocrystallization tests 

employed protiated halogen bond acceptor 2,3,5,6-tetramethylpyrazine (TMP; 6). Further 

preparations of these five cocrystals employed deuterated 6, prepared as described in the 

Experimental section. 

 Single cocrystals of samples 1 to 5 were grown and their structures solved using single-

crystal X-ray diffraction. Crystallographic information on these samples is summarized in Table 

4.1 and complete details are provided in the Supporting Information (SI). Shown in Figure 4.3 are 

the packing motifs obtained from the single-crystal X-ray diffraction models for each cocrystal as 

well as for pure TMP. These images serve to highlight the halogen bonds in these structures as 

well as the overall nature of the packing of molecules in each system. Key features of the structures 

and solid-state packing of each compound will be discussed briefly in turn in the following 

paragraphs. Weaker interactions which may influence methyl rotational barriers will be discussed 

in a subsequent section in the context of deuterium spin-lattice relaxation data (vide infra). 
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 Cocrystal 1 packs in the P21/n space group and features one crystallographically distinct 

molecule of 1,4-dibromotetrafluorobenzene and two crystallographically distinct molecules of 

2,3,5,6-tetramethylpyrazine. One of the TMP molecules is halogen-bonded (rN…Br = 2.919(3) Å), 

via each of its two nitrogen atoms, to the bromine atoms in two molecules of 1,4-

dibromotetrafluorobenzene, with a halogen bond angle of 171.37(8)°. The corresponding reduced 

distance parameter (RXB = rN…Br / rvdW, where rN…Br is the halogen bond distance and the 

denominator is the sum of the van der Waals’ radii of the halogen and nitrogen) of 0.86 suggests 

a moderately strong halogen bond. The other TMP molecule in 1 does not engage in halogen 

bonding. The constituent molecules in cocrystal 1 are seen to stack in a T-shape (Figure 4.3) 

whereby the planes of the donor and acceptor molecules involved in the halogen bonds are nearly 

orthogonal to each other, rather than nearly coplanar. The structure of 1 was also reported recently 

at a lower temperature of 100 K.58 

 Cocrystal 2 packs in the P21/n space group. The asymmetric unit is comprised of one 

molecule of 1,3,5-tribromo-2,4,6-trifluorobenzene and one molecule of 2,3,5,6-

tetramethylpyrazine. In contrast to cocrystal 1, the donor and acceptor molecules of 2 are nearly 

coplanar (Figure 4.3). There are two crystallographically distinct bromine-nitrogen halogen bonds 

with distances of 3.028(3) Å and 2.958(3) Å and angles of 177.3(1)° and 178.2(1)°, respectively. 

The reduced distance parameters of 0.88 and 0.86, respectively, are again indicative of moderately 

strong halogen bonds. The third bromine atom of the ring has a close contact with one of the 

fluorine atoms of an adjacent 1,3,5-tribromo-2,4,6-trifluorobenzene molecule. 

Cocrystal 3 packs in the P1 space group and features half a molecule of 2,3,5,6-

tetramethylpyrazine and half a molecule of Br2 in the asymmetric unit. Each bromine molecule 
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engages in two crystallographically identical and nearly perfectly linear (178.26(7)°) halogen 

bonds with two TMP molecules (Figure 4.3). The bromine-nitrogen halogen bonds are 2.87(1) Å 

long, corresponding to the smallest reduced distance parameter of 0.84 among the novel cocrystals 

prepared in this work. The crystal structure is thus comprised of offset planar sheets of halogen 

bonded –(TMP∙Br2)n– moieties, with a spacing of 3.103 Å between sheets. This structure provides 

a particularly clearcut demonstration of the ability of molecular bromine to engage in structure-

directing halogen bonding, in analogy with the ability of molecular iodine,51 the stronger halogen 

bond donor. 

Cocrystal 4 packs in the P21/n space group. There are two crystallographically distinct 

molecules of 2,3,5,6-tetramethylpyrazine and one crystallographically distinct molecule of 1,4-

dichlorotetrafluorobenzene. As with cocrystal 1, in cocrystal 4 there is one TMP molecule which 

does not participate in any halogen bonds. The second TMP molecule has two crystallographically 

identical halogen bonds to chlorine at each of its two nitrogen atoms (Figure 4.3). These halogen 

bonds are 2.979(2) Å long and have a C-Cl…N angle of 170.62(7)°. They are relatively weak, with 

a reduced distance parameter of 0.90, and also deviate furthest from linearity among those studied 

presently. The planes of the halogen bond donor and acceptor molecules are twisted by 

approximately 72° relative to one another, resulting in another example of the “T-shape” 

conformation as seen in cocrystal 1.  

Cocrystal 5 packs in the P21/n space group and has one molecule each of 1,3,5-trichloro-2,4,6-

trifluorobenzene and of 2,3,5,6-tetramethylpyrazine in the asymmetric unit. Similarly to cocrystal 

2, the rings of donor and acceptor molecules are approximately coplanar, resulting in extended 

rippled and stacked halogen-bonded sheets (Figure 4.3). These sheets are ~3.57 Å apart. 

Analogously to cocrystal 2, each of the two crystallographically distinct nitrogen atoms in each 
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TMP molecule forms a halogen bond to an adjacent 1,3,5-trichloro-2,4,6-trifluorobenzene 

molecule via chlorine. Similarly, two of the three crystallographically distinct chlorine atoms are 

engaged in halogen bonds with these nitrogen atoms, while the third chlorine atom has a close 

contact with fluorine on an adjacent 1,3,5-trichloro-2,4,6-trifluorobenzene molecule. The two 

halogen bonds have distances of 3.010(2) and 3.128(2) Å, with halogen bond angles of 177.88(8) 

and 174.02(8)°, respectively. These are the longest and weakest halogen bonds in the present study, 

with reduced distance parameters of 0.92 and 0.96, respectively. In fact, given the relatively weak 

capacity of chlorine to form halogen bonds, compared to the larger and more polarizable Br and I, 

the preparation of stable cocrystals 4 and 5 in and of itself is somewhat remarkable.  

Taken together, the preparation of cocrystals 1 through 5 via cosublimation, slow evaporation, 

and mechanochemical methods provides evidence for the strong structure-directing capabilities of 

even weaker halogen bonds in the gas phase, in solution, and in the solid state. 
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Figure 4.3. Packing motifs obtained from single-crystal X-ray diffraction studies of cocrystals 1, 

2, 3, 4, 5, and pure TMP (6). Halogen bonds are depicted with dashed lines. Carbon: grey; 

hydrogen/deuterium: white; nitrogen: blue; bromine: orange; yellow: fluorine; green: chlorine. 

 

Table 4.1. Selected crystallographic and halogen bond geometrical parameters for the 

compounds studied herein. 

entry space group  RXB X…N / Å Y-X…N / ° CCDC 

entry 

1 P21/n 0.86 2.919(3) 171.37(8) 2215842 

2 

 

P21/n 

 

0.88 

0.86 

3.028(3) 

2.958(3) 

177.3(1) 

178.2(1) 

2215844 

 

3 P1 0.84 2.87(1) 178.26(7) 2215846 

4 P21/n 0.90 2.979(2) 170.62(7) 2215843 

5 

 

P21/n 

 

0.92 

0.96 

3.010(2) 

3.128(2) 

177.88(8) 

174.02(8) 

2215845 

 

6 Pbca n/a n/a n/a 1214276 

  

The cocrystals were also prepared as powders and powder X-ray diffractograms were recorded 

for each sample. A representative example of the agreement between the diffractogram obtained 

from a powdered sample of 1 and the simulated diffractogram generated from the single-crystal 

X-ray structure is shown in Figure 4.4. Analogous comparisons for the remaining cocrystals are 

provided in the Supporting Information. These data show that the powdered samples studied by 

2H solid-state NMR spectroscopy (vide infra) have the same structure as single-crystalline 

samples, which is essential to interpreting the NMR data in the context of the crystal structures. 

These data also again demonstrate the robust ability of the halogen bonds in these systems, some 
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of which are relatively weak, to predictably direct the cocrystallization pathway regardless of 

whether this is carried out in the gas phase, in solution, or directly in the solid state. 

 

 

Figure 4.4. Experimental (bottom) and simulated (top) powder X-ray diffractograms of the 1,4-

dibromotetrafluorobenzene∙TMP cocrystal (cocrystal 1). A partially resolved peak splitting near 

2θ= 16° in the simulated diffractogram appears as an unresolved asymmetric broadening in the 

experimental pattern. 

 

4.4.2 (ii) Measurement of methyl rotational activation energies via 2H NMR spectroscopy 

 As mentioned in the Introduction, deuterium NMR spectroscopy is a very valuable probe 

of dynamics in solids. In this section, the results of variable-temperature 2H solid-state NMR 

experiments carried out on samples 1 to 6 are described and discussed. In addition to recording 
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one-dimensional spectra, a large series of inversion-recovery experiments over a range of 

temperatures are analyzed to extract information on the methyl rotational barriers in these samples 

(see SI). 

 Shown in Figure 4.5 are some representative Pake patterns obtained with a one-

dimensional 2H quadrupolar echo pulse sequence for stationary powdered samples of 1 to 6. These 

spectra have been simulated in order to extract the effective quadrupolar coupling constant (CQ) 

and asymmetry parameter () for deuterium. As methyl groups are known to rotate over a wide 

range of temperatures (well-modelled by methyl hopping about the local pseudo-C3 axis down to 

about 80 K)43, the observed patterns shown at room temperature (~296 K) and low temperature 

(~147 K) reflect a motionally-averaged electric field gradient tensor. Rotation about the local 

methyl C3 axis results in a scaling of this tensor by 3cos2-1, where  is the angle between the C-

D bond vector and the local rotation axis (i.e.,  ≈ 109.47°). For methyl groups, the powder patterns 

and effective 2H quadrupolar coupling constants are thus scaled by -1/3. The effective deuterium 

quadrupolar coupling constants obtained from the simulations are roughly constant across all 

samples and across the temperature range studied, i.e., about 51 to 53 kHz. These data therefore 

correspond to standard CQ(2H) values for static methyl deuterons of approximately 156 kHz. The 

effective asymmetry of the EFG tensor, representative of librational motions, shows slight 

variations (see Figure 4.5 and SI), particularly at lower temperatures.  It is noted that the above-

mentioned scaling and derived values of the static quadrupolar coupling constants are consistent 

with an absence of any other significant dynamic processes (e.g., ring flips) on the time scale of 

these NMR experiments. 
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Figure 4.5. Experimental and simulated deuterium quadrupolar echo line shapes for compounds 

1 to 6 at room temperature (296 ± 3 K; left) and low temperature (147 ± 3 K; right). These errors 

represent the small range in temperatures over which the data were acquired for different samples 

rather than the uncertainty in the temperature measurement. 

