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Abstract 

Understanding the relationships between crystal structure, local electronic environment, and 

intermolecular interactions is fundamental to the rational design of molecular solids for 

applications in pharmaceuticals, supramolecular chemistry, and functional materials. This 

dissertation presents complementary advances in the sustainable characterization and synthesis of 

molecular solids through the development of cryogen-free Zeeman-perturbed nuclear quadrupole 

resonance (Zp-NQR) spectroscopy, integrated multimodal structural analysis, and 

mechanochemical synthesis. 

The primary contribution of this work is the development of a practical and versatile 

cryogen-free Zp-NQR methodology for investigating quadrupolar nuclei in molecular solids. By 

introducing a weak magnetic field, generated by an adjustable electromagnet, to perturb the pure 

quadrupolar energy levels and analyzing the resulting spectral line shapes using exact Hamiltonian 

simulations, a robust experimental workflow was established for accurately determining the 

complete electric field gradient (EFG) tensor directly from powder samples. This approach 

eliminates the need for superconducting magnets and liquid-helium cryogens, significantly 

lowering the experimental barriers associated with quadrupolar spectroscopy while providing a 

more sustainable and accessible alternative to conventional high-field magnetic resonance 

techniques. 

Building upon this methodological foundation, the analytical capabilities of Zp-NQR were 

further expanded. Zeeman perturbation was shown to enable direct experimental identification of 

quadrupolar isotopes by measuring their characteristic Zeeman response to an applied magnetic 

field. Analysis of the resulting spectral splitting allows the corresponding Larmor frequency and 
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gyromagnetic ratio (γ), which is unique to each isotope, to be determined experimentally, thereby 

enabling unambiguous isotopic assignment and the identification of overlapping resonance lines 

in complex, and multicomponent, molecular solids without isotopic enrichment or prior structural 

information. The methodology was subsequently extended to demonstrate that experimentally 

determined quadrupolar interaction parameters serve as sensitive reporters of halogen bond 

strength. By combining Zp-NQR with relativistic density functional theory (DFT) calculations, 

strong correlations were established between quadrupolar coupling constants, electric field 

gradient tensors, electronic structure descriptors, and halogen-bond interaction energies, providing 

a direct experimental approach for quantifying halogen-bond strength in molecular solids. 

The versatility of the methodology was further demonstrated through the site-resolved 

characterization of chlorine-bearing pharmaceutical materials. An integrated approach combining 

35Cl Zp-NQR, zero-field NQR, high-field solid-state NMR (SSNMR), three-dimensional electron 

diffraction 3D ED, and first-principles calculations enabled the structural characterization of 

pharmaceutical cocrystals, hydration-dependent materials, degradation products, and 

conformationally disordered systems directly from powder samples. The combined methodology 

resolved chemically inequivalent chlorine environments and provided detailed insight into crystal 

packing, hydration, disorder, and local electronic structure, establishing a multimodal framework 

for pharmaceutical solid-state characterization. 

Complementary studies expanded the scope of this dissertation beyond quadrupolar 

resonance spectroscopy. Combined 77Se magic-angle spinning (MAS) SSNMR spectroscopy and 

first-principles quantum chemical calculations were employed to investigate selenium-centred 

non-covalent interactions, providing detailed insight into the amphiphilic behaviour of selenium 

and its participation in halogen and chalcogen bonding. In parallel, resonant acoustic mixing 
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(RAM) was demonstrated as a gentle, scalable, and solvent-efficient mechanochemical route for 

the synthesis of halogen-bonded cocrystals. RAM successfully produced phase-pure materials, 

enabled the discovery of previously unknown crystal forms, and expanded accessible polymorphic 

and stoichiometric landscapes beyond those attainable by conventional ball milling. 

Overall, this dissertation demonstrates how advances in cryogen-free magnetic resonance 

spectroscopy, complementary crystallographic and computational techniques, and sustainable 

mechanochemical synthesis can be integrated into a unified framework for molecular solid 

research. Beyond expanding the analytical capabilities and accessibility of quadrupolar resonance 

spectroscopy, this work establishes experimentally grounded approaches for probing local 

electronic structure, intermolecular interactions, and structural complexity while promoting more 

sustainable practices in the characterization and synthesis of molecular materials. 
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Part 1 – Non-Covalent Interactions, Quadrupolar Spectroscopy, and 

Sustainable Molecular Solid Research 

The rational design of molecular solids relies on a detailed understanding of the non-

covalent interactions1 that govern crystal packing, supramolecular assembly, and material 

properties. Among these interactions, halogen bonds (XBs)2 and chalcogen bonds (ChBs)3 have 

emerged as powerful and highly directional tools in crystal engineering, enabling the controlled 

construction of functional materials, pharmaceutical cocrystals, molecular recognition systems, 

and supramolecular architectures.4–6 Owing to their tunable strength, geometric predictability, and 

compatibility with a broad range of chemical environments, these σ-hole interactions7 (vide infra) 

have become increasingly important in modern materials chemistry and solid-state science.  

At the same time, growing attention is being directed toward the sustainability of chemical 

research and manufacturing. Traditional approaches to cocrystal synthesis frequently rely on large 

volumes of organic solvents, while advanced characterization techniques often depend on 

expensive infrastructure and finite resources.8 In magnetic resonance spectroscopy, concerns 

regarding the availability and cost of liquid helium9 have motivated renewed interest in alternative 

methodologies capable of providing high-quality structural information with reduced resource 

demands. These challenges create opportunities to develop more sustainable workflows for both 

the preparation and characterization of molecular solids.  

This thesis explores the intersection of supramolecular chemistry, magnetic resonance 

spectroscopy, and sustainable materials research. The work combines mechanochemical synthesis 

through resonant acoustic mixing (RAM), a solvent-minimized approach to cocrystal preparation, 

with cryogen-free Zeeman-perturbed nuclear quadrupole resonance (Zp-NQR), an emerging 
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technique capable of probing strongly quadrupolar nuclei under ambient laboratory conditions. 

Together with complementary solid-state NMR spectroscopy and quantum chemical calculations, 

these approaches provide new opportunities to investigate halogen and chalcogen bonding in 

molecular solids while reducing reliance on traditional solvent-intensive and resource-intensive 

methodologies. 

Part 1 establishes the theoretical and conceptual foundations required for the remainder of 

this thesis. Chapter 1 introduces the fundamental principles and applications of halogen and 

chalcogen bonding while discussing the growing need for sustainable practices in supramolecular 

chemistry. Chapter 2 provides the theoretical framework of quadrupolar interactions and the 

development of Zp-NQR spectroscopy as an accessible characterization method. Chapter 3 

introduces mechanochemistry as a green synthetic platform and discusses its integration with 

resource-efficient analytical techniques. These chapters establish the scientific context for the 

methodological developments and applications presented in the subsequent parts of this thesis. 
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Chapter 1 – Halogen and Chalcogen Bonds as Versatile Tools in 

Supramolecular Chemistry: Opportunities and Challenges for Green and 

Sustainable Practices 

The title of this chapter reflects two complementary themes that underpin this thesis. The 

first is the growing importance of halogen and chalcogen bonding as versatile design elements in 

supramolecular chemistry, crystal engineering, and materials science. Over the past two decades, 

these highly directional non-covalent interactions have evolved from relatively specialized 

concepts into widely employed tools for controlling molecular assembly, tuning solid-state 

properties, and constructing functional materials. Their influence now extends across fields 

ranging from pharmaceutical sciences and catalysis to molecular electronics and energy-related 

materials.6,10 

The second theme concerns sustainability. While advances in crystal engineering have 

enabled increasingly sophisticated molecular design strategies, many synthesis and 

characterization approaches remain resource intensive. Conventional solution-based 

cocrystallization often consumes substantial quantities of organic solvents, while state-of-the-art 

magnetic resonance techniques frequently depend on superconducting magnets and liquid helium 

infrastructure. The increasing economic and environmental costs associated with solvent use and 

helium consumption have motivated the search for more sustainable alternatives.11,12 

This chapter establishes both the scientific and societal motivations for the research 

presented throughout this thesis. It begins by introducing the fundamental concepts of σ-hole 

interactions and their manifestation in halogen and chalcogen bonding. The discussion then 

expands to the broad applications of these interactions in crystal engineering and functional 
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materials. Finally, current challenges associated with sustainability, resource consumption, and 

experimental accessibility are examined, providing the rationale for the development of the 

mechanochemical and cryogen-free characterization methodologies described in subsequent 

chapters. 

1.1 The σ-Hole and Directional Non-Covalent Interactions 

The organization of molecules within crystalline solids is governed by a complex interplay 

of intermolecular forces. While hydrogen bonding13 (HB) has historically dominated discussions 

of supramolecular chemistry and crystal engineering, increasing attention has been devoted to a 

broader family of highly directional interactions known as σ-hole interactions.7 These interactions 

arise when an atom covalently bonded to an electron-withdrawing substituent exhibits an 

anisotropic distribution of electron density, creating a localized region of positive electrostatic 

potential along the extension of the covalent bond. This electron-deficient region, commonly 

termed a σ-hole because it occurs along the extension of the covalent σ bond (Figure 1.1), can 

interact attractively with electron-rich species such as lone pairs, anions, π-systems, or other 

nucleophilic regions.2,14 
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Figure 1.1.1. Comparison of halogen and chalcogen bonding interactions relevant to the molecular 

solids investigated throughout this thesis. The σ-hole located on a halogen (Cl, Br, or I) or 

chalcogen (S, Se, or Te) atom acts as an electrophilic site capable of interacting with electron-rich 

acceptors. Chalcogen atoms may possess two σ-holes, although the presence and participation of 

one or both interaction sites depend on the molecular and crystallographic environment. 