  

Deuterium spin-lattice relaxation time constants were recorded as a function of temperature 

(~140 K to ~320 K) using a quadrupolar echo inversion-recovery NMR pulse sequence. The 

integrated Pake pattern areas were plotted as a function of time and fit to an exponential function 

to determine T1 for each compound at each temperature. A representative example of these data is 

shown in Figure 4.6 for cocrystal 3 at 296.1 K, and all other data are provided as Supporting 
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Information. T1 values range from 0.129 s at 144.6 K to 2.013 s at 323.5 K for 1, 1.269 s at 149.3 

K to 5.905 s at 321.1 K for 2, 0.036 s at 132.5 K to 1.472 s to 316.3 K for 3, 0.868 s at 146.3 K to 

4.447 s at 311.3 K for 4, and 0.446 s at 144.9 K to 5.202 s at 313.4 K for 5.  

 

 

Figure 4.6. Inversion-recovery 2H NMR measurement of T1(
2H) for cocrystal 3 at 296.1 K.  

Experimental data are shown in black and the best fit is shown in red. Data were fit to I[t]=I[∞](1-

2Aexp(-t/T1)). 

 

 Arrhenius plots of ln(T1) as a function of inverse temperature furnish the activation energies 

associated with the methyl rotation in each of the compounds studied (Figure 4.7). This analysis 

assumes that methyl deuteron relaxation is dominated by modulation of its nuclear quadrupolar 

interaction induced by its three-fold rotation. The activation energies determined thusly are 

summarized in Table 4.2. These range from a high of 7.31 ± 0.17 kJ mol-1, as reported previously,51 
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for TMP, to a low of 3.75 ± 0.04 kJ mol-1 for cocrystal 5. Importantly, even for cocrystals 1 and 4, 

which include additional TMP molecules in the crystal lattice which are not engaged in halogen 

bonds, the relaxation data fit well to a single exponential function, implying that a single T1 value 

is sufficient to describe the effective relaxation in these systems. Maus et al. have commented that 

possible exchange between different methyl sites can result in an effective decrease of the T1 of a 

slower-relaxing site.63 The quality of the fits of the data obtained, together with the relatively small 

spread in derived activation energies, further justifies the use of a single T1 value; however, these 

values are best considered effective or averaged values across all methyl groups in a given system. 

Also included for comparison in Table 4.2 are data51 for some iodinated analogues of the chloro- 

and bromo- cocrystals studied presently. Among all of these halogen-bonded systems, the lowest 

activation energy of 2.84 ± 0.14 kJ mol-1 is seen for 1,4-diiodotetrafluorobenzene∙TMP. DFT 

calculations of the rotational activation energies using small cluster models comprised of donor 

and acceptor molecules only roughly reproduce the experimental trend (Figure S14 and S15, SI) 

with a correlation coefficient (R2) of just 0.6024. This result suggests that longer range contacts 

from the crystal lattice play determinative roles in the values of Ea (vide infra).  It is also noted 

that the measurement and interpretation of quadrupolar order relaxation time constants (T1Q) could 

provide additional insights for future work, as they probe different spectral densities than do T1 

values.64 
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Figure 4.7. Arrhenius plot of lnT1(
2H) vs 1/T for compounds 1 to 6. 
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Table 4.2. Experimental activation energies for methyl rotation, and computed molecular 

electrostatic potential maxima, in a series of halogen-bonded cocrystals of 2,3,5,6-

tetramethylpyrazine (TMP) 

Compound Ea / kJ mol-1 packing motif 
MEP on -hole / 

kJ mol-1 

1,4-dibromotetrafluorobenzene∙TMP (1) 5.98 ± 0.07 T-shape 132 

1,3,5-tribromo-2,4,6-

trifluorobenzene∙TMP (2) 

3.77 ± 0.08 coplanar 128 

Br2∙TMP (3) 5.41 ± 0.09 linear 127 

1,4-dichlorotetrafluorobenzene∙TMP (4) 7.08 ± 0.15 T-shape 81 

1,3,5-trichloro-2,4,6-trifluorobenzene∙TMP 

(5) 

3.75 ± 0.04 coplanar 82 

TMP (6) 7.31± 0.17a zig-zag n/a 

1,4-diiodotetrafluorobenzene∙TMPa 2.84 ± 0.14a coplanar 168 

1,3,5-trifluoro-2,4,6-triiodobenzene∙TMPa 3.24 ± 0.13a coplanar 162 

I2∙TMPa 3.62 ± 0.13a linear 155 

 a. Data from reference 51. 

 These activation energies may be compared with data available for other organic systems 

not featuring halogen bonds. Typical barriers for methyl rotation in aliphatic systems range from 

8 to 12 kJ mol-1.63 Wang et al. reported values ranging from 1.7 to 13.4 kJ mol-1 for a series of 

methyl-substituted phenanthrenes and naphthalenes.46 All of the values described in the present 

work (Table 4.2) fall within this range. The average value in the fluid hydrophobic core of SH3 

domain from -spectrin was found to be 11.7 ± 3.8 kJ mol-1,50 while a particularly high barrier of 

26.8 ± 1.7 kJ mol-1 for the axial methyl group of trigonal-bipyramidal [W(5-C5Me5)Me4]
+ has 

been reported.63 In this context it is important to note that different classes of systems are likely to 

be subject to a different weighting of factors which may determine the activation energies 
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associated with methyl rotation. For instance, substitution on an aromatic core may result in 

correlations not only with steric effects, but also with the local -bond order of the aromatic rings.46 

Maus et al.63 commented on the impossibility of interpreting the barrier of 26.8 ± 1.7 kJ mol-1 in 

the above-mentioned tungsten complex due to the unknown influence of the charge of the system, 

local symmetry, and the nature of other nearby ligands.  In the following section, we therefore aim 

to interpret the activation energies determined for halogen bonded systems of TMP within a self-

consistent context that is able to rationalize and account for the experimental observations. 

 

4.4.3 (iii) Factors influencing methyl dynamics 

 To understand the underlying origins of the experimentally observed methyl rotational 

barriers, several hypotheses were considered. As it has been demonstrated previously that there is 

a significant electronic component which influences the activation energy in related iodinated 

systems, we first sought to simply correlate the rotational barriers with the strength of the -hole. 

Szell et al.51 have demonstrated that the trend in experimental activation energies in three iodinated 

cocrystals of TMP follow the trend in computed -hole electrostatic potentials (Table 4.2). This 

work also established computationally the importance of the strength of the halogen bond donor 

in determining the methyl rotational barriers, thereby proving that simple steric considerations 

were not sufficient to explain the observed trends.51 However, for the broader range of systems 

studied presently, which have a range of crystal morphologies and which cover chloro, bromo, and 

iodinated halogen bond donors, it is clear that that the MEP maximum does not correlate 

universally with the observed activation energies (see Figure S17, SI).  
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Although the MEP maximum at the -hole does not correlate universally with the experimental 

activation energies, it is constructive to examine subsets of the data shown in Table 4.2. Consider 

the pair of isomorphic (P21/n) cocrystals 1 and 4 which feature ‘T-shaped’ arrangements and 

additional TMP molecules in the unit cell. The activation energies for these two cocrystals (5.98 

and 7.08 kJ mol-1) correlate inversely with the MEP maximum of the halogen donor (132 and 81 

kJ mol-1), correlate directly with the length of the halogen bond (2.919 and 2.979 Å), and correlate 

directly with the reduced distance parameter (0.86 and 0.90, respectively). The MEP maxima of 

the halogen bond donor atoms in Br2.TMP and I2.TMP (127 and 155 kJ mol-1) similarly correlate 

inversely with the methyl rotational barriers (5.41 and 3.62 kJ mol-1). However, the isomorphous 

cocrystals 2 and 5 have the same activation energy within experimental error, while their MEP 

maxima are very different (128 and 82 kJ mol-1). These isolated comparisons among pairs of 

analogous cocrystalline systems further establish that while electronic considerations play a key 

role in determining the rotational energy barriers, there are other factors which must be uncovered. 

As a further electronic consideration, a representation of -order of the N-C/C-C bonds of the 

TMP rings was computed as the difference between the N-C and C-C bond lengths where the 

underlined carbon atom represents the anchor point on the pyrazine ring for each methyl group. 

The results were analyzed for the various cocrystals. Wang et al. have described for a series of 

phenanthrenes and naphthalenes how orbital overlap between the methyl groups and adjacent 

aromatic rings can stabilize certain conformations of the methyl group.46 Their work showed that 

some changes in activation energy could be explained by differences in the -bond order of the 

adjacent C-C aromatic rings, but there were exceptions to this due to steric effects. We find similar 

results here, where the -bond orders computed for the TMP nitrogen-carbon bonds adjacent to 
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the methyl groups do not show any general correlation with the experimental methyl rotation 

activation energies (see SI).  

A simple consideration of local steric hindrance of the methyl rotation was considered. One 

hypothesis was that shorter contacts between the methyl deuterons and the halogen bond donor 

molecule would result in more hindered rotation. However, no general correlations with the length 

of the halogen bond nor with the reduced distance parameter are noted (see SI). Furthermore, such 

an argument goes completely counter to all experimental observations to date for halogen bonded 

systems, where it is seen that forming a halogen bond to the nitrogen of TMP, directly adjacent to 

the methyl groups, actually reduces the rotational barrier, rather than increasing it. 

 

Table 4.3. Void volumes. 

compound unit cell 

volume /Å3 

void volume 

/ Å3 

void volume / 

% 

 

1 1158.8 138.79 12.0 

2 1655.25 218.89 13.2 

3 274.4 56.92 20.7 

4 1147.6 141.42 12.3 

5 1610.4 269.46 16.7 

6 788.005 103.55 13.1 

a. Probe radius = 0.4 Å; grid spacing = 0.4 Å. 

The next consideration was that of total available void volume in the unit cell for each of the 

cocrystals (Table 4.3). The hypothesis in this case was that a brute-force assessment of total free 
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volume could be correlated with the ease of methyl rotation. Void volumes, defined as empty 

spaces in crystal unit cells that are big enough to hold a spherical “probe” of a given radius, were 

computed using Mercury software and the available crystallographic information files for each 

cocrystal and for TMP.  Although different probe radii and grid setting are known to influence the 

specific results obtained in void volume calculations,65 the main finding here, that this void volume 

percentage does not correlate with the changes in methyl rotational barriers, is consistent across a 

range of settings used (see Table 4.3 and SI). The lack of any correlation clearly runs counter to 

simplistic notion that more empty space in the unit cell will translate directly to freer methyl 

rotation. 

 More specific consideration was given to short intermolecular contacts to the methyl 

groups, and possible steric effects which could influence their rotational energy barriers. All 

contacts to the methyl carbons and to the methyl hydrogens/deuterons were assessed and tabulated. 

It quickly became apparent that there are many such contacts within the van der Waals’ radii + 0.5 

Å in some of the cocrystals and that discerning any possible influencing factors required some 

informed filtering of the contacts. The approach of Baudry49 was explored, whereby satellites of 

the methyl groups at specific angular positions within a certain distance were considered. 

However, this did not lead to any meaningful results for the present systems.  

 To understand which contacts to the methyl groups are the most influential in determining 

the rotational activation energies, attention was paid to the two limiting cases, namely the TMP 

molecule which has the highest methyl rotational barrier among those compounds studied herein, 

and 1,4-diiodotetrafluorobenzene∙TMP, which has the lowest (Table 4.2). Careful inspection of 

the close contacts (sum of vdW radii + 0.5 Å) to the methyl groups in these structures revealed 

that in TMP, the average number of close contacts to the methyl carbons was 3.00, while in 1,4-
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diiodotetrafluorobenzene∙TMP, the average is 1.50 (Figure 4.8). Assessment of the halogen-

bonded system with the highest activation energy, 4, showed that the average number of close 

contacts to the methyl carbons was large, 3.75 (Figure 4.8b). These findings led to further 

consideration of the number of close contacts to nearby carbon atoms (N) in the remaining 

cocrystals. This approach yielded very interesting strong correlations with the experimental 

activation energies.  

 

Figure 4.8. (a) The 1,4-diiodotetrafluorobenzene∙TMP cocrystal (which has the lowest methyl 

rotational barrier among the compounds discussed in this work) has an average of 1.5 close 

contacts between the methyl carbons and any other carbons in the crystal structure. (b) The largest 

number of methyl-carbon contacts (marked with dashed red and turquoise lines) are noted for 1,4-

dichlorotetrafluorobenzene∙TMP (4), with an average of 3.75 contacts per methyl group. (c) The 

pure TMP molecule has an average of 3.00 contacts per methyl group. Contacts are defined here 

as carbon-carbon distances within the sum of the van der Waals’ radii + 0.5 Å.  

 

As shown in Figure 4.9A, a weak direct correlation between the experimental activation 

energies and the average number of carbon close contacts exists (Ea = 1.0208N + 2.5376; 

R² = 0.6588). The average number arises from the fact that there are typically two 

crystallographically distinct methyl carbons in each cocrystal, and four in the cases of cocrystals 
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1 and 4. The use of an average value (Table 4.4) is an approximation, but nevertheless provides an 

empirical point of reference for exploring correlations with activation energy. Further inspection 

of the data, as well as consideration of the electronic effects of the halogen bond discussed above, 

led us to plot the data separately on the basis of the nature of the halogen involved in the halogen 

bond. Shown in Figure 4.9B are three data sets, one for chloro-, bromo-, and iodinated systems. 

Remarkably, near-perfectly linear correlations (R2 ≥ 0.96) between the experimental activation 

energies and the average number of close contacts to carbon are obtained. While the two-point 

correlation for the chloro compounds is not meaningful in isolation, and there are a limited number 

of datapoints overall, consideration of all three datasets provides a convincing basis for 

understanding the experimental trends. The correlations for each halogen are characterized by 

different slopes, largest for chlorine and smallest for iodine, which is consistent with the notion 

that the electronic effect of the stronger iodine-based halogen bonds is more difficult to disrupt via 

steric effects, whereas the influence of the quite weak chlorine-based halogen bonds is much easier 

to disrupt. The intercepts of the three lines of best fit lie between 0.839 and 2.935 kJ mol-1, 

suggesting that in absence of any steric hindrance due to nearby carbon atoms, methyl rotational 

energy barriers as low as this could potentially be achieved in an isolated TMP molecule. These 

values remain much higher than the 26 J mol-1 reported for bicyclopentane-dicarboxyate struts in 

a zinc organic framework,24 reflecting at least in part the intrinsic rotational barrier within an 

isolated 2,3,5,6-tetramethylpyrazine molecule which has close intramolecular steric contacts 

between the methyl group and both the pyrazine ring and the adjacent methyl group on this ring. 
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Table 4.4. Average number of carbon-carbon contacts to methyl groupsa 

 

compound 
Average number of C-C 

contacts 

1 3.50 

2 1.00 

3 3.00 

4 3.75 

5 1.75 

6 3.00 

1,4-diiodotetrafluorobenzene∙TMP 3.00 

1,3,5-trifluoro-2,4,6-

triiodobenzene∙TMP 
1.50 

I2∙TMP 2.00 

a. Sum of van der Waals’ radii + 0.5 Å. 

 The offsets seen for the three datasets shown in Figure 4.9B are rationalized in the context 

of the electronic factors (-hole MEP) discussed above. For example, although Br2∙TMP and 

I2∙TMP have the same number of average contacts to carbon (N = 3), the latter has a deeper -hole 

on the halogen with a MEP maximum of 155 kJ mol-1 compared to the former which has a MEP 

maximum of only 127 kJ mol-1. Thus, their difference in experimental methyl rotational barriers 

may be attributed largely to differences in electronic effects rather than steric ones. The mechanism 

of this effect was elucidated by Szell et al., who showed via DFT calculations that within the 

typical range of reduced distances observed here, a halogen bond donor with a stronger -hole 
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(iodotrifluoromethane) results in a decreased activation energy compared to an analogous donor 

(iodomethane) with a weaker -hole.51 

 

Figure 4.9. Plots of experimental methyl rotational barriers vs the average number of carbon close 

contacts. (a) Data for all cocrystals discussed in this work, plus TMP. Ea = 1.3658N + 1.3634; 

R² = 0.5958. (b) Data separated by the nature of the halogen bond donor: iodinated (red circles; Ea 
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= 0.5000N + 2.150; R² = 0.9586); brominated (blue squares; Ea = 0.8657N + 2.889; R² = 0.9963); 

chlorinated (black triangles; Ea = 1.665N + 0.8386; R² = 1). 

 

The role of carbon-carbon contacts in governing the observed trends in activation energy may 

be due to their uniqueness when carbon is compared to the other elements in these systems. There 

are numerous contacts beyond the sum of the van der Waals’ radii in the systems studied herein, 

not just those between carbon atoms. Aside from hydrogen, which is small and also in constant 

motion in these systems, every other element (N, F, Cl, Br) has lone pairs of electrons and/or a 

large polarizable electron cloud. These elements may act as transient electron donors to engage in 

weak hydrogen bonds or close contacts with the methyl hydrogens, neither reducing nor increasing 

the overall rotational barrier. Carbon, on the other hand, cannot provide the same sort of interaction 

and would therefore appear to act only as a steric barrier, resulting in increased activation energies 

as described above. 

 Finally, it is noted that the average number of carbon-carbon contacts may also be proxied by 

the qualitative nature of the crystal packing shown in Figure 4.3 and described in Table 4.2. For 

instance, the “T-shaped” brominated and chlorinated cocrystals (1 and 4) have a larger number of 

carbon contacts and larger Ea values when compared to their “coplanar” analogues (2 and 5).  The 

fact that 1 and 4 have additional TMP molecules not engaged in halogen bonds suggests that in 

future work, tuning cocrystal stoichiometry 66,67 could provide a systematic route to modulating 

rotational dynamics in novel systems. 

On the basis of the above findings, the application of halogen bonds and other -hole 

interactions to modulate rotational dynamics in more complex systems including molecular 
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machines and biological systems may be considered.  For example, the role of halogen bonds in 

governing structural, enthalpic, and entropic factors in proteins, enzymes and nucleic acids has 

been discussed by Ho and coworkers.68,69,70,71 The engineering of biomolecules to feature halogen 

bonding moieties and other non-covalent interactions at specific backbone sites so as to influence 

dynamics and function may now be considered on the basis of the principles discussed herein, 

namely via a judicious balance of steric and electronic effects.  Halogen bonds may possibly be a 

valuable new tool for engineering not only protein and enzyme structure, but also dynamics and 

functionality. 

 

4.5 Conclusions 

A series of new halogen-bonded cocrystals has been designed and prepared via gas-phase 

cosublimation, solution-phase slow evaporation methods, and solid-state mechanochemical ball 

milling. Within these systems, even weak halogen bonds involving chlorine proved effective in 

consistently generating cocrystalline architectures whose structural features are governed by these 

bonds. A rare example of molecular bromine as a halogen bond donor has been established. A 

detailed X-ray diffraction and solid-state 2H NMR study has shown that methyl dynamics in the 

crystalline state are modulated via halogen bonds. More precisely, the activation energy associated 

with these rotational dynamics is controlled by a combination of electronic and steric factors. 

Somewhat counterintuitively, the introduction of a halogen bond donor molecule in relatively close 

steric contact with rotating methyl groups consistently results in a decrease of the rotational energy 

barrier. This finding is explained via a close examination of the electronic, structural, and 

crystallographic features of the cocrystalline systems.   
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The average number of carbon-carbon close contacts to the methyl group is found to be a key 

steric metric capable of rationalizing the observed trends in rotational energy barrier when the 

compounds are grouped by the identity of the halogen bond donor atom (Cl, Br, or I).  Differences 

between each of these groups are accounted for by considering the strength of the -hole, as 

measured via computed molecular electrostatic potential maxima. The correlations for each 

halogen group are characterized by different slopes, demonstrating that the electronic impact of 

the -hole of the stronger iodine-based halogen bonds is more difficult to disrupt via steric effects, 

whereas the influence of the weaker chlorine-based halogen bonds on methyl rotation is easier to 

disrupt via steric effects. This work has also suggested that one possible route to modulating these 

dynamics is to design and engineer novel cocrystals of variable stoichiometry, thereby maintaining 

the core chemical features of interest between a given donor and acceptor molecule, while 

simultaneously modifying the number of carbon close contacts affecting methyl rotation.  