As illustrated in Figure 1.1.2, the anisotropic distribution of electron density around 

covalently bound iodine atoms produces a localized region of positive electrostatic potential, 

commonly referred to as a σ-hole, which serves as the electrophilic site responsible for halogen 

bonding interactions.15 The presence of a positive electrostatic potential region opposite a covalent 

bond gives rise to interactions such as halogen bonding (Group 17), chalcogen bonding (Group 

16)16–18, pnictogen bonding (Group 15)19,20, and tetrel bonding (Group 14)21–23, each of which 

exhibits distinct geometric and electronic characteristics. Although the magnitude and spatial 

distribution of the σ-hole depend on the identity of the atom involved and its chemical 

environment, these interactions share common characteristics including high directionality, 
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tunable strength, and predictable geometries. Such features make σ-hole interactions particularly 

attractive for the rational design of molecular assemblies and functional materials.24 

 

 

Figure 1.1.2. Electrostatic potential maps projected onto the 0.001 e Bohr-3 electron-density 

isosurface of representative halogen-bond donor molecules. Panels A and C show the electrostatic 

potential surfaces of CF3I and CI4, respectively, illustrating the anisotropic electron-density 

distribution around iodine and the formation of a positive electrostatic potential region (σ-hole) 

along the extension of the C–I bond. Panels B and D show the corresponding electrostatic potential 

distributions in the presence of a −1.0 point charge, highlighting the polarization and enhancement 

of the σ-hole region. Red regions correspond to the most negative electrostatic potentials, whereas 

blue regions indicate the most positive electrostatic potentials. Reproduced from Ref. 15 with 

permission from The Royal Society of Chemistry. 

Among σ-hole interactions, halogen bonding has become one of the most extensively 

studied. A halogen bond (XB) is commonly defined as the net attractive interaction between an 

electrophilic region associated with a halogen atom and a nucleophilic region in another, or the 

same, molecular entity.13 The interaction typically involves chlorine, bromine, or iodine atoms 
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acting as electron-deficient donors, with iodine generally producing the strongest halogen bonds 

due to its greater polarizability and larger σ-hole.14 

XBs possess several features that make them particularly useful in crystal engineering. The 

interactions are highly directional, with preferred bond angles approaching 180° relative to the R–

X covalent bond axis. Furthermore, their strengths can range from a few kilojoules per mole to 

values approaching those associated with moderate HBs.10 The strength and geometry of the 

interaction can be systematically tuned through chemical substitution, particularly through the 

incorporation of electron-withdrawing groups such as fluorinated aromatic rings.25,26 

A closely related class of interactions is provided by chalcogen bonds (ChBs). In these 

systems, sulfur, selenium, or tellurium atoms serve as σ-hole donors. Unlike halogen atoms, 

divalent chalcogens often possess two σ-holes (Figure 1.1.1), creating opportunities for more 

diverse supramolecular architectures and multidirectional interactions.27 ChBs share many 

characteristics with XBs but frequently display greater structural diversity owing to the electronic 

complexity of the chalcogen atom. 
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Figure 1.1.3. Representative examples of directional non-covalent interactions commonly 

employed in crystal engineering and supramolecular chemistry. (a) Intermolecular N–H···O HB 

in crystalline paracetamol (Form I), illustrating the characteristic short donor–acceptor distance 

and near-linear geometry. (b) Intermolecular Se···O ChB in crystalline Ebselen, arising from the 

interaction of an oxygen lone pair with a σ-hole on selenium. (c) Intermolecular I···N halogen 

bond in the cocrystal of 1,4-diiodotetrafluorobenzene and 4-dimethylaminopyridine, 

demonstrating the highly directional nature of halogen bonding. Selected intermolecular distances 

and bond angles are indicated. Approximate interaction energies are shown for comparison and 

are based on representative literature values for analogous systems. 

The ability to predict and manipulate these interactions has transformed the field of crystal 

engineering. Through deliberate selection of donor and acceptor molecules, researchers can 

influence crystal packing motifs, molecular recognition events, and material properties. 

Consequently, halogen and chalcogen bonding now occupy central positions within modern 

supramolecular chemistry. 
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1.2 Scope and Applications in Crystal Engineering, Pharmaceuticals, and Functional 

Materials 

The growing interest in halogen and chalcogen bonding stems from their broad applicability 

across numerous scientific disciplines. Their highly directional nature enables precise control over 

molecular assembly, allowing crystal structures to be designed with increasing levels of 

predictability. As a result, these interactions have become valuable tools in crystal engineering, 

where the relationship between molecular structure and crystal packing is exploited to achieve 

targeted physical and chemical properties.28 

One of the most prominent applications of halogen bonding is the construction of 

cocrystals.29 In cocrystal design, complementary donor and acceptor molecules self-assemble 

through predictable intermolecular interactions to produce new crystalline phases possessing 

distinct physicochemical properties. Halogen bonding has proven particularly useful in this context 

because the interaction strength and geometry can often be tuned independently of the molecular 

framework.30 Such flexibility has enabled the preparation of numerous cocrystals exhibiting 

modified melting points, solubilities, mechanical properties, and optical behavior.31,32 

In pharmaceutical science, crystal engineering has emerged as an important strategy for 

improving drug performance.33 Many active pharmaceutical ingredients suffer from poor aqueous 

solubility, limited bioavailability, or undesirable mechanical properties.34 Pharmaceutical 

cocrystals provide a means of modifying these characteristics without altering the molecular 

structure of the active ingredient itself.35 While hydrogen bonding has traditionally dominated 

pharmaceutical cocrystal design, halogen bonding has increasingly been explored as an alternative 

supramolecular synthon capable of generating novel crystal forms and improved solid-state 

properties.36,37 
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Figure 1.1.4. Selected examples illustrating the diverse roles of halogen and chalcogen bonding 

across different areas of chemistry. (a) Halogen bonding interactions observed in protein–ligand 

complexes, demonstrating their importance in biomolecular recognition and rational drug design. 
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(Reprinted with permission from Ref.38, American Chemical Society) (b) Halogen-bonded 

supramolecular framework constructed through directional I···N interactions, highlighting the 

utility of halogen bonding in crystal engineering and the formation of porous molecular materials. 

(Reproduced with permission from Ref. 39, Wiley-VCH) (c) Examples of chemical 

transformations in which halogen and chalcogen bonding have been implicated in substrate 

activation and catalytic processes, including the activation of carbon–iodine bonds through 

cooperative σ-hole interactions. (Adapted with permission from Ref. 40, American Chemical 

Society) 

Beyond pharmaceutical applications, halogen and chalcogen bonds play important roles in 

functional materials. Examples include liquid crystals, molecular conductors, porous solids, 

luminescent materials, and responsive supramolecular assemblies. The directionality of these 

interactions allows the formation of extended one-, two-, and three-dimensional architectures with 

tailored electronic and structural properties.42,43 

In recent years, chalcogen bonding has emerged as a particularly attractive interaction for 

the development of advanced materials. Selenium- and tellurium-containing systems exhibit 

strong and highly tunable σ-hole interactions, enabling applications in molecular electronics, 

photophysical materials, catalysis, and anion recognition. Furthermore, the ability of chalcogen 

atoms to function both as Lewis acids and Lewis bases introduces additional complexity and 

versatility into supramolecular design strategies.41,44 

The studies presented in this thesis focus primarily on halogen- and chalcogen-bonded 

molecular solids. These systems provide ideal model platforms for investigating the relationships 

between intermolecular interactions, crystal structure, and local electronic environments using 

advanced spectroscopic techniques. 
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1.3 Current Bottlenecks—Solvent-Intensive Synthesis and Cryogen Dependence 

Despite significant advances in supramolecular chemistry and crystal engineering, 

important challenges remain regarding the sustainability and accessibility of experimental 

methodologies. Two issues are particularly relevant to the work presented in this thesis: the 

extensive use of organic solvents in crystal preparation and the dependence of many advanced 

characterization techniques on liquid-helium-based infrastructure. 

Traditional cocrystal synthesis often relies on solution crystallization methods, including 

slow evaporation, cooling crystallization, slurry conversion, and solvent-mediated 

transformations. While these approaches are highly effective, they frequently require large solvent 

volumes and extensive optimization. Solvent consumption contributes substantially to the 

environmental footprint of chemical manufacturing and remains one of the largest contributors to 

waste generation in both academic and industrial laboratories.12 

Mechanochemistry has emerged as an attractive alternative capable of reducing or 

eliminating solvent requirements.45,46 By utilizing mechanical energy to induce solid-state 

transformations, mechanochemical methods often achieve rapid synthesis with reduced waste 

generation and improved atom economy. Nevertheless, the adoption of mechanochemical 

methodologies remains incomplete, and further development of scalable, reproducible, and gentle 

mechanochemical approaches remains an active area of research.47 

A second challenge concerns structural characterization. Modern solid-state 

characterization increasingly relies on advanced magnetic resonance techniques. High-resolution 

SSNMR spectroscopy often requires superconducting magnets operating at cryogenic 

temperatures, which depend on liquid helium as a cooling medium. The finite global supply of 
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helium, together with increasing costs and periodic supply disruptions, has raised concerns 

regarding the long-term sustainability of helium-dependent technologies.48–50 

 

Figure 1.1.5. Comparison of conventional and sustainable workflows for studying molecular 

solids. The traditional workflow combines solution-based synthesis and crystallization with high-

field NMR spectroscopy, whereas the sustainable workflow developed in this thesis integrates 

mechanochemical synthesis via RAM and ball milling with cryogen-free Zp-NQR spectroscopy. 

Images of the RAM, ball mill, and NMR spectrometer were adapted from the official websites of 

Resodyn Acoustic Mixers, MSE Supplies, and Bruker Corporation, respectively. 

The challenge is particularly pronounced for strongly quadrupolar nuclei such as 79Br, 81Br, 

and 127I. Their large quadrupolar interactions frequently render conventional high-field NMR 

approaches difficult or impractical.51,52 Consequently, alternative characterization methodologies 

capable of providing local structural information without reliance on ultrahigh magnetic fields are 

highly desirable. 

These considerations motivate the central themes of this thesis: the development of resource-

efficient characterization methods through Zp-NQR spectroscopy and the implementation of 

solvent-minimized mechanochemical synthesis routes based on resonant acoustic mixing. 
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Chapter 2 – Theoretical Principles of Quadrupolar Interactions and the 

Evolution of Zeeman-Perturbed NQR (Zp-NQR) as a Cryogen-Free Technique 

Nuclear quadrupole resonance (NQR) spectroscopy is a powerful solid-state spectroscopic 

technique for probing the local electronic environments of quadrupolar nuclei in crystalline 

materials.1 Unlike conventional nuclear magnetic resonance (NMR), which relies on a strong 

external magnetic field to generate nuclear spin transitions, NQR exploits the interaction between 

the nuclear electric quadrupole moment and the electric field gradient (EFG) produced by the 

surrounding electronic charge distribution. Because the resonance frequencies arise solely from 

this interaction, NQR provides direct insight into local bonding environments, intermolecular 

interactions, crystal packing, and structural disorder without the need for an applied magnetic field. 

The research presented in this thesis is centered on the development and application of 

Zeeman-perturbed nuclear quadrupole resonance (Zp-NQR), a methodology that extends the 

capabilities of conventional NQR by introducing a weak, controllable magnetic field as a 

perturbation to the dominant quadrupolar interaction.2 The additional spectroscopic information 

generated by this perturbation enables complete characterization of the EFG tensor, determination 

of nuclear gyromagnetic ratios, isotopic assignment of resonance lines, and site-resolved analysis 

of complex molecular solids. Importantly, these measurements are performed using compact 

adjustable electromagnets rather than superconducting magnets, providing a practical cryogen-free 

alternative for extracting quadrupolar interaction parameters that are often inaccessible by 

conventional NQR alone. 

Beyond introducing the theoretical basis of quadrupolar spectroscopy, this chapter 

establishes the conceptual framework that underpins the experimental developments presented 
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throughout the remainder of this thesis. The discussion begins with the origin of the electric field 

gradient and the nuclear quadrupolar interaction before introducing the fundamental principles of 

pure NQR spectroscopy. The limitations of conventional NQR, particularly for spin-3/2 nuclei, are 

then examined to motivate the development of Zp-NQR. Finally, the theoretical foundations, 

historical evolution, and modern implementation of Zp-NQR are presented, providing the basis for 

the experimental methodologies and applications described in the subsequent chapters. 

2.1 The Electric Field Gradient and Quadrupolar Hamiltonian 

2.1.1 Nuclear Spin and the Electric Quadrupole Moment 

NMR and NQR spectroscopy are founded on the interactions between atomic nuclei and 

their surrounding electromagnetic environments. The spectroscopic behaviour of a nucleus is 

governed primarily by its nuclear spin quantum number, I, an intrinsic quantum mechanical 

property that gives rise to both an angular momentum (J) and, for nuclei with non-zero spin, a 

magnetic moment (µ). These quantities form the basis of all magnetic resonance phenomena and 

determine how a nucleus responds to external magnetic fields and local electromagnetic 

interactions.3,4 

The nuclear angular momentum, J, is quantized and is related to the nuclear spin according to 

𝐽𝐽 = ℏ𝐼𝐼 𝐸𝐸𝐸𝐸. 2.1 

where ℏ is the reduced Planck constant and I is  nuclear spin quantum number. The magnitude of 

the angular momentum is therefore given by 

|𝐽𝐽| = ℏ�𝐼𝐼(𝐼𝐼 + 1) 𝐸𝐸𝐸𝐸. 2.2 
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while its projection along an arbitrary quantization axis is restricted to the discrete values 

𝐽𝐽𝑧𝑧 = 𝑚𝑚𝐼𝐼 𝐸𝐸𝐸𝐸. 2.3 

where the magnetic quantum number 𝑚𝑚𝐼𝐼 assumes the 2I+1allowed values 

𝑚𝑚𝐼𝐼 = −𝐼𝐼,−𝐼𝐼 + 1, … , +𝐼𝐼 𝐸𝐸𝐸𝐸. 2.4 

The existence of these discrete spin states gives rise to the quantized energy levels observed 

in magnetic resonance spectroscopy. 

Associated with the nuclear angular momentum is the nuclear magnetic moment, µ, which 

originates from the motion and intrinsic spin of protons within the nucleus. The magnetic moment 

is proportional to the angular momentum, 

𝜇𝜇 = 𝛾𝛾𝛾𝛾 𝐸𝐸𝐸𝐸. 2.5 

where γ is the gyromagnetic ratio, a fundamental nuclear constant that relates magnetic 

moment to angular momentum. The magnitude of the magnetic moment is therefore 

|𝜇𝜇| = 𝛾𝛾ℏ�𝐼𝐼(𝐼𝐼 + 1) 𝐸𝐸𝐸𝐸. 2.6 

and its component along the quantization axis is 

𝜇𝜇z = 𝛾𝛾ℏ𝑚𝑚𝐼𝐼 𝐸𝐸𝐸𝐸. 2.7 

The gyromagnetic ratio is characteristic of each isotope and determines the strength of its 

interaction with an external magnetic field. In conventional NMR spectroscopy, it directly governs 

the Larmor frequency according to 

ν0 =
𝛾𝛾𝐵𝐵0
2π

𝐸𝐸𝐸𝐸. 2.8 
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where B0 is the applied magnetic field. Although pure NQR experiments are performed in the 

absence of an external magnetic field, the gyromagnetic ratio remains an important nuclear 

property because it determines the magnitude of the Zeeman perturbation introduced in Zp-NQR 

experiments. As demonstrated in later sections of this chapter, one of the distinctive capabilities 

of Zp-NQR is the direct experimental determination of nuclear gyromagnetic ratios from powder 

samples. 

Nuclei with I = 1/2, such as 1H, 13C, and 19F, possess spherically symmetric charge 

distributions and therefore interact exclusively through their magnetic dipole moments. In contrast, 

nuclei with I > 1/2 exhibit non-spherical distributions of nuclear charge and possess an additional 

property known as the nuclear electric quadrupole moment (Q). These nuclei, commonly referred 

to as quadrupolar nuclei, account for approximately 75% of all NMR-active isotopes in the 

periodic table. Their interaction with the surrounding electric field gradient gives rise to the 

quadrupolar effects that dominate both NQR spectroscopy and many solid-state NMR 

experiments. table.5,6  

Table 2.1. Selected quadrupolar nuclei commonly encountered in NMR and NQR spectroscopy.7 

Nucleus Natural  
abundance(%) Spin (I) γ/2π  

(kHz G⁻¹) 
Q (10⁻²⁴ cm²) 

= 1 barn 
²H 0.015 1 0.654 +0.00286 

⁶Li 7.4 1 0.626 −0.0008 

⁷Li 92.6 3/2 1.655 −0.040 

¹⁰B 19.6 3 0.458 +0.085 

¹¹B 80.4 3/2 1.366 +0.041 

¹⁴N 99.6 1 0.308 +0.019 

¹⁷O 0.048 5/2 −0.577 −0.26 

²³Na 100 3/2 1.126 +0.10 

²⁷Al 100 5/2 1.109 +0.14 
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Nucleus Natural  
abundance(%) Spin (I) γ/2π  

(kHz G⁻¹) 
Q (10⁻²⁴ cm²) 

= 1 barn 
³⁵Cl 75.5 3/2 0.417 −0.082 

³⁷Cl 24.5 3/2 0.347 −0.064 

⁵⁰V 0.25 6 0.425 +0.21 

⁵¹V 99.8 7/2 1.119 −0.05 

⁵⁵Mn 100 5/2 1.050 +0.33 

⁵⁹Co 100 7/2 1.005 +0.40 

⁶³Cu 69.1 3/2 1.128 −0.21 

⁶⁵Cu 30.9 3/2 1.209 −0.195 

⁶⁹Ga 60.4 3/2 1.022 +0.17 

⁷¹Ga 39.6 3/2 1.298 +0.10 

⁷⁵As 100 3/2 0.729 +0.31 

⁷⁹Br 50.5 3/2 1.067 +0.33 

⁸¹Br 49.5 3/2 1.150 +0.28 

⁸⁵Rb 72 5/2 0.411 +0.23 

⁸⁷Rb 28 3/2 1.393 +0.13 

⁹³Nb 100 9/2 1.041 −0.32 

¹¹³In 4.3 9/2 0.931 +0.8 

¹¹⁵In 95.7 9/2 0.933 +0.8 

¹²¹Sb 57.3 5/2 1.019 −0.4 

¹²³Sb 42.7 7/2 0.552 −0.5 

¹²⁷I 100 5/2 0.852 −0.7 

¹³⁹La 0.1 5 0.564 +0.4 

¹⁸¹Ta 99.9 7/2 0.606 +0.2 

²⁰¹Bi 100 9/2 0.684 −0.4 

²³⁵U 0.72 7/2 −0.076 +5 
Note: The quadrupole moment Q can be either positive or negative, depending on the anisotropy 
of the nuclear charge distribution. A positive Q corresponds to a predominantly prolate (elongated) 
charge distribution, whereas a negative Q corresponds to an oblate (flattened) distribution. 

The quadrupolar nuclei investigated throughout this thesis include 35Cl, 121Sb, 123Sb, 79Br, 

81Br, and 127I, all of which possess non-zero quadrupole moments and therefore exhibit strong 
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quadrupolar interactions in the solid state. Because these interactions are governed by the local 

distribution of electronic charge, they provide exceptionally sensitive probes of chemical bonding, 

intermolecular interactions, crystal packing, and local structural symmetry. 