To conclude, it is noted that methyl rotation is just one example of the type of dynamical 

process which could in principle be modulated via the direct and indirect impact of halogen bonds. 

More complex geared or cascade dynamics, and dynamics of larger functional groups, are also 

amenable to the types of modulation described here. Finally, one may envisage the application of 

entire additional classes of non-covalent interactions toward the direct and indirect modulation of 

dynamics in cocrystalline architectures, supramolecular systems, and porous materials, including 

chalcogen bonds, pnictogen bonds, tetrel bonds, and other tuneable and directional element-based 

-hole interactions.  
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Part 3: Cocrystal design and study 

Chapter 5 Type II Halogen-Halogen Contacts in the Single-Crystal 

X-ray Diffraction Structure of a 1:1 Halogen-Bonded Cocrystal of 

2,3,5,6-Tetramethylpyrazine and 1,3,4,5-Tetrabromo-2,6-

difluorobenzene  

Permission: Chapter 4 is from Shubha S. Gunaga and David L. Bryce J. Chem. Crystallogr., 

2024, 54, 150-156. (https://doi.org/10.1007/s10870-024-01007-4). Reproduced with permission 

of Springer Nature - Journal of Chemical Crystallography. 
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5.1 Abstract 

A cocrystal of 2,3,5,6-tetramethylpyrazine and 1,3,4,5-tetrabromo-2,6-difluorobenzene has 

been prepared and its crystal structure has been determined via single-crystal X-ray diffraction. 

Infinite chains of roughly coplanar donor and acceptor molecules are held together by two 

crystallographically distinct and highly linear Br…N halogen bonds. Four further 

crystallographically distinct Br…Br halogen bonds are also observed.  Each of the two Br atoms in 

the 3 and 5 positions on the benzene ring acts simultaneously as a halogen bond donor and acceptor 

to two additional bromines on two neighbouring 1,3,4,5-tetrabromo-2,6-difluorobenzene 

molecules.  These halogen bonds are also classified as type II halogen-halogen contacts.  As a 

result of these contacts, a staggered herringbone arrangement of the infinite chains results.  These 

structural features are shown to be consistent with computed molecular electrostatic potential and 

Hirshfeld surfaces. The insights gained through this analysis imply that additional systematic 

variations in the substitution motifs of aromatic halogen bond donors may lead to new structures 

and properties.  As part of this work, a single-crystal X-ray structure of 1,3,4,5-tetrabromo-2,6-

difluorobenzene of moderate quality is also reported. 
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5.2 Graphical Abstract 

 

The single-crystal X-ray diffraction structure of a 1:1 cocrystal of 2,3,5,6-tetramethylpyrazine 

and 1,3,4,5-tetrabromo-2,6-difluorobenzene is reported.  Bromine-nitrogen halogen bonds link the 

two types of molecules together, forming infinite chains.  Bromine-bromine halogen bonds (type 

II contacts) between aromatic molecules stabilize a herringbone-like packing arrangement. 
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5.3 Introduction 

Halogen bonds1 and related non-covalent interactions including chalcogen bonds,2 tetrel 

bonds,3 and pnictogen bonds,4 find diverse applications across a broad range of fields such as 

crystal engineering,5 catalysis,6 and biomolecular engineering.7 These types of interactions are 

often interpreted in terms of the interaction of an electron donor moiety with an area of elevated 

electrostatic potential (-hole)8 on the electron acceptor.  New classes of -hole interactions 

continue to be explored via crystal structure database searches, computational chemistry, and 

experimental approaches.  The most recent of these include, e.g., spodium bonds,9 erythronium 

bonds,10 and matere bonds.11,12  

Our own recent work on using halogen bonds to modulate or catalyze rotational dynamics in 

solids has focussed on a series of cocrystals formed with 2,3,5,6-tetramethylpyrazine (TMP) as the 

halogen bond acceptor.13,14 Single-crystal X-ray diffraction structures are known for cocrystals of 

TMP for a series of aromatic chloro-, bromo- and iodo- halogen bond donors including 1,4-

dichlorotetrafluorobenzene, 1,3,5-trichloro-2,4,6-trifluorobenzene, 1,4-

dibromotetrafluorobenzene, 1,3,5-tribromo-2,4,6-trifluorobenzene, 1,4-diiodotetrafluorobenzene, 

and 1,3,5-trifluoro-2,4,6-triiodobenzene.13,14 We and others have also described further TMP 

cocrystallization efforts using other 1,4-halobenzenes,13,15,16 1,3,5-halobenzenes,16,17,18 molecular 

iodine19 and bromine,14 and 3-iodoethynylbenzoic acid.20  

 In this work, we report the single-crystal X-ray diffraction structure of a cocrystal of TMP 

with 1,3,4,5-tetrabromo-2,6-difluorobenzene (1). The substitution motif of the benzene molecule 

differs from those discussed above (typically 1,4- and 1,3,5-halo substitution).  The impact of this 

substitution motif on the resulting crystal packing is discussed.  Along with the experimental data, 
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calculations of the molecular electrostatic potential and Hirshfeld surfaces reveal that in addition 

to the anticipated bromine-nitrogen halogen bonds between the donor and acceptor molecules, 

bromine-bromine halogen bonds (type II contacts)21,22 play a key role in determining the overall 

structure.  Such contacts are not prevalent in the previously reported TMP-halobenzene structures 

due to the different substitution motifs.   

 

5.4 Experimental 

5.4.1 (i) Synthesis 

2,3,5,6-tetramethylpyrazine (98%) and 1,3,5-tribromo-2,4,6-trifluorobenzene (≥ 99%) were 

purchased from Sigma Aldrich and used as received. However, as described below, it was 

concluded that the halogen bond donor compound received was in fact 1,3,4,5-tetrabromo-2,6-

difluorobenzene.  The cocrystal (1) was produced using a 1:1 molar ratio of donor and acceptor 

molecules dissolved in anhydrous acetonitrile by continuous stirring at room temperature. The 

solution was then kept at 4-5 ºC in the refrigerator to allow for slow evaporation of the solvent, 

resulting in crystal formation.  The crystals were consistently of poor quality despite repeated 

attempts to grow better quality crystals. 

5.4.2 (ii) Single crystal X-ray diffraction 

Single crystals were mounted on transparent MiTeGen MicromountsTM precision tools and 

cooled to 203 ± 2 K before data collection using a cryogenic liquid nitrogen system. The X-ray 

diffraction data were collected on a Bruker Kappa Apex diffractometer equipped with APEX II 

CCD detectors using MoKα radiation (wavelength λ = 0.7103 Å). The data collection, cell 

refinement, integration, and reduction were carried out using the APEX III software package. The 
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structure of cocrystal 1 was solved using WinGX software with the direct method and refined 

based on the spherical atom approximation based on F2 using SHELXL 97.23 Analysis of 

intermolecular interactions was done with PLATON.24 The non-hydrogen atoms were refined 

anisotropically and hydrogen atoms were positioned geometrically using a riding model. The 

refinement data are summarized in Table 5.1. 

5.4.3 (iii) Computational details 

 Molecular electrostatic potential surfaces were calculated using Gaussian 03 (revision 

C.02)25 at the B3LYP/6-311+G* level of theory using atomic coordinates taken directly from the 

experimental crystal structure.  Hirshfeld surfaces and fingerprint plots26 were generated using 

CrystalExplorer.27 Structures were visualized and some images were generated using Mercury 

software (2021.1.0 (Build 319587)).28 

 

5.5 Results and Discussion 

 Single cocrystals comprised of TMP and 1,3,4,5-tetrabromo-2,6-difluorobenzene 

(compound 1) were grown via slow evaporation from acetonitrile.  As shown in Table 5.1, the 

cocrystal packs in the orthorhombic P212121 space group.  The asymmetric unit consists of one 

molecule of TMP and one molecule of 1,3,4,5-tetrabromo-2,6-difluorobenzene (Figure 5.1(a)).  

Covalent bond lengths and angles are given in Table 5.2.  

 

Table 5.1. Single crystal data and structure refinement for 1 (2,3,5,6-tetramethylpyrazine 

1,3,4,5-tetrabromo-2,6-difluorobenzene (1:1 cocrystal)) 
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CCDC Number  2301003 

Empirical formula C14 H12 Br4 F2 N2 

Formula weight  565.90 

Temperature/K 203 (2)  

Crystal system Orthorhombic 

Space group P212121 

a/Å 4.5828(12) 

b/Å 12.401(3) 

c/Å 30.473(8) 

α/˚ 90 

β/˚ 90 

γ/˚ 90 

Volume/Å3 1731.9(8) 

Z 4 

ρcalcg/cm3 2.170 

μ/mm-1 9.310 

F(000) 1072 

Crystal size/mm3 0.620 x 0.312 x 0.112 

Radiation MoKα (λ = 0.71073) 

2θ range for data collection/˚ 1.336 to 25.529 

Index ranges -5<=h<=5, -14<=k<=12, -36<=l<=28 

Reflections collected 5451 

Independent reflections 3214 [R(int) = 0.0531] 

Data/restraints/parameters 3214 / 0 / 203 

Goodness-of-fit on F2 0.911 
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Final R indexes [I>=2σ (I)] R1 = 0.0549, wR2 = 0.1147 

Final R indexes [all data] R1 = 0.0854, wR2 = 0.1254 

Largest diff. peak/hole / e Å-3 1.467 and -1.035 e.Å-3 

 

 

Figure 5.1. (a) Asymmetric unit of 1 showing the one of the halogen bonds between 2,3,5,6-

tetramethylpyrazine 1,3,4,5-tetrabromo-2,6-difluorobenzene (Br1…N3); (b) Crystal packing of 1 

shown along the c axis. 