The nuclear quadrupole moment originates from deviations of the nuclear charge 

distribution from spherical symmetry. Depending on the nucleus, the charge distribution may 

adopt either a prolate (elongated) or oblate (flattened) shape (Figure 1.2.1). When such an 

anisotropic charge distribution is placed within an inhomogeneous electric field, an electrostatic 

interaction arises between the nuclear quadrupole moment and the local electric field gradient 

(EFG). This interaction forms the physical basis of NQR spectroscopy and contributes 

significantly to the spectra of quadrupolar nuclei observed by solid-state NMR. 
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Figure 1.2.1. Schematic representation of nuclear charge distributions and their associated nuclear 

quadrupole moments (Q). A spherically symmetric charge distribution possesses no quadrupole 

moment (Q = 0), whereas non-spherical distributions give rise to finite quadrupole moments. A 

prolate (elongated) charge distribution corresponds to a positive quadrupole moment (Q > 0), while 

an oblate (flattened) charge distribution corresponds to a negative quadrupole moment (Q < 0). 

Nuclei with spin quantum number I > 1/2 may possess a non-zero quadrupole moment and can 

interact with the EFG generated by the surrounding electronic environment.  

2.1.2 The Electric Field Gradient Tensor 

The EFG describes the spatial variation of the electric field surrounding a nucleus and is the 

fundamental quantity responsible for the nuclear quadrupolar interaction. Mathematically, the 

EFG is a second-rank tensor defined as the matrix of second derivatives of the electrostatic 

potential, V, with respect to the Cartesian coordinates, 

𝑉𝑉𝑉𝑉𝑉𝑉 =
∂2𝑉𝑉

∂𝑥𝑥𝑖𝑖 ∂𝑥𝑥𝑗𝑗
𝐸𝐸𝐸𝐸. 2.9 

where (V) is the electrostatic potential and (xi) and (xj) correspond to Cartesian coordinates. Unlike 

the electric field itself, which vanishes at the position of the nucleus according to electrostatic 

equilibrium, the second derivatives of the electrostatic potential are generally non-zero and provide 

a measure of the anisotropy of the surrounding charge distribution. Consequently, the EFG reflects 

the combined influence of the local electronic structure and the arrangement of neighbouring atoms 

and ions. 

Diagonalization of the EFG tensor yields three mutually orthogonal principal components, 

conventionally denoted (𝑉𝑉XX), (𝑉𝑉YY), and (𝑉𝑉ZZ) , which define the principal-axis system (PAS). 

By convention, the components are ordered according to 

|VZZ| ≥ |VYY| ≥ |VXX| 𝐸𝐸𝐸𝐸. 2.10 
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Because the electrostatic potential satisfies Laplace's equation in regions free of charge, the 

EFG tensor is traceless, 

VXX + VYY + VZZ = 0 𝐸𝐸𝐸𝐸. 2.11 

As a result, only two independent tensor components are required to completely describe the 

EFG. These are commonly expressed through the quadrupolar coupling constant, which reflects 

the magnitude of the interaction, and the asymmetry parameter, which describes the deviation of 

the tensor from axial symmetry. These parameters are introduced in Section 2.1.4. 

In molecular solids, the EFG is highly sensitive to the distribution of electronic charge 

surrounding the nucleus. Contributions arise from covalent bonding electrons, lone-pair electrons, 

core electrons, and the electrostatic influence of neighbouring atoms. Consequently, hydrogen 

bonding, halogen bonding, chalcogen bonding, crystal packing, and other intermolecular 

interactions can significantly modify both the magnitude and symmetry of the EFG. This 

exceptional sensitivity makes quadrupolar spectroscopy a powerful probe of local structure in 

crystalline materials. 

 

Figure 1.2.2. EFG tensor surfaces calculated for the 127I nucleus in 1,4-diiodotetrafluorobenzene. 

The EFG tensor is represented in its principal-axis system by the components 𝑉𝑉XX , 𝑉𝑉YY , and 𝑉𝑉ZZ 

, which satisfy the relation 𝑉𝑉XX + 𝑉𝑉YY + 𝑉𝑉ZZ = 0. The tensor surfaces were visualized using a 

custom Mathematica Version 14 notebook.8 The EFG tensor is displayed as a three-dimensional 

surface to illustrate both its sign and symmetry, with blue regions corresponding to positive EFG 

28



values and orange regions corresponding to negative EFG values. The pronounced anisotropy of 

the tensor reflects the highly directional electronic environment surrounding the iodine nucleus 

arising from the covalent C–I bond and intermolecular interactions. 

Throughout this thesis, variations in the EFG are used to investigate changes in the 

electronic environments of chlorine, bromine, iodine, and antimony nuclei resulting from non-

covalent interactions in molecular solids. As demonstrated in the following chapters, subtle 

changes in bonding often produce measurable changes in the EFG, allowing quadrupolar 

spectroscopy to distinguish crystallographically inequivalent sites and quantify the effects of 

intermolecular interactions. 

2.1.3 The Quadrupolar Hamiltonian 

The interaction between the nuclear electric quadrupole moment and the electric field 

gradient is described by the quadrupolar Hamiltonian, which forms the theoretical foundation of 

both NQR spectroscopy and the quadrupolar interactions observed in SSNMR. In quantum 

mechanics, the nuclear spin is represented by the vector spin operator 

Î = �IX� , IY� , IZ�� 𝐸𝐸𝐸𝐸. 2.12 

Where 𝐼𝐼𝑋𝑋� , 𝐼𝐼𝑌𝑌� , and 𝐼𝐼𝑍𝑍�  are the Cartesian components of the nuclear spin angular momentum operator. 

In the principal-axis system of the EFG tensor, the Hamiltonian is conventionally given by Eq. 

2.13 and follows the convention established by Das and Hahn and later summarized in standard 

NMR texts.1,9 

𝐻𝐻𝑄𝑄� =
𝑒𝑒𝑒𝑒𝑉𝑉𝑍𝑍𝑍𝑍

4𝐼𝐼(2𝐼𝐼 − 1) �3𝐼𝐼𝑍𝑍
2� − 𝐼𝐼2� + 𝜂𝜂�𝐼𝐼𝑋𝑋2� − 𝐼𝐼𝑌𝑌2� �� 𝐸𝐸𝐸𝐸. 2.13 
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where e is the elementary charge, Q is the nuclear electric quadrupole moment, 𝑉𝑉ZZ is the largest 

principal component of the electric field gradient tensor, I is the nuclear spin quantum number, 𝐼𝐼2�  

is the total nuclear spin angular momentum operator, and η is the electric field gradient asymmetry 

parameter. 

This Hamiltonian describes the electrostatic interaction between the non-spherical nuclear 

charge distribution and the surrounding electric field gradient. The resulting quadrupolar 

interaction removes the degeneracy of the nuclear spin states, producing the discrete energy levels 

observed in NQR spectroscopy and contributing to the broad powder patterns characteristic of 

quadrupolar nuclei in SSNMR. 

The magnitude of the quadrupolar interaction depends directly on both the nuclear 

quadrupole moment and the local EFG. Consequently, nuclei possessing large quadrupole 

moments and highly anisotropic electronic environments often exhibit quadrupolar coupling 

constants corresponding to resonance frequencies ranging from several megahertz to hundreds of 

megahertz. 

For the nuclei investigated throughout this thesis, the quadrupolar interaction is substantially 

larger than the Zeeman interaction produced by the weak magnetic fields employed in Zp-NQR 

experiments. The quadrupolar Hamiltonian therefore remains the dominant contribution to the 

nuclear spin Hamiltonian, while the magnetic field acts only as a perturbation. This distinction 

forms the basis of the weak-field treatment discussed in Section 2.3. 
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2.1.4 Quadrupolar Coupling Constant and Asymmetry Parameter 

The magnitude and symmetry of the electric field gradient are commonly described by two 

experimentally accessible parameters: the quadrupolar coupling constant, CQ, and the asymmetry 

parameter, η. Together, these quantities provide a complete description of the EFG tensor and 

constitute the principal observables obtained from NQR and quadrupolar NMR experiments. 

The quadrupolar coupling constant is defined as 

𝐶𝐶𝑄𝑄 =
eQVZZ

h
𝐸𝐸𝐸𝐸. 2.14 

where (h) is Planck's constant. 

Because CQ is directly proportional to both the nuclear quadrupole moment and the largest 

principal component of the EFG tensor, it reflects the overall strength of the quadrupolar 

interaction. Changes in chemical bonding, molecular geometry, crystal packing, and 

intermolecular interactions alter the local electron density and therefore modify the quadrupolar 

coupling constant. As a result, CQ serves as a sensitive indicator of changes in the local electronic 

structure.10 

The deviation of the EFG tensor from axial symmetry is quantified by the asymmetry 

parameter, 

𝜂𝜂 =
𝑉𝑉𝑋𝑋𝑋𝑋 − 𝑉𝑉𝑌𝑌𝑌𝑌

𝑉𝑉𝑍𝑍𝑍𝑍
𝐸𝐸𝐸𝐸. 2.15 

which ranges from 

0 ≤ 𝜂𝜂 ≤ 1 𝐸𝐸𝐸𝐸. 2.16 
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An axially symmetric EFG corresponds to η=0 whereas increasing values of η indicate 

progressively greater deviations from cylindrical symmetry. Since many intermolecular 

interactions perturb the electronic structure asymmetrically, the asymmetry parameter often 

provides structural information complementary to that obtained from the quadrupolar coupling 

constant alone. 

Throughout this thesis, simultaneous determination of CQ and η forms the basis for 

quantifying changes in local electronic structure and identifying crystallographically distinct 

quadrupolar sites. One of the principal objectives of the Zp-NQR methodology developed in this 

work is the accurate extraction of these two parameters from powdered molecular solids. 

2.1.5 Energy Levels of Quadrupolar Nuclei 

The quadrupolar Hamiltonian lifts the degeneracy of the nuclear spin states and produces 

discrete energy levels that depend on the spin quantum number, quadrupolar coupling constant, 

and asymmetry parameter. The number of energy levels increases with nuclear spin according to 

the 2I+1 allowed magnetic quantum states. 