  

 Within the asymmetric unit, one halogen bond between the bromine at the 4 position and 

one of the nitrogen atoms on TMP is noted.  The Br…N distance is 3.033 Å and the C-Br…N angle 

is 173.58°.  The other nitrogen atom of TMP forms a crystallographically distinct halogen bond 

with the bromine at the 1 position in a second molecule of 1,3,4,5-tetrabromo-2,6-difluorobenzene 

(rBr…N = 2.974 Å; C-Br…N angle = 177.37°).  These two bromine-nitrogen bonds therefore result 

in an overall crystal packing arrangement including infinite chains of TMP and 1,3,4,5-tetrabromo-
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2,6-difluorobenzene in which the molecules are approximately coplanar.  This aspect of the crystal 

packing is similar to that seen for related cocrystals 1,3,5-tribromo-2,4,6-trifluorobenzene·2,3,5,6-

tetramethylpyrazine and 1,3,5-trichloro-2,4,6-trifluorobenzene·2,3,5,6-tetramethylpyrazine.14 

 

Table 5.2. Selected distances (Å) and angles (°)  in cocrystal 1. 

 

C1—C2 1.398 (17) C6—Br2 1.859 (13) 

C1—C6 1.397 (16) C7—N1 1.338 (16) 

C1—Br1 1.900 (12) C7—C8 1.419 (15) 

C2—C3 1.365 (15) C7—C11 1.497 (17) 

C2—Br4 1.878 (12) C8—N3 1.326 (16) 

C3—F3 1.342 (14) C8—C12 1.536 (18) 

C3—C4 1.378 (17) C9—N1 1.343 (16) 

C4—C5 1.390 (18) C9—C10 1.382 (16) 

C4—Br3 1.888 (12) C9—C13 1.497 (17) 

C5—F2 1.331 (15) C10—N3 1.373 (15) 

C5—C6 1.392 (16) C10—C14 1.479 (17) 

C2—C1—C6 121.0 (11) C5—C6—Br2 119.0 (10) 

C2—C1—Br1 119.9 (9) C1—C6—Br2 123.2 (9) 

C6—C1—Br1 119.1 (9) N1—C7—C8 119.9 (12) 

C3—C2—C1 118.7 (12) N1—C7—C11 118.5 (11) 

C3—C2—Br4 118.7 (11) C8—C7—C11 121.6 (12) 

C1—C2—Br4 122.6 (9) N3—C8—C7 121.5 (12) 

F3—C3—C4 117.7 (11) N3—C8—C12 118.0 (11) 
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F3—C3—C2 119.8 (12) C7—C8—C12 120.5 (12) 

C4—C3—C2 122.5 (12) N1—C9—C10 122.0 (12) 

C3—C4—C5 118.0 (12) N1—C9—C13 116.8 (11) 

C3—C4—Br3 122.3 (10) C10—C9—C13 121.2 (13) 

C5—C4—Br3 119.7 (10) N3—C10—C9 120.1 (12) 

F2—C5—C6 119.0 (12) N3—C10—C14 116.3 (11) 

F2—C5—C4 119.1 (11) C9—C10—C14 123.6 (12) 

C6—C5—C4 121.9 (12) C9—N1—C7 118.5 (10) 

C5—C6—C1 117.8 (12) C8—N3—C10 117.9 (11) 

 

 In addition to bromine-nitrogen halogen bonds involving the bromine atoms at positions 1 

and 4 of the aromatic ring, additional bromine-bromine halogen bonds are noted in the structure 

of 1 (Figure 5.2; Table 5.3).  The bromine atom at position 3 (labelled Br4 in the cif) is involved 

in two type II bromine-bromine contacts with crystallographically equivalent bromine atoms on 

two adjacent molecules of 1,3,4,5-tetrabromo-2,6-difluorobenzene.  The bromine atom at position 

3 acts as an electron acceptor via its -hole (halogen bond donor) in one case, and simultaneously 

acts as an electron donor via its electron-rich equatorial region (halogen bond acceptor).  In the 

first case, the Br…Br distance is 3.682 Å and the C-Br…Br angle (1) is 155.96°.  In the second 

case, the Br…Br distance is identical but the C-Br…Br angle (2) is 102.96°.   An entirely analogous 

pair of type II contact halogen bonds is also noted for the bromine atom at position 5 (labelled Br2 

in the cif).  In this case the two Br…Br distances are 3.524 Å and the relevant angles are 1 = 

167.92° and 2 = 107.52°.  These four distinct Br…Br halogen bonds between infinite chains of 
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TMP-1,3,4,5-tetrabromo-2,6-difluorobenzene result in a staggered herringbone arrangement of 

molecules in the crystal when viewed along the c axis (Figure 5.1(b)).  

 

Figure 5.2. Halogen bond network in 1, with bromine-nitrogen and bromine-bromine distances 

indicated.  Inset: geometry of the type II bromine-bromine contact. 

 

Table 5.3. Halogen bond distances and angles in 1. 

distances 

Br1…N3 3.033 

Br3…N1 2.974 

Br4…Br4 3.682 

Br2…Br2 3.524 

angles 

C1-Br1…N3 173.58 



163 

 

 

C4-Br3…N1 177.37 

C2(i)-Br4(i) …Br4(ii) (1) 155.96 

C2(ii)-Br4(ii) …Br4(i) () 102.96 

C6(i)-Br2(i) …Br2(ii) (1) 167.92 

C6(ii)-Br2(ii) …Br2(i) () 107.52 

 

 Interestingly, although 1,3,5-tribromo-2,4,6-trifluorobenzene was nominally used for the 

preparation of 1¸1,3,4,5-tetrabromo-2,6-difluorobenzene (with one additional bromine atom and 

one less fluorine atom) was consistently seen in repeated preparations of the cocrystal. This result 

was obtained regularly, despite sourcing three different bottles of the aromatic compound from 

Sigma-Aldrich.  As any sort of chemical reaction under the conditions used seems highly unlikely, 

it is concluded that the product supplied was in fact 1,3,4,5-tetrabromo-2,6-difluorobenzene and 

not 1,3,5-tribromo-2,4,6-trifluorobenzene. This was confirmed by checking the microcrystalline 

powder as supplied by Sigma-Aldrich using both powder and single-crystal X-ray diffraction 

(Figure 5.3). A small crystal was selected from the bottle and it was possible to solve its single-

crystal structure, albeit at a moderate quality level (CCDC deposition number 2328690; see 

Supporting Information).  Despite the poor-quality crystal, it was possible to unequivocally 

demonstrate the identity of the compound as 1,3,4,5-tetrabromo-2,6-difluorobenzene (Figure 

5.3(d).  Furthermore, collection of PXRD data on the as-received material clearly demonstrates 

that 1,3,4,5-tetrabromo-2,6-difluorobenzene is the major product present, not 1,3,5-tribromo-

2,4,6-trifluorobenzene (Figure 5.3(a), (b), (c)).  Several characteristic peaks at 2 < 20° most 

clearly demonstrate this. 
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Figure 5.3. (a) Experimental powder X-ray diffractogram acquired for the as-received product 

from Sigma-Aldrich. (b) Simulated PXRD data based on the cif file of 1,3,4,5-tetrabromo-2,6-

difluorobenzene (CCDC 2328690). (c) Simulated PXRD data based on the structure of 1,3,5-

tribromo-2,4,6-trifluorobenzene.29 (d) Unit cell viewed along the b-axis from the single-crystal X-

ray structure of 1,3,4,5-tetrabromo-2,6-difluorobenzene (CCDC deposition number 2328690) 

determined in this work (see Supporting Information for further details on this structure). 

 

 The experimental structure of 1 is consistent with information gleaned from calculations 

of the molecular electrostatic potential (MEP) of 1,3,4,5-tetrabromo-2,6-difluorobenzene and of 

the Hirshfeld dnorm surface for 1 (Figure 5.3).  As seen in Figure 5.4(a), 1,3,4,5-tetrabromo-2,6-

difluorobenzene has four -holes (shown in blue), one on each bromine atom.  Interestingly, the 

calculated MEP maxima are extremely similar for all four bromine atoms, i.e,. 0.027 a.u. for the 

bromine in the 1 position and 0.026 a.u. for the three others (B3LYP/6-311+G* plotted with a 

0.0004 a.u isosurface).  This suggests that all four bromine atoms may be equally likely to engage 

as halogen bond donors, which is fully consistent with the crystal structure obtained 

experimentally. The computed Hirshfeld dnorm surface (Figure 5.4(b)) similarly depicts all halogen 

bonds seen experimentally, with the two halogen bonds to the ortho bromine atoms clearly visible 



165 

 

 

as red regions; one of these lies approximately in line with the covalent C-Br bond (1 ≈ 180°) 

while the second is approximately orthogonal to this bond (2 ≈ 90°).  

 

Figure 5.4. (a) Computed molecular electrostatic potential surface of 1,3,4,5-tetrabromo-2,6-

difluorobenzene (B3LYP/6-311+G*; 0.0004 a.u isosurface.). Areas in blue show elevated 

electrostatic potential while areas in yellow-orange show areas of depleted electrostatic potential. 

(b) Hirshfeld dnorm surface of 1. Areas in red depict close contacts. 

 

 Finally, Hirshfeld fingerprint plots26 can provide some indication of the importance and 

prevalence of particular contacts in the crystal packing of 1 (Figure 5.5). A Hirshfeld surface 

envelops a region of space where the electron distribution of a molecule exceeds that from any 

other molecule in the crystal. Filtered plots of de (the distance from the surface to the nearest atom 

exterior to the surface) against di (the distance from the surface to the nearest atom interior to the 

surface) highlight in color the prevalence of Br-Br (Figure 5.5(b)) and Br-N (Figure 5.5(c)) 

contacts. These are dominated by the shortest halogen bond contacts discussed above. The Br-Br 
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contacts contribute 10.7% towards the total fingerprint plot while the Br-N contacts contribute 

only 2 %.  A large number of non-specific and non-directional weak interactions involving 

hydrogen and fluorine also contribute to the total. 

 

Figure 5.5. (a) Hirshfeld fingerprint plot for 1; (b) Br-Br contacts highlighted; (c) Br-N contacts 

highlighted. 
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5.6 Conclusions 

 A cocrystal of 2,3,5,6-tetramethylpyrazine and 1,3,4,5-tetrabromo-2,6-difluorobenzene 

has been prepared and its crystal structure has been determined via single-crystal X-ray diffraction. 