 For a spin 3/2 nucleus, such as 35Cl, 79Br, and 81Br, four magnetic sublevels exist 

corresponding to 

𝑚𝑚𝐼𝐼 = +
3
2

, +
1
2

, −
1
2

,−
3
2

𝐸𝐸𝐸𝐸. 2.17 

In the absence of an external magnetic field, the quadrupolar interaction alone determines 

the energy-level structure. Under these conditions, the +𝑚𝑚𝐼𝐼 and −𝑚𝑚𝐼𝐼 states remain degenerate, 

giving rise to a single allowed NQR transition between the ±1/2  and ±3/2 levels, as illustrated in 

Figure 1.2.3. 
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Figure 1.2.3. Comparison of the energy-level splitting of a spin-I=3/2 nucleus in NMR and NQR. 

In the presence of an external magnetic field (B0), the Zeeman interaction splits the nuclear spin 

states into four equally spaced levels. In contrast, in zero magnetic field the nuclear quadrupole 

interaction with the EFG produces two doubly degenerate energy levels, |𝑚𝑚𝐼𝐼| = 1/2 and |𝑚𝑚𝐼𝐼| =

3/2, separated by the NQR transition frequency νQ. 

This degeneracy represents one of the fundamental limitations of conventional NQR for 

spin-3/2 nuclei. Because only a single transition frequency is observed, the experiment provides 

insufficient information to determine both the quadrupolar coupling constant and the asymmetry 

parameter independently. As discussed in the following section, overcoming this limitation has 

been a major motivation for the development of Zeeman-perturbed NQR spectroscopy. 

2.2 Pure Nuclear Quadrupole Resonance 

2.2.1 Principles of Pure Nuclear Quadrupole Resonance 

NQR is a radiofrequency spectroscopic technique that probes the interaction between the 

nuclear electric quadrupole moment and the electric field gradient surrounding a quadrupolar 

nucleus in the absence of an externally applied magnetic field.11 Unlike conventional NMR 

spectroscopy, where resonance frequencies are primarily determined by the Zeeman interaction, 
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the NQR spectrum arises exclusively from the quadrupolar interaction. Consequently, the observed 

resonance frequencies directly reflect the magnitude and symmetry of the local electric field 

gradient and are therefore highly sensitive to the electronic structure of crystalline solids.12 

Because the quadrupolar interaction originates from the local distribution of electronic 

charge, NQR is exceptionally responsive to changes in chemical bonding, molecular geometry, 

crystal packing, polymorphism, molecular dynamics, and non-covalent interactions, including 

hydrogen, halogen, and chalcogen bonding.13–17 Even subtle structural perturbations that produce 

only minor changes in diffraction data can generate measurable shifts in NQR frequencies, making 

the technique an exceptionally sensitive local structural probe. 

The nuclear spin Hamiltonian describing a pure NQR experiment contains only the 

quadrupolar interaction, 

H� = HQ� 𝐸𝐸𝐸𝐸. 2.18 

where HQ�  is the quadrupolar Hamiltonian introduced in Section 2.1.3. Since no external 

magnetic field is present, the resonance frequencies depend entirely on the electric field gradient 

generated by the surrounding electronic environment.  

An important consequence of this dependence is that every crystallographically distinct 

quadrupolar nucleus experiences a unique electric field gradient and therefore gives rise to its own 

characteristic resonance frequency. NQR is therefore inherently site-specific and can distinguish 

chemically inequivalent atomic sites without isotopic enrichment or an externally applied magnetic 

field. This capability has made NQR an important tool for the characterization of molecular 

crystals, pharmaceuticals, energetic materials, perovskites, and other functional solids. 
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Throughout this thesis, pure NQR serves as the experimental foundation upon which 

Zeeman-perturbed NQR is built. Understanding both the capabilities and the intrinsic limitations 

of conventional NQR is therefore essential for appreciating the motivation behind the methodology 

developed in the following sections. 

2.2.2 NQR Transition Frequencies 

The resonance frequencies observed in NQR depend on the nuclear spin quantum number 

and the magnitude and symmetry of the electric field gradient tensor. For a spin-3/2 nucleus, which 

includes the isotopes 35Cl, 79Br, and 81Br investigated throughout this thesis, only a single transition 

is allowed under pure quadrupolar coupling. The transition frequency is given by 

νQ =
CQ
2
�1 +

η2

3
𝐸𝐸𝐸𝐸. 2.19 

demonstrating that the observed resonance depends simultaneously on both the quadrupolar 

coupling constant and the asymmetry parameter. 

Because both quantities are influenced by the local electronic structure, variations in 

chemical bonding, intermolecular interactions, crystal packing, temperature, and pressure all lead 

to measurable changes in the NQR frequency. Consequently, the resonance frequency provides a 

direct spectroscopic fingerprint of the crystallographic environment surrounding the quadrupolar 

nucleus. 

The situation differs for nuclei with higher spin quantum numbers, such as 127I (I = 5/2). 

Multiple allowed transitions are observed, providing sufficient experimental observables to 

determine both CQ and η directly from pure NQR measurements. In contrast, only a single 
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transition is available for spin-3/2 nuclei, fundamentally limiting the structural information that 

can be extracted from conventional NQR experiments. 

This distinction has important practical consequences because chlorine and bromine 

nuclei—the primary nuclei investigated throughout this thesis—both possess I =3/2 . As discussed 

in the following sections, overcoming this limitation is one of the principal motivations for the 

development of Zp-NQR. 

2.2.3 Advantages of Pure NQR 

Pure NQR possesses several unique advantages that distinguish it from other solid-state 

spectroscopic techniques. Since no external magnetic field is required, NQR instrumentation is 

considerably simpler than conventional superconducting NMR spectrometers and operates without 

cryogenic cooling or liquid helium. Measurements can therefore be performed using compact, 

comparatively inexpensive instrumentation at room temperature, making the technique both 

accessible and operationally efficient. 

Perhaps the greatest strength of NQR lies in its exceptional sensitivity to the local electronic 

structure. Because resonance frequencies are governed directly by the electric field gradient, they 

respond strongly to subtle changes in chemical bonding and intermolecular interactions. 

Consequently, NQR has proven particularly valuable for identifying polymorphs, monitoring 

phase transitions, characterizing pharmaceutical solids, detecting energetic materials, and 

investigating non-covalent interactions in crystalline systems.18–20 

Another important advantage is its intrinsic site selectivity. Each crystallographically 

distinct quadrupolar nucleus generally produces an individual resonance frequency, enabling local 

structural information to be obtained without isotopic enrichment or chemical labeling. As a result, 
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NQR provides information that is highly complementary to diffraction techniques, particularly in 

systems where local structural variations are not readily apparent from average crystallographic 

structures.14,16 

Although these advantages make NQR a powerful structural characterization tool, the 

technique also possesses several important limitations that restrict its ability to uniquely determine 

quadrupolar interaction parameters for many nuclei. These limitations are discussed in the 

following section and ultimately motivate the development of Zeeman-perturbed NQR. 

2.2.4 Limitations of Pure NQR 

Despite its many advantages, pure NQR possesses several important limitations that restrict 

its ability to fully characterize quadrupolar nuclei. The most significant limitation arises for spin-

3/2 nuclei, including 35Cl, 79Br, and 81Br, which constitute the primary nuclei investigated 

throughout this thesis. 

The most fundamental limitation arises from the number of experimentally observable 

transitions. As discussed in Section 2.2.2, a spin-3/2 nucleus exhibits only a single allowed NQR 

transition in the absence of an external magnetic field. The corresponding resonance frequency is 

described by Eq. 2.18 which is determined by both the CQ , and the η, 

Consequently, one experimental observable depends on two independent unknowns. An 

infinite number of (CQ, η) combinations can therefore reproduce the same resonance frequency, 

preventing the unique determination of the complete electric field gradient tensor from pure NQR 

measurements alone. For spin-3/2 nuclei, this ambiguity represents a fundamental limitation of the 

technique rather than an instrumental constraint.  
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Figure 1.2.4 illustrates this distinction by comparing the information available from pure 

NQR and high-field solid-state NMR for a representative spin-5/2 nucleus. Whereas multiple NQR 

transitions are observed for higher-spin nuclei such as 127I, allowing both CQ and η to be 

determined directly, only a single transition is available for spin-3/2 nuclei. As a result, 

conventional NQR cannot uniquely characterize the quadrupolar interaction for many 

technologically and chemically important isotopes, including chlorine and bromine. 

 

Figure 1.2.4. Comparison of high-field SSNMR and pure NQR for a spin-5/2 nucleus, illustrated 

using parameters representative of 127I (CQ = 2000 MHz and η = 0.12). Top: Schematic comparison 

of the experimental configurations and corresponding energy-level diagrams. In conventional 

SSNMR (left), the sample is positioned within a superconducting magnet, where the external 

magnetic field (B0) dominates the nuclear spin Hamiltonian, producing six Zeeman-split energy 
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levels. In pure NQR (right), no external magnetic field is applied (B0=0), and the energy levels 

arise solely from the interaction between the nuclear electric quadrupole moment and the local 

EFG, resulting in three doubly degenerate quadrupolar energy levels. Bottom: Simulated spectra 

illustrating the corresponding resonance frequencies. The SSNMR powder pattern spans a broad 

frequency range owing to the large second-order quadrupolar interaction at 21.1 T, whereas pure 

NQR exhibits two discrete resonance lines corresponding to the ±1/2↔±3/2 and ±3/2↔±5/2 

transitions.  

Beyond this intrinsic limitation, pure NQR also presents several practical experimental 

challenges. Unlike conventional NMR spectroscopy, where resonance frequencies are largely 

determined by the applied magnetic field, NQR frequencies depend entirely on the local electric 

field gradient and therefore vary widely from one compound to another. Consequently, the 

resonance frequency of an unknown material is rarely known a priori. Locating an NQR signal 

often requires scanning broad frequency ranges in small increments while repeatedly retuning the 

probe, making resonance searches both time-consuming and experimentally demanding. 