Infinite chains of approximately coplanar TMP-1,3,4,5-tetrabromo-2,6-difluorobenzene groups 

are held together by two crystallographically distinct bromine-nitrogen halogen bonds.  In 

addition, four further crystallographically unique bromine-bromine halogen bonds are noted.  Each 

of the two bromines in the 3 and 5 positions on the benzene ring acts simultaneously as a halogen 

bond donor and acceptor to two additional bromines on two adjacent 1,3,4,5-tetrabromo-2,6-

difluorobenzene molecules. These halogen bonds are also classified as type II halogen-halogen 

contacts, with characteristic angles 1 and 2 approaching 180 and 90 degrees, respectively.  As a 

result of these contacts, a staggered herringbone arrangement of the infinite chains results.  These 

structural features are shown to be consistent with computed molecular electrostatic potential and 

Hirshfeld surfaces. This work suggests that further systematic variations in the substitution motifs 

of aromatic halogen bond donors, beyond those which are most commonly used in the literature, 

may lead to new structures and properties. 
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Part 4: Final Conclusions 

Overview 

The halogen bond has garnered increasing interest in over the years, primarily due to its 

remarkable directionality and tuneability, which are essential factors in the creation of novel 

supramolecular architectures.1,2,3 Experimental observations and theoretical modelling have 

continuously played significant roles in advancing our understanding of the nature of the halogen 

bond (XB) and exploring its potential applications.4,5 The sections of the thesis undertook a 

thorough examination of halogen bonds, as well as our exploration of their application through 

crystal engineering and preparation methods to produce novel crystals. These newly created crystal 

structures were then deposited in the Cambridge Structural Database (CSD) which receives 

thousands of new crystal structures from researchers every year.6  Solid-state NMR relaxation 

measurements were performed on these novel cocrystals to elucidate the significance of the 

halogen bond, while simultaneously showcasing the crucial roles played by solid-state NMR and 

crystallography techniques in extracting the essential information from novel systems. Our 

discussion encompasses results obtained from both techniques underscoring their equal 

importance in the analysis and interpretation process. 

Part 1 of this dissertation discussed the origin and fundamentals of the analytical techniques 

presented in the thesis. Chapter 1 focussed on the halogen bond, σ-hole interactions highlighting 

their significance in crystal engineering, pharmaceutical science, biological systems, materials and 

dynamics involved in different systems. It included well documented literature examples to 

provide a solid foundation for our research. Chapter 2 primarily addressed solid state NMR, 

providing an overview of its fundamentals and highlighting its effectiveness as spectroscopic 
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method for obtaining NMR observables. Additionally, this chapter explores relaxation 

measurements in solid-state NMR, emphasizing their importance in our current study and their 

role in analyzing and interpreting our results, including 2H quadrupolar nuclei and inversion 

recovery experiments, supported by relevant literature. Chapter 3 offers an overview of X-ray 

diffraction, covering topics such as crystal growth, diffraction basics, and their relevance to 

dynamics studies, accompanied by literature examples. In summary, Part 1 lays a strong 

foundation for understanding the subsequent chapters by providing insights into halogen bonding, 

solid state NMR relaxation measurements and X ray diffraction studies.  

Part 2 presented the experimental evidence and results of our work, primarily focussing on 

dynamics. Chapter 4 represented our main experimental findings concerning the characterization 

of the halogen bond and relaxation experiments conducted on the novel cocrystal prepared by 

using solid state, mechanochemical, cosublimation, and slow evaporation techniques using 

deuterated 2,3,5,6-tetramethylpyrazine as halogen bond acceptor, while brominated, and 

chlorinated compounds acting as the halogen bond donors. A rare example of molecular bromine 

in halogen bonding is established despite of the difficulty it posed during preparation. Detailed 2H 

solid-state NMR T1 relaxation experiments and X ray diffraction studies reveal that halogen bonds 

modulate the methyl dynamics in solid state. Specifically, the barrier energy associated with these 

rotational dynamics influenced by combination of electronic and steric factors. Intriguingly, 

introducing halogen bonding close steric contact to the rotating methyl group consistently reduced 

the rotational barrier. This finding is elucidated through a thorough examination of the electronic, 

structural and crystallographic features involving, close contacts, void volume calculation, crystal 

packing analysis.  
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The average number of carbon-carbon close contacts to the methyl groups emerges as a crucial 

steric metric, rationalizing the observed trends in rotational energy barriers when compounds are 

grouped by the identity of the halogen bond donor atom (Cl, Br, I). Differences between these 

groups are attributed to the strength of the σ-hole, calculated through computed electrostatic 

potential maxima. Correlations for each halogen group exhibit different slopes, indicating that 

disrupting the electronic impact of the σ-hole of stronger iodine-based halogen bonds is more 

challenging via steric effects, whereas the influence of weaker chlorine-based halogen bonds on 

methyl rotation is more easily disrupted via steric effects. 

Part 3 presents the experimental and computational X ray diffraction analysis results of a novel 

halogen bonded cocrystal and its importance. Chapter 5 focusses on cocrystallization of 2,3,5,6-

tetramethylpyrazine as halogen bond acceptor and 1,3,4,5-tetrabromo-2,6-difluorobenzene acting 

halogen bond donor. This study reveals the type II halogen bonding resulted due to the ability of 

bromine at the 3 and 5 position of aromatic ring acting simultaneously halogen bond donor and 

acceptor to two additional bromine atoms on 1,3,4,5-tetrabromo-2,6-difluorobenzene. These 

halogen bonds are categorized as type II halogen bond, characterized by characteristic θ1 and θ2 

angles approaching 90° and 180° respectively. Consequently, the arrangement of the infinite 

chains adopts a herringbone configuration. These observed characteristics are further validated by 

computed molecular electrostatic potential and Hirshfeld surfaces.  

Challenges/limitations  

Despite the successful preparation of the cocrystals using various methods listed in the thesis, 

challenges may arise in optimizing these methods for specific compounds and in terms of yield, 

reproducibility and purity. Obtaining a crystal is again not an easy task that too with desired 
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quality7 and moreover to get diffraction-quality crystals becomes challenging in cocrystals 

presented here with chlorinated and molecular bromine as halogen bond donors. For example, the 

novel cocrystal produced in Chapter 4 was not subject to the dynamics study here due to presence 

of the lower quantity of sample and the presence of unidentified peaks in powder X-ray. 

Mechanochemical synthesis8 are being studied extensively these days, yet lack the understanding 

of molecular level understanding of such processes. Phase transformation during the synthesis and 

experimentation poses a threat in the analysis of systems where the different phases are close in 

transition energy barriers. The 2H solid state NMR experiments were done in the temperature range 

of 140 K to 320 K. Lower than 140 K data were not possible due to technical limitations, otherwise 

the results at below 100 K temperature would have helped us to see if there are any hindered 

rotations exist. The T1 relaxation time constants were measured for done using 2,3,5,6-

tetramethylpyrazine as a halogen bond acceptor in the study; cocrystals obtained using a different 

set of halogen acceptor systems were not subjected to this study due the unsuccessful deuteration 

and lower amount of products obtained during crystallization. Those systems would have made a 

better understanding of findings we have made here.  

Future directions 

Halogen bonding, characterized by the electrophilic nature of halogen substituents presents 

intriguing properties and applications. Crystal engineering methodologies coupled with structure 

prediction tools, may be used to design novel halogen bonded systems, by manipulating 

substituents on both donors and acceptor molecules. Exploring the synergistic effects between 

halogen bonds and other non-covalent interactions such as chalcogen bonds,9,10,11,12 pnictogen 

bonds,13 and tetrel bonds,14,15 opens up new avenues for controlling molecular dynamics and 

supramolecular assembly.  
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Furthermore, investigating the potential of these systems in molecular gyroscopes and 

molecular machines can expand their application to electronics, sensing and catalysis. Recent 

studies have demonstrated the utility of using halogen bonds in organic catalysis reactions; 

particularly using perfluorinated derivatives, haloimidazoles, halobenzimidazoles, and especially 

halotriazoles due to their easy accessibility through simple click reactions of azide with 

haloalkynes. Notably halotriazoles and their salts exhibit enhanced halogen bond donor abilities 

due to quaternization.16 Integration of halogen bonding interactions and other noncovalent 

interactions  into rotaxanes and catenanes, facilitate mechanical movements and functionalities,17 

offering opportunities to explore the efficacy of these interactions in molecular ring shuttling 

dynamics across various systems. Additionally, phase transformation studies leading to 

photosalient effects in halogen derivatives of azobenzene, induced by dynamically involved 

halogen bond interactions upon photo irradiation. These findings hold promise for the development 

of novel photosalient devices based on halogen bond derivatives, specifically due to the tailored 

dynamics.  

In this study, our examination of methyl dynamics has been primarily focussed on T1 relaxation 

constants. However, it is important to note that due to technical constraints, our experiments were 

limited to temperatures as low as 140 K. Consequently, we were only able to detect the low energy 

processes with methyl group rotation. To expand our understanding of the effects of halogen bonds 

on dynamics, future investigations may incorporate 𝑇1𝐷
 measurements on non-deuterated 

systems. 𝑇1𝐷
 measurements are indicative of relaxation in the dipolar field and are particularly 

sensitive to high-energy (low-frequency) motions. By conducting 𝑇1𝐷
 measurements within the 

same temperature range, we can probe potential in-plane reorientations of the entire molecule by 

designing set of novel systems. This additional analysis can provide valuable insights into how 
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halogen bonds influence high-energy molecular motions, thereby offering a more comprehensive 

understanding of their impact on molecular dynamics.  

Temperature dependent 19F chemical shift can be studied to observe motion induced changes 

in shielding tensor involving CF3 groups. This would offer broader perspectives on the methyl 

dynamics and structural properties of halogen bonded systems, beyond the scope of the methyl 

group rotations alone but about hopping motions if present. 
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Appendices 

Appendix 1: Chapter 4 Supporting Information 

1. Single Crystal X-Ray Data and Structure Refinement Tables 

Table S 1. Single crystal data and structure refinement for 1,4-

dibromotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (1) 

CCDC Number  2215842 

Empirical formula C22H24Br2F4N4 

Formula weight  580.25 

Temperature/K 203 

Crystal system monoclinic 

Space group P21/n 

a/Å 7.1235(18)  

b/Å 14.926(4) 

c/Å 11.157(3) 

α/˚ 90 

β/˚ 102.368(7) 

γ/˚ 90 

Volume/Å3 1158.8(5) 

Z 2 

ρcalcg/cm3 1.663 

μ/mm-1 3.547 

F(000) 580.0 

Crystal size/mm3 0.390 × 0.287 × 0.228  

Radiation MoKα (λ = 0.71073) 

2θ range for data collection/˚ 
2.314 to 27.824 
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Table S 2. Single crystal data and structure refinement for 1,3,5-tribromo-2,4,6-

trifluorobenzene∙2,3,5,6-tetramethylpyrazine (2). 