Recent developments have substantially improved this process. First-principles electronic 

structure calculations, particularly density functional theory (DFT), can provide reliable estimates 

of quadrupolar coupling constants and expected resonance frequencies before an experiment is 

performed. Likewise, automated frequency-search systems employing robotic probe tuning have 

significantly accelerated resonance detection by enabling autonomous tuning and frequency 

scanning across broad spectral ranges with minimal operator intervention. 21 

Additional challenges arise for higher-spin nuclei, where multiple NQR transitions are 

theoretically available. In many iodine-containing molecular solids, for example, one of the 127I 

transitions occurs above 600 MHz.10 Such frequencies exceed the operating range of many 

commercial NQR spectrometers and require specialized broadband radiofrequency probes capable 
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of efficient operation over an exceptionally wide frequency range. Consequently, although the 

complete quadrupolar interaction is theoretically accessible for these nuclei, instrumental 

limitations may prevent observation of all required transitions in practice. 

Considerable progress has also been made in the development of broadband pulse sequences 

for quadrupolar spectroscopy. In particular, Rossini and co-workers introduced the combination 

of Wideband Uniform Rate Smooth Truncation (WURST) pulses with the Quadrupolar Carr–

Purcell–Meiboom–Gill (QCPMG) echo train, enabling the efficient acquisition of ultra-wide 

quadrupolar NMR and NQR spectra that would otherwise require prohibitively long acquisition 

times.22 By combining broadband excitation with the sensitivity enhancement afforded by 

QCPMG echo trains, the WURST-QCPMG experiment has become a widely adopted method for 

the characterization of quadrupolar nuclei exhibiting broad resonance patterns.23 Although this 

development substantially improved the experimental efficiency of broadband quadrupolar 

spectroscopy, it does not overcome the fundamental limitation of pure NQR for spin-3/2 nuclei, 

namely that only a single zero-field transition is available for determining the quadrupolar 

interaction parameters. 

These considerations illustrate that the principal obstacle is not the sensitivity of NQR, but 

rather the limited amount of information available from the zero-field experiment. The technique 

provides an exceptionally sensitive probe of local electronic structure, yet for spin-3/2 nuclei it 

lacks sufficient experimental observables to uniquely determine the complete electric field 

gradient tensor. Overcoming this limitation while preserving the intrinsic advantages of NQR 

constitutes the central motivation for the Zeeman-perturbed methodology developed throughout 

this thesis. 
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2.2.5 Overcoming the Limitations of Pure NQR: Motivation for Zeeman-Perturbed 

Nuclear Quadrupole Resonance 

The limitations discussed in the previous section arise not because NQR lacks sensitivity to 

local structure, but because the zero-field experiment provides an insufficient number of 

independent observables for many quadrupolar nuclei. This distinction is particularly important 

for spin-3/2  nuclei, where a single resonance frequency must simultaneously describe both the 

magnitude and symmetry of the electric field gradient. Consequently, additional experimental 

information is required to uniquely determine the complete quadrupolar interaction. 

A straightforward approach to obtaining this information is to perturb the quadrupolar 

energy levels by introducing an external magnetic field. If the applied field is sufficiently weak 

that the quadrupolar interaction remains the dominant contribution to the nuclear spin Hamiltonian, 

the degeneracy of the quadrupolar energy levels is partially lifted without fundamentally altering 

the character of the spectrum. The resulting Zeeman splitting generates additional resonance 

transitions whose positions depend not only on the quadrupolar coupling constant and asymmetry 

parameter, but also on the nuclear gyromagnetic ratio and the orientation of the electric field 

gradient relative to the applied magnetic field. 

This weak-field regime forms the basis of Zp-NQR. By introducing a controlled magnetic 

perturbation while preserving the intrinsic sensitivity of NQR to the electric field gradient, Zp-

NQR provides the additional experimental observables required to determine quadrupolar 

interaction parameters that are inaccessible from conventional NQR measurements alone. 

It is important to emphasize that Zp-NQR does not replace conventional NQR or high-field 

solid-state NMR. Rather, it occupies an intermediate regime in which the quadrupolar interaction 
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remains the dominant term in the spin Hamiltonian, while the Zeeman interaction provides 

complementary information through controlled perturbation of the energy levels. This operating 

principle distinguishes Zp-NQR fundamentally from conventional NMR and defines its unique 

role within the family of quadrupolar spectroscopic techniques. 

The following section introduces the theoretical framework of Zeeman perturbation and 

traces the historical development of the technique from its early applications to single crystals 

through its modern implementation for polycrystalline powders using exact Hamiltonian 

simulations. 

2.3.1 Principles and Historical Development of Zeeman-Perturbed Nuclear 

Quadrupole Resonance 

Zp-NQR extends conventional NQR by introducing a weak static magnetic field while 

maintaining the quadrupolar interaction as the dominant contribution to the nuclear spin 

Hamiltonian. Under these conditions, the applied field acts as a perturbation that partially removes 

the degeneracy of the quadrupolar energy levels, generating additional resonance transitions 

without fundamentally changing the quadrupolar nature of the spectrum. The resulting transition 

frequencies and intensities depend on the quadrupolar coupling constant, the asymmetry 

parameter, the nuclear gyromagnetic ratio, and the orientation of the electric field gradient relative 

to the applied magnetic field. Collectively, these additional observables provide sufficient 

information to characterize quadrupolar interactions that cannot be uniquely determined by pure 

NQR alone. 

The theoretical basis of Zeeman perturbation emerged during the 1950s and 1960s, when 

several groups recognized that the Zeeman interaction could be treated as a small perturbation to 
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the dominant quadrupolar Hamiltonian in weak magnetic fields. This operating regime is 

fundamentally different from that of conventional high-field NMR, where the Zeeman interaction 

dominates and quadrupolar effects are treated as perturbations. Early theoretical treatments by 

Dean, Toyama, Morino, and co-workers established the mathematical framework describing the 

Zeeman splitting of quadrupolar energy levels and predicted the characteristic spectral features 

observed experimentally.24,25 

Early experimental studies were performed primarily on single crystals, where rotating the 

crystal with respect to the applied magnetic field enabled the complete electric field gradient tensor 

and its orientation relative to the crystallographic axes to be determined.26,27 Although these 

experiments demonstrated the considerable structural information obtainable from Zeeman 

perturbation, they required high-quality single crystals and precise goniometric instrumentation, 

limiting their applicability to many chemically relevant materials. 

A major advance was achieved through the work of Morino and Toyama, who demonstrated 

that Zeeman-perturbed spectra acquired from polycrystalline powders also contain sufficient 

structural information for quantitative analysis.28 Rather than relying on measurements from 

individual crystal orientations, they showed that the singularities characteristic of powder spectra 

could be used to determine the asymmetry parameter directly from randomly oriented samples. 

This development significantly broadened the applicability of Zp-NQR to systems for which 

suitable single crystals were unavailable, including pharmaceuticals, molecular crystals, and many 

inorganic solids. 

While these pioneering studies relied primarily on first-order perturbation theory and 

analytical interpretation of characteristic spectral features,29,24,28 modern Zp-NQR has evolved 

substantially through advances in computational methods and instrumentation. Exact numerical 
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diagonalization of the complete nuclear spin Hamiltonian now permits direct simulation of the full 

powder spectrum without the approximations inherent in perturbation theory. This approach 

provides significantly improved accuracy and enables quantitative analysis of higher-spin nuclei, 

multiple crystallographic sites, overlapping resonances, and experimentally complex line 

shapes.30,31 

The methodology employed throughout this thesis builds upon these developments by 

combining adjustable electromagnets, cryogen-free instrumentation, and exact Hamiltonian 

simulations implemented through the QUadrupolar Exact SofTware (QUEST).32 This combination 

enables quantitative analysis of polycrystalline molecular solids without the need for 

superconducting magnets or single crystals, forming the experimental foundation for the studies 

presented in the following chapters. 

2.3.2 Weak-Field Hamiltonian and Zeeman Splitting 

The defining characteristic of Zeeman-perturbed nuclear quadrupole resonance is that the 

quadrupolar interaction remains the dominant contribution to the nuclear spin Hamiltonian while 

the externally applied magnetic field acts only as a perturbation. This operating regime 

distinguishes Zp-NQR fundamentally from conventional high-field SSNMR, where the Zeeman 

interaction dominates and quadrupolar effects are treated as comparatively small perturbations. 

The total nuclear spin Hamiltonian describing a quadrupolar nucleus in the presence of both 

an electric field gradient and an external magnetic field is given by 

H� = HQ� + HZ� 𝐸𝐸𝐸𝐸. 2.20 
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where 𝐻𝐻𝑄𝑄�  is the quadrupolar Hamiltonian introduced in Section 2.1.3 and 𝐻𝐻𝑍𝑍�  is the Zeeman 

Hamiltonian, 

HZ� = −𝛾𝛾ℏ𝐵𝐵0 ⋅ Î 𝐸𝐸𝐸𝐸. 2.21 

where γ is the nuclear gyromagnetic ratio, ℏ is the reduced Planck constant, 𝐵𝐵0 is the externally 

applied magnetic field, and Î is the nuclear spin operator. 

The relative magnitudes of these two interactions determine the spectroscopic regime. In 

conventional solid-state NMR, magnetic fields of several tesla produce Zeeman energies that 

greatly exceed the quadrupolar interaction, 

�HZ�� ≫ �HQ�� 𝐸𝐸𝐸𝐸. 2.22 

so that the Zeeman interaction defines the primary nuclear energy levels and the quadrupolar 

interaction introduces relatively small corrections to the resonance frequencies. 