CCDC Number  2215844 

Empirical formula C14H12Br3F3N2 

Formula weight  504.99 

Temperature/K 203 

Crystal system 
monoclinic 

Space group P21/n 

a/Å 7.4109(4) 

b/Å 26.2209(16) 

c/Å 9.1408(5) 

α/˚ 90 

β/˚ 111.270(4) 

γ/˚ 90 

Volume/Å3 1655.25(17) 

Z 4 

ρcalcg/cm3 2.026 

μ/mm-1 7.337 

F(000) 968 

Index ranges -9 ≤ h ≤ 9, -19 ≤ k ≤ 19, -14 ≤ l ≤ 14 

Reflections collected 56905 

Independent reflections 2742 [R(int) = 0.0632] 

Data/restraints/parameters 
2742 / 0 / 149 

Goodness-of-fit on F2 1.134 

Final R indexes [I>=2σ (I)] R1 = 0.0292, wR2 = 0.0704 

Final R indexes [all data] 
R1 = 0.0389, wR2 = 0.0752 

Largest diff. peak/hole / e Å-3 0.561 and -0.596 
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Crystal size/mm3 0.277 x 0.260 x 0.232 

Radiation 0.71073 

2θ range for data collection/˚ 1.553 to 27.283 

Index ranges -9<=h<=9, -33<=k<=33, -11<=l<=11 

Reflections collected 23295 

Independent reflections 3712 [R(int) = 0.0376] 

Data/restraints/parameters 3712 / 0 / 201 

Goodness-of-fit on F2 1.069 

Final R indexes [I>=2σ (I)] R1 = 0.0296, wR2 = 0.0554 

Final R indexes [all data] R1 = 0.0447, wR2 = 0.0592 

Largest diff. peak/hole / e Å-3 0.558 and -0.331 

 

 

 

Table S 3. Single crystal data and structure refinement for bromine∙2,3,5,6-

tetramethylpyrazine (3). 

CCDC Number  2215846 

Empirical formula C8H12Br2N2 

Formula weight  296.02 

Temperature/K 202 

Crystal system triclinic 

Space group P -1 

a/Å 4.626(2) 

b/Å 7.090(3) 

c/Å 8.613(4) 

α/˚ 93.072(8) 

β/˚ 99.664(8) 

γ/˚ 98.741(8) 

Volume/Å3 274.4(2) 
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Z 1 

ρcalcg/cm3 1.792 

μ/mm-1 7.340 

F(000) 144 

Crystal size/mm3 0.258 x 0.204 x 0.197 

Radiation 0.71073 

2θ range for data collection/˚ 2.916 to 31.284 

Index ranges -6<=h<=6, -10<=k<=10, -12<=l<=12 

Reflections collected 6405 

Independent reflections 1665 [R(int) = 0.0725] 

Data/restraints/parameters 1665 / 0 / 57 

Goodness-of-fit on F2 0.968 

Final R indexes [I>=2σ (I)] R1 = 0.0534, wR2 = 0.1447 

Final R indexes [all data] R1 = 0.0940, wR2 = 0.1741 

Largest diff. peak/hole / e Å-3 1.104 and -0.993 e.Å-3 

 

 

 

Table S 4. Single crystal data and structure refinement for 1,4-

dichlorotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (4). 

CCDC Number  2215843 

Empirical formula C22H24Cl2F4N4 

Formula weight  491.35 

Temperature/K 203 

Crystal system monoclinic 

Space group P21/n 

a/Å 7.1006(10) 

b/Å 14.757(2) 

c/Å 11.2091(16) 
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α/˚ 90 

β/˚ 102.289(8) 

γ/˚ 90 

Volume/Å3 1147.6(3) 

Z 2 

ρcalcg/cm3 1.422 

μ/mm-1 0.333 

F(000) 508 

Crystal size/mm3 0.447 x 0.201 x 0.102 

Radiation 0.71073 

2θ range for data collection/˚ 2.316 to 26.779 

Index ranges -8<=h<=8, -18<=k<=18, -14<=l<=14 

Reflections collected 34127 

Independent reflections 2433 [R(int) = 0.0255] 

Data/restraints/parameters 2433 / 0 / 149 

Goodness-of-fit on F2 1.132 

Final R indexes [I>=2σ (I)] R1 = 0.0371, wR2 = 0.0979 

Final R indexes [all data] R1 = 0.0475, wR2 = 0.1116 

Largest diff. peak/hole / e Å-3 0.349 and -0.208 
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Table S 5. Single crystal data and structure refinement for 1,3,5-trichloro-2,4,6-

trifluorobenzene∙2,3,5,6-tetramethylpyrazine (5). 

CCDC Number  2215845 

Empirical formula C14H12Cl3F3N2 

Formula weight  371.61 

Temperature/K 203 

Crystal system monoclinic 

Space group P21/n 

a/Å 7.1243(9) 

b/Å 26.058(3) 

c/Å 9.1483(11) 

α/˚ 90 

β/˚ 108.521(2) 

γ/˚ 90 

Volume/Å3 1610.4(3) 

Z 4 

ρcalcg/cm3 1.533 

μ/mm-1 0.595 

F(000) 752 

Crystal size/mm3 0.295 x 0.276 x 0.257 

Radiation 0.71073 

2θ range for data collection/˚ 1.563 to 26.425 

Index ranges -8<=h<=8, -32<=k<=32, -11<=l<=11 

Reflections collected 28532 

Independent reflections 3278 [R(int) = 0.0293] 

Data/restraints/parameters 3278 / 0 / 203 

Goodness-of-fit on F2 1.101 

Final R indexes [I>=2σ (I)] R1 = 0.0413, wR2 = 0.1031 

Final R indexes [all data] R1 = 0.0521, wR2 = 0.1110 

Largest diff. peak/hole / e Å-3 0.216 and -0.271 
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 2. X-ray Diffraction Structures: Packing Diagrams 

 

Figure S 1. Packing diagram of 1,4-dibromotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (1). 

 

Figure S 2. Packing diagram of 1,4-dibromotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (1). 
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Figure S 3. Packing diagram of 1,3,5-tribromo-2,4,6-trifluorobenzene∙2,3,5,6-

tetramethylpyrazine   

 

 

 

Figure S 4. Packing diagram of 1,3,5-tribromo-2,4,6-trifluorobenzene∙2,3,5,6-

tetramethylpyrazine (2). 
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Figure S 5. Packing diagram of Br2∙2,3,5,6-tetramethylpyrazine (3) 

 

 

Figure S 6. Packing diagram of 1,4-dichlorotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (4). 
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Figure S 7. Packing diagram of 1,4-dichlorotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (4). 

 

 

Figure S 8. Packing diagram of 1,3,5-trichloro2,4,6-trifluorobenzene∙2,3,5,6-tetramethylpyrazine 

(5). 
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Figure S 9. Packing diagram of 1,3,5-trichloro-2,4,6-trifluorobenzene∙2,3,5,6-tetramethylpyrazine 

(5). 
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3. Powder X-ray Diffractograms 

 

Figure S 10. PXRD for 1,4-dibromotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (1). 

 

 

Figure S 11. PXRD of 1,3,5-tribromo-2,4,6-trifluorobenzene∙2,3,5,6-tetramethylpyrazine (2). 
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Figure S 12. PXRD of 1,4-dichlorotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (4). 

 

 

Figure S 13. PXRD of 1,3,5-trichloro-2,4,6-trifluorobenzene∙2,3,5,6-tetramethylpyrazine (5). 



192 

 

 

4. T1 Measurements via 2H NMR Inversion Recovery Variable Temperature Experiments 

1) 1,4-dibromotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine (1) 
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2) 1,3,5-tribromotrifluorobenzene∙2,3,5,6-tetramethylpyrazine (2)  
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3) Bromine∙2,3,5,6-tetramethylpyrazine (3) 
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4) 1,4-dichlorotetrafluorobenzene∙2,3,5,6-tetramethylpyrazine  (4) 
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5) 1,3,5-trichloro-2,4,6-trifluorobenzene∙2,3,5,6-tetramethylpyrazine (5) 
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5. Tables of T1 Data as a Function of Temperature 

Table S 6. T1 and Effective Quadrupolar Data for Cocrystal (1) 

T / K 

± 0.2 K 

Relaxation time constant 

T1 / s 

CQ / kHz 

± 1 kHz 

η 

± 0.05 

323.5 2.013 ± 0.036 51 0.127 

309.9 1.733 ± 0.014 51 0.107 

298.6 1.560 ± 0.026 51 0.109 

293.2 1.541 ± 0.030 51 0.106 

257.4 1.089 ± 0.021 51 0.127 

236.7 0.807 ± 0.005 51 0.122 

220.0 0.661 ± 0.014 51 0.105 

210.5 0.568 ± 0.014 51 0.131 

193.6 0.411 ± 0.004 51 0.134 

178.9 0.300 ± 0.005 51 0.143 

167.0 0.252 ± 0.004 51 0.125 

157.0 0.175 ± 0.005 51 0.137 

144.6 0.129 ± 0.002 51 0.135 

 

Table S 7. T1 and Effective Quadrupolar Data for Cocrystal (2) 

T / K 

± 0.2 K 

Relaxation time constant 

T1 / s 

CQ / kHz 

± 1 kHz 


± 0.05 

321.1 5.905 ± 0.066 52 0.100 

305.7 5.492 ± 0.054 52 0.107 

295.4 5.240 ± 0.050 52 0.105 

274.0 4.422 ± 0.074 52 0.102 

254.6 3.837 ± 0.043 52 0.110 

234.6 3.268 ± 0.048 52 0.117 

212.9 2.757 ± 0.064 52 0.110 

212.9 2.749 ± 0.065 52 0.111 

198.7 2.428 ± 0.080 52 0.100 

185.9 2.069 ± 0.078 52 0.120 

165.8 1.561 ± 0.062 52 0.120 

149.3 1.269 ± 0.055 52 0.118 
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Table S 8. T1 and Effective Quadrupolar Data for Cocrystal (3) 