Zp-NQR operates in the opposite limit. Magnetic fields are typically only a few tens of 

millitesla, such that 

�HQ� � ≫ �HZ�� 𝐸𝐸𝐸𝐸. 2.23 

Under these conditions, the electric field gradient continues to govern the energy-level structure, 

while the applied magnetic field produces only a controlled perturbation of the quadrupolar states. 

This weak-field regime preserves the intrinsic sensitivity of NQR to the local electronic 

environment while simultaneously generating additional spectroscopic observables. 

For a spin-3/2  nucleus, the quadrupolar interaction alone produces two doubly degenerate 

energy levels corresponding to the mQ = ±1/2  and mQ = ±3/2 states (Figure 1.2.5). Application of 
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a weak magnetic field lifts the ±mQ degeneracy, splitting each quadrupolar level into two Zeeman 

sublevels. Consequently, the single resonance observed in pure NQR evolves into four allowed 

transitions that are distributed symmetrically about the zero-field resonance frequency. 

 

Figure 1.2.5. Energy-level diagram illustrating the effect of a weak magnetic field on a spin-3/2 

nucleus in Zp-NQR. Under pure NQR conditions (B0= 0), the quadrupolar interaction produces 

two doubly degenerate energy levels, denoted by the quadrupolar quantum number mQ = ±1/2 and 

mQ = ±3/2, resulting in a single resonance transition with frequency νQ. Upon application of a weak 

static magnetic field (B0 ≠0), the Zeeman interaction lifts the ±mQ degeneracy, splitting each 

quadrupolar level into two Zeeman sublevels labeled by the magnetic quantum number mZ . 

Consequently, the single NQR transition is transformed into four allowed Zeeman-perturbed 

transitions, conventionally designated as the α and β transition pairs, which form the characteristic 

four-line Zeeman-perturbed spectrum of a spin-3/2 nucleus. 

The magnitude of the splitting is governed primarily by the nuclear gyromagnetic ratio and 

the strength of the applied magnetic field. To first order, the separation between adjacent Zeeman 

components is proportional to the nuclear Larmor frequency, 

𝜈𝜈0 =
𝛾𝛾𝐵𝐵0
2𝜋𝜋

𝐸𝐸𝐸𝐸. 2.24 
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although exact transition frequencies depend on the complete nuclear spin Hamiltonian and 

therefore require numerical diagonalization for accurate analysis. As the magnetic field is 

increased, the Zeeman components become progressively more separated. In practice, the applied 

field must remain sufficiently weak that the quadrupolar interaction continues to dominate the 

Hamiltonian, thereby preserving the validity of the weak-field approximation that defines Zp-

NQR. 

The fundamental distinction between conventional high-field solid-state NMR and Zeeman-

perturbed NQR lies in the relative magnitudes of the Zeeman and quadrupolar interactions. 

Whereas the Zeeman interaction dominates the spin Hamiltonian in high-field NMR, the 

quadrupolar interaction remains the principal interaction in Zp-NQR. The key differences between 

these two regimes are summarized in Table 2.2. 

Table 2.2. Comparison of the operating regimes of conventional high-field SSNMR and Zp-NQR. 

The two techniques differ fundamentally in the relative magnitudes of the Zeeman and quadrupolar 

interactions. In high-field SSNMR, the Zeeman interaction dominates the nuclear spin 

Hamiltonian and the quadrupolar interaction is treated as a perturbation. In contrast, Zp-NQR 

operates in the weak-field regime, where the quadrupolar interaction remains the dominant term 

and the applied magnetic field acts only as a small perturbation. 

Feature High-Field SSNMR Zeeman-Perturbed NQR 

Dominant interaction Zeeman interaction Quadrupolar interaction 

Typical magnetic field Several tesla Tens of millitesla 

Hamiltonian 
relationship 

�𝐻𝐻𝑍𝑍�� ≫ �𝐻𝐻𝑄𝑄�� �𝐻𝐻𝑄𝑄�� ≫ �𝐻𝐻𝑍𝑍�� 

Role of quadrupolar 
interaction 

Perturbation to the Zeeman 
interaction 

Principal interaction 
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Feature High-Field SSNMR Zeeman-Perturbed NQR 

Primary experimental 
observable 

Zeeman transitions modified by 
quadrupolar effects 

Quadrupolar transitions perturbed by the 
Zeeman interaction 

2.3.3 Zeeman-Perturbed Powder Spectra 

Although the earliest Zp-NQR experiments were performed on single crystals, the technique 

has become particularly valuable for the characterization of polycrystalline powders, which 

represent the form of many pharmaceuticals, molecular crystals, energetic materials, and 

functional solids. In powder samples, the crystallites are randomly oriented with respect to the 

applied magnetic field, so each crystallite experiences a different Zeeman perturbation depending 

on the orientation of its electric field gradient tensor. 

Rather than producing discrete resonance lines characteristic of a single crystal, the 

superposition of all crystallite orientations gives rise to a broadened powder spectrum. The 

resulting spectral envelope contains a wealth of structural information because different crystallite 

orientations contribute with different transition frequencies and probabilities. Consequently, the 

overall line shape reflects both the quadrupolar interaction and the orientational distribution of 

crystallites within the sample. 

The asymmetry parameter, η, exerts a particularly strong influence on the appearance of 

Zeeman-perturbed powder spectra. For axially symmetric electric field gradients (η = 0), the 

spectrum exhibits a comparatively simple and symmetric line shape. As the asymmetry increases, 

the positions and relative intensities of the characteristic singularities evolve systematically, 

producing increasingly complex spectral envelopes. These relationships formed the basis of the 

pioneering work by Morino and Toyama, who demonstrated that powder spectra could be used to 

determine the asymmetry parameter directly without requiring single crystals.2,24,28,33 
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Figure 1.2.6. Representative workflow for the modern analysis of Zp-NQR spectra using exact 

Hamiltonian simulations. The experimental spectrum is compared with a simulated powder 

spectrum generated by exact numerical diagonalization of the complete nuclear spin Hamiltonian. 

Through iterative whole-spectrum fitting, CQ, η, and other relevant spectroscopic parameters are 

optimized to achieve the best agreement between the experimental and simulated spectra. This 

fitting strategy, implemented in the QUEST, enables accurate and reliable extraction of 

quadrupolar interaction parameters from polycrystalline samples. 

Modern Zp-NQR analysis no longer relies solely on identifying individual spectral 

singularities. Instead, the entire experimental powder spectrum is compared with spectra generated 

by exact numerical diagonalization of the complete nuclear spin Hamiltonian. This whole-

spectrum fitting approach exploits all available experimental information simultaneously, 

providing improved precision, greater robustness toward spectral overlap, and applicability to 

increasingly complex molecular systems. 
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2.3.4 Exact Hamiltonian Simulations and Whole-Spectrum Fitting 

Early analyses of Zeeman-perturbed NQR spectra relied primarily on first-order 

perturbation theory and graphical interpretation of characteristic spectral features. Although these 

methods provided valuable physical insight, their applicability is limited to relatively weak 

magnetic fields and simple systems containing isolated quadrupolar sites. 

Advances in computational power have fundamentally changed the analysis of Zp-NQR 

spectra. Rather than approximating the energy levels using perturbation theory, the complete 

nuclear spin Hamiltonian can now be diagonalized exactly for every crystallite orientation. This 

approach permits direct calculation of transition frequencies and intensities without invoking 

analytical approximations, providing accurate simulations over a broad range of magnetic fields 

and asymmetry parameters. 

Throughout this thesis, simulated spectra were generated using the QUEST, which 

implements exact Hamiltonian calculations for quadrupolar nuclei in both NMR and NQR 

experiments. Rather than analysing only selected spectral features, the complete experimental 

powder spectrum is fitted iteratively to the simulated spectrum until optimal agreement is 

achieved. This whole-spectrum fitting procedure enables simultaneous determination of the 

quadrupolar coupling constant, the asymmetry parameter, the nuclear gyromagnetic ratio where 

appropriate, and additional experimental parameters describing line broadening and magnetic field 

strength. 

The transition from analytical interpretation to exact Hamiltonian simulations has 

substantially expanded the scope of Zp-NQR by enabling quantitative analysis of systems 

containing multiple crystallographic sites, overlapping resonances, and higher-spin quadrupolar 
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nuclei. This computational framework forms the basis of all spectral analyses presented in the 

following chapters. 

2.3.5 Advantages and Scope of Zeeman-Perturbed NQR 

Zeeman-Zeeman-perturbed NQR occupies a unique position among quadrupolar 

spectroscopic techniques by combining the intrinsic sensitivity of conventional NQR with the 

additional structural information provided by a weak magnetic perturbation. Operating in the 

weak-field regime allows the technique to retain the direct relationship between resonance 

frequencies and the local electric field gradient while overcoming the principal ambiguity 

associated with pure NQR measurements of spin-3/2  nuclei. 

An important practical advantage of Zp-NQR is its applicability to polycrystalline powders, 

eliminating the requirement for large, well-ordered single crystals that are frequently unavailable 

for pharmaceutical solids and many molecular materials. Furthermore, the modest magnetic fields 

required for Zeeman perturbation can be generated using compact adjustable electromagnets, 

avoiding the need for superconducting magnets, cryogenic infrastructure, or liquid helium. These 

characteristics make the technique both experimentally accessible and well suited for routine 

investigations of quadrupolar materials. 

Rather than replacing conventional solid-state NMR, Zp-NQR should be regarded as a 

complementary method. High-field NMR provides extensive information through chemical shifts, 

dipolar couplings, and a wide range of magnetic interactions, whereas Zp-NQR offers direct access 

to the electric field gradient and is particularly advantageous for nuclei with large quadrupole 

moments that are difficult to study by conventional NMR. Together, the two techniques provide 
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complementary views of local structure, electronic environments, and intermolecular interactions 

in molecular solids. 