T / K 

± 0.2 K 

Relaxation time constant 

T1 / s 

CQ / kHz 

± 1 kHz 


± 0.05 

313.4 5.202 ± 0.069 51 0.143 

288.6 4.430 ± 0.090 51 0.155 

230.7 2.686 ± 0.093 50 0.163 

212.5 2.254 ± 0.075 51 0.165 

195.9 1.812 ± 0.051 51 0.175 

175.9 1.135 ± 0.058 50 0.190 

161.4 0.749 ± 0.040 49 0.193 

144.9 0.446 ± 0.031 51 0.232 

142.0 0.421 ± 0.035 52 0.235 

 

Table S 9. T1 and Effective Quadrupolar Data for Cocrystal (4) 

T / K 

± 0.2 K 

Relaxation time 

constant T1 / s 

CQ / kHz 

± 1 kHz 


± 0.05 

316.3 1.472 ± 0.024 51 0.125 

306.4 1.465 ± 0.020 51 0.130 

296.1 1.272 ± 0.016 51 0.120 

271.6 1.008 ± 0.013 51 0.127 

257.7 0.842 ± 0.007 51 0.118 

238.9 0.671 ± 0.015 51 0.115 

223.1 

194.7 

0.375 ± 0.007 

0.269 ± 0.005 

51 

51 

0.133 

0.138 

176.1 0.180 ± 0.005 50 0.136 

158.6 0.113 ± 0.004 51 0.143 

149.3 0.073 ± 0.003 51 0.164 

132.5 0.036 ± 0.002 52 0.150 
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Table S 10. T1 and Effective Quadrupolar Data for Cocrystal (5) 

T / K 

± 0.2 K 

Relaxation time 

constant T1 / s 

CQ / kHz 

± 1 kHz 


± 0.05 

311.3 4.447 ± 0.134 50 0.114 

296.1 4.048 ± 0.052 51 0.117 

294.1 4.085 ± 0.094 51 0.119 

269.2 3.575 ± 0.073 51 0.100 

264.5 3.352 ± 0.062 51 0.123 

251.7 3.143 ± 0.070 51 0.116 

231.6 2.632 ± 0.075 51 0.132 

200.5 1.967 ± 0.072 51 0.105 

188.9 1.647 ± 0.071 51 0.150 

161.0 1.159 ± 0.057 50 0.134 

146.3 0.868 ± 0.074 50 0.153 

6. Additional Data and Plots 

Table S 11. Linear fits of lnT1 vs 1/T data 

cocrystal equation R2  

1 y = -718.96x + 2.8663 0.9983 

2 y = -453.45x + 3.1573 0.9955 

3 y = -651.40x + 3.7748 0.9981 

4 y = -852.57x + 3.1085 0.9951 

5 y = -450.93x + 2.9295 0.9988 

 

Table S 12. Void volumes 

cocrystal unit cell 

vol. / Å3 

void 

vol.a / 

Å3 

% voida void 

vol.b / 

Å3 

% voidb  

 

void 

vol.c /Å3 

% voidc 

 

1 1158.8 314.60 27.2 195.76 16.9 138.79 12.0 

2 1655.25 446.43 27.0 302.86 18.3 218.89 13.2 

3 274.4 84.32 30.7 66.04 24.1 56.92 20.7 

4 1147.6 319.46 27.8 201.20 17.5 141.42 12.3 

5 1610.4 473.95 29.4 340.33 21.1 269.46 16.7 

6 788.005 242.44 30.8 153.76 19.5 103.55 13.1 

a. Probe radius = 0.2 Å; grid spacing = 0.1 Å. b. Probe radius = 0.4 Å; grid spacing = 0.2 Å. c. 

Probe radius = 0.4 Å; grid spacing = 0.4 Å. 
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Table S 13. DFT computed activation energies from linear transit calculations 

cocrystal Ea (calc) / kJ mol-1 

1 4.04 

2 3.16 

3 3.18 

4 3.88 

5 3.06 

6 3.62 

I2∙TMP 2.17 

 

 

Figure S 14. Plot of DFT calculated vs experimental activation energies for methyl rotation in 

compounds 1 to 6 plus I2.TMP. Ea(calc) = 0.3051 x Ea(expt) + 1.6924. R2=0.6024.  
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Figure S 15. DFT-computed linear transit calculations of rotational energy barriers in compounds 

1-6 plus I2∙TMP. 

 

Table S 14. Average effective π bond orderb 

cocrystal 1 2 3 4 5 2Ib 3Ib I2∙TMP 6 

          
average π 

bond order / 

Å 

0.055875 0.0575 0.0316 0.0575 0.0585 0.0615 0.05375 0.0755 0.0645 

          

a. Effective  bond order is calculated as the difference in covalent C-C and N-C ring bond lengths 

involving the carbon bearing the methyl group. 

b. “2I” = 1,4-diiodotetrafluorobenzene∙TMP; “3I” = 1,3,5-trifluoro-2,4,6-trioodobenzene∙TMP 
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Figure S 16. Lack of correlation between experimental activation energies and π bond order. 

 

 

Figure S 17. Rotational activation energy does not correlate universally with the molecular 

electrostatic potential maximum at the σ-hole. 
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Figure S 18. Rotational activation energy does not correlate universally with the reduced distance 

parameter associated with the halogen bond. 

7. Additional Details on the Preparation of Br2∙TMP (3) 

Equimolar amounts of deuterated 2,3,5,6-tetramethylpyrazine and liquid Br2 were placed in 

opposite ends of a cosublimation tube which was placed inside a furnace which is part of a 

homebuilt automated cosublimation apparatus.1 The initial and final temperatures were set for both 

forward and backward reaction (sublimation/evaporation and desublimation process), from room 

temperature (RT) to 90 ˚C to RT for TMP, and RT to 40 ˚C to RT for Br2. The reagents met in the 

vapor state where they were held for 2 h before returning the set-up to RT. The total process took 

48 h to yield orange crystals (Figure S19) which were later confirmed by single-crystal X-ray 

diffraction as Br2∙TMP cocrystals. 
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Figure S 19. Orange Br2∙TMP cocrystals (3) obtained using a cosublimation furnace. 
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Appendix 2: Chapter 5 Supporting Information 

Single-crystal X-ray diffraction of 1,3,4,5-tetrabromo-2,6-difluorobenzene   

A single crystal was mounted on a glass fibre and cooled to 200 ± 2 K before data collection 

using an FTS AirJet compressed air refrigerator (SP Scientific) liquid nitrogen cryogenic system. 

The X-ray diffraction data were collected on Bruker Smart Apex diffractometers equipped with 

APEX II CCD detectors using MoKα radiation (wavelength λ = 0.7103 Å). The distance from 

crystal to detector was 45 mm and the scan width (∆ω) was 0.5˚ per frame. The data collection 

strategy was chosen in such a way to get 100% completeness; however, a few frames were of 97% 

completeness. The data collection, cell refinement, integration, and reduction were carried out 

using the APEX III software package. The structure was solved using WinGX and shelxle1 

software packages with the direct method and refined based on the spherical atom approximation 

based on F2 using SHELXL 97.1,2 Analysis of intermolecular interactions was done with 

PLATON.3  The fluorine atoms were refined anisotropically and carbon and bromine atoms were 

modeled using SIMU and DELU commands to improve the refinement. Twinning was treated with 

26% BASF. A crystallographic information file has been deposited in the Cambridge Structural 

Database, entry 2328690. 
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Table S 15. Single crystal X-ray data and structure refinement details for 1,3,4,5-tetrabromo-

2,6-difluorobenzene. 

 

 

 

References 

(1) Sheldrick GM (2008) Acta Crystallogr Sect A 64:112. 

(20 Farrugia LJ (2012) J Appl Crystallogr 45:849. 

(3) Spek AL (2009) Acta Crystallogr Sect D 65:148. 

CCDC Number  2328690 

Empirical formula C6 Br4 F2 

Formula weight  429.70 

Temperature/K 202(2) 

Crystal system monoclinic 

Space group P 21 

a/Å 8.73(2) 

b/Å 4.110(9) 

c/Å 13.41(3) 

α/˚ 90 

β/˚ 99.44(4) 

γ/˚ 90 

Volume/Å3 474.9(18) 

Z 2 

ρcalcg/cm3 3.005 

μ/mm-1 16.920 

F(000) 388 

Crystal size/mm3 0.352 x 0.246 x 0.128 

Radiation 0.71073 

2θ range for data collection/˚ 1.539 to 25.021 

Index ranges -9<=h<=10, -4<=k<=4, -15<=l<=15 

Reflections collected 3153 

Independent reflections 1548 [R(int) = 0.0541] 

Data/restraints/parameters 1548 / 123 / 110 

Goodness-of-fit on F2 1.112 

Final R indexes [I>=2σ (I)] R1 = 0.0780, wR2 = 0.2128 

Final R indexes [all data] R1 = 0.1038, wR2 = 0.2419 

Largest diff. peak/hole / e Å-3 2.189 and -2.254 
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Conference presentations, participation 

Attended MOOT NMR symposium-32 during first year of PhD at uOttawa, (2019). 

Presented research poster (virtual) at International School for Young Scientists in Roshchino 

(Russia) during first year of PhD at uOttawa (September 2020). 

Attended 4th International Symposium on Halogen Bonding (ISXB-4 Virtual) event held from 

2 – 5 November 2020. 

Presented poster at Virtual CCCE 2021 51st IUPAC General Assembly 48th World Chemistry 

Congress 104th Canadian Chemistry Conference and Exhibition August 13 -20, 2021. 
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Gunaga, S. S. and Bryce, D. L.  "Halogen Bond-Catalyzed Reduction in Potential Barrier of 

Methyl Group Rotations via Deuterium Solid-State NMR Relaxation Measurements" 

Delivered a talk at CCCE at Calgary, Alberta on 14th June, 2022.  

Gunaga, S. S. and Bryce, D. L.  “Study of methyl rotations in halogen bonded cocrystals via 

deuterium NMR using T1 time constants”, presented poster at 61st Rocky Mountain 

Conference on Magnetic Resonance at Copper Mountain, Colorado, July 25-29, 2022 

Attended hands on training and workshop with PANACEA solid-state NMR workshop for 

pharmaceutical formulations held in Lausanne at EPFL from 30 August- 02 September 2022. 

Gunaga, S. S., Rusli, J, Bryce, D. L.  "Bicalutamide polymorphism: solid-state NMR 

characterization of two crystalline forms" Presented poster in an International meeting on 

crystallography by American Crystallographic Association in July 7-11, 2023 at Baltimore, 

USA and received the Delbaere Pauling poster prize for outstanding poster presentation. 

 