The theoretical concepts introduced throughout this chapter establish the framework for the 

experimental studies presented in the remainder of this thesis. The following chapters build upon 

these principles to develop a modern implementation of Zp-NQR based on cryogen-free 

instrumentation, exact Hamiltonian simulations, and whole-spectrum analysis, before 

demonstrating its application to the site-resolved characterization of halogen- and antimony-

containing molecular solids. 

2.4 Chapter Summary 

This chapter has established the theoretical framework that underpins the experimental 

methodologies and analyses presented throughout this thesis. Beginning with the fundamental 

properties of quadrupolar nuclei, the discussion introduced the origin of the nuclear electric 

quadrupole moment, the electric field gradient tensor, and the quadrupolar Hamiltonian, 

illustrating how these interactions determine the energy levels and resonance frequencies observed 

in quadrupolar magnetic resonance spectroscopy. The quadrupolar coupling constant and 

asymmetry parameter were presented as the principal descriptors of the electric field gradient and, 

consequently, of the local electronic environment surrounding quadrupolar nuclei. 

The principles, capabilities, and limitations of conventional nuclear quadrupole resonance 

were then examined. Pure NQR was shown to provide exceptional sensitivity to local electronic 

structure, making it a powerful technique for probing chemical bonding, crystal packing, 

polymorphism, and non-covalent interactions in crystalline solids. However, its application to 

spin-3/2 nuclei is fundamentally limited by the availability of only a single experimental 
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observable, preventing the unique determination of both the quadrupolar coupling constant and the 

asymmetry parameter from zero-field measurements alone. Although recent advances in 

instrumentation and computational methods have significantly improved the efficiency of NQR 

experiments, these developments do not overcome this intrinsic limitation. 

These considerations provide the scientific motivation for Zeeman-perturbed nuclear 

quadrupole resonance. By introducing a weak, controlled magnetic field while preserving the 

quadrupolar interaction as the dominant contribution to the nuclear spin Hamiltonian, Zp-NQR 

generates additional spectroscopic observables that enable quantitative characterization of 

quadrupolar interactions beyond the capabilities of conventional NQR. The historical development 

of the technique, together with advances in exact Hamiltonian simulations and whole-spectrum 

fitting, has transformed Zp-NQR from a specialized experimental method into a practical approach 

for the quantitative analysis of polycrystalline molecular solids. 

The methodology adopted throughout this thesis builds upon these theoretical developments 

by combining adjustable electromagnets with exact Hamiltonian simulations implemented through 

the QUEST. This modern, cryogen-free implementation enables accurate determination of 

quadrupolar interaction parameters directly from powdered samples and extends the applicability 

of Zp-NQR to chemically and structurally complex materials that are difficult to investigate using 

conventional approaches. 

The theoretical concepts presented in this chapter provide the foundation for the 

experimental investigations described in the remainder of this thesis. Part 2 focuses on the 

development and validation of the modern Zp-NQR methodology, including experimental design, 

instrumentation, and spectral analysis using exact Hamiltonian simulations. Part 3 then 

demonstrates the application of these methods to the site-resolved characterization of halogen- and 
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antimony-containing molecular solids, highlighting the ability of Zp-NQR to provide detailed 

insight into local electronic structure, non-covalent interactions, and crystallographically distinct 

atomic environments. Collectively, these studies illustrate how the integration of modern 

computation with cryogen-free quadrupolar spectroscopy expands the capabilities of magnetic 

resonance for the structural characterization of molecular materials. 
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Chapter 3 – Mechanochemistry and Sustainable Molecular Solid Preparation: 

Integrating Green Synthesis with Cryogen-Free Characterization 

This chapter marks a transition in the thesis from the theoretical foundations established in 

Chapters 1 and 2 to the experimental methodologies employed throughout the remainder of this 

work. While Chapter 1 introduced halogen and chalcogen bonding as versatile supramolecular 

interactions and Chapter 2 established the theoretical basis of quadrupolar spectroscopy and Zp-

NQR, the present chapter focuses on how molecular solids are prepared in a manner consistent 

with the objective of sustainable materials research. 

The development of new functional molecular materials depends not only on advanced 

characterization techniques but also on synthetic methodologies that minimize waste, reduce 

resource consumption, and facilitate scalable preparation. Among the emerging approaches that 

address these challenges, mechanochemistry has become one of the most promising alternatives 

to conventional solution-based synthesis. By using mechanical energy to promote chemical 

transformations, mechanochemical methods substantially reduce or eliminate solvent consumption 

while frequently providing rapid, efficient, and highly reproducible access to crystalline materials. 

These advantages have led to widespread application of mechanochemistry in crystal engineering, 

pharmaceutical solid-form development, metal-organic frameworks, and supramolecular 

chemistry.1,2 

The emphasis on sustainability extends beyond synthesis to include the analytical 

techniques used to characterize the resulting materials. Conventional solid-state characterization 

often relies on resource-intensive instrumentation, particularly high-field solid-state NMR 

spectrometers that require superconducting magnets, continuous cryogenic cooling, and 
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significant electrical infrastructure. In contrast, the cryogen-free Zp-NQR methodology developed 

throughout this thesis provides a complementary approach for investigating quadrupolar nuclei 

while substantially reducing reliance on liquid-helium-based instrumentation. Together, 

mechanochemical synthesis and cryogen-free magnetic resonance spectroscopy establish a 

resource-efficient workflow that addresses sustainability across both material preparation and 

structural characterization. 

This chapter introduces the fundamental principles of mechanochemistry and briefly 

reviews the quantitative metrics commonly used to evaluate the environmental performance of 

synthetic methodologies. Particular emphasis is placed on ball milling and resonant acoustic 

mixing (RAM), the two mechanochemical techniques employed throughout this thesis, with 

special attention given to the practical advantages that motivated the selection of RAM for the 

preparation of halogen- and chalcogen-bonded molecular solids. Finally, the complementary 

relationship between mechanochemistry and cryogen-free Zp-NQR is examined, establishing the 

integrated experimental strategy that underpins the research presented in the subsequent chapters. 

3.1 Evaluating Sustainability in Chemical Synthesis 

The transition toward more sustainable chemical manufacturing has created a need for 

objective methods to assess the environmental performance of synthetic processes. Although the 

principles of green chemistry provide the conceptual foundation for reducing waste and improving 

resource efficiency, quantitative metrics are required to compare different synthetic methodologies 

in a consistent and reproducible manner. Such metrics enable researchers to evaluate not only 

chemical yield, but also the broader environmental footprint associated with reagent consumption, 

solvent use, and energy requirements.3 
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Among the twelve principles of green chemistry proposed by Anastas and Warner, several 

are particularly relevant to the mechanochemical methodologies employed throughout this thesis, 

including waste prevention, the reduction or elimination of auxiliary solvents, improved energy 

efficiency, and the development of inherently safer synthetic processes.3,4 These principles have 

become especially important in pharmaceutical manufacturing, where solvent consumption 

frequently dominates both process cost and environmental impact.5,6 

Several complementary metrics have therefore been developed to quantify the sustainability 

of chemical syntheses. Rather than relying on a single parameter, these metrics evaluate different 

aspects of process efficiency, allowing meaningful comparison between conventional solution-

based synthesis and mechanochemical approaches. 

The E-factor expresses the mass of waste generated per unit mass of product, 

𝐸𝐸-factor =
Mass of waste

Mass of product
𝐸𝐸𝐸𝐸. 3.1 

and remains one of the most widely used indicators of process sustainability. Lower E-factor 

values correspond to more resource-efficient syntheses, with an ideal process approaching zero 

waste generation. 

The process mass intensity (PMI) extends this concept by considering the total mass of all 

materials consumed during synthesis, including reactants, solvents, and auxiliary materials, 

𝑃𝑃𝑃𝑃𝑃𝑃 =
Total mass of materials used

Mass of product
𝐸𝐸𝐸𝐸. 3.2 

Because PMI accounts for the complete material input, it has become a standard metric for 

evaluating pharmaceutical manufacturing processes and large-scale synthetic routes. 
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Since solvent use often represents the largest contributor to both waste generation and 

environmental burden, solvent intensity (SI) is frequently reported as an additional measure of 

sustainability, 

𝑆𝑆𝑆𝑆 =
Mass of solvent
Mass of product

𝐸𝐸𝐸𝐸. 3.3 

Mechanochemical methods typically exhibit substantially lower solvent intensities than 

conventional solution-based syntheses because reactions are performed either in the complete 

absence of solvent or using only catalytic quantities of liquid additives. 

Finally, energy intensity (EI) provides a measure of the electrical energy required to produce 

a given quantity of material, 

𝐸𝐸𝐸𝐸 =
Energy consumed
Mass of product

𝐸𝐸𝐸𝐸. 3.4 

Although energy consumption is often overlooked in laboratory-scale experiments, it becomes 

increasingly significant when considering process scale-up and industrial implementation. 

These metrics provide a quantitative framework for assessing the environmental 

performance of synthetic methodologies. Throughout the experimental chapters of this thesis, they 

are used to compare conventional solution-based synthesis with ball milling and resonant acoustic 

mixing, demonstrating the advantages of mechanochemical approaches for the preparation of 

molecular solids while providing an objective basis for evaluating improvements in sustainability. 
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Figure 1.3.1. Overview of the principal green chemistry metrics used to evaluate the sustainability 

of synthetic processes. The E-factor (E) quantifies the mass of waste generated per unit mass of 

product, while the process mass intensity (PMI) measures the total mass of all materials consumed 

relative to the product obtained. Solvent intensity (SI) and energy intensity (EI) assess the solvent 

and energy requirements, respectively, normalized to the mass of product. These complementary 

metrics provide a quantitative framework for comparing the environmental performance of 

conventional solution-based synthesis and mechanochemical approaches, including ball milling 

and RAM, as discussed in this thesis.  

3.2 Mechanochemistry as a Modern Synthetic Strategy 

Mechanochemistry encompasses a broad class of synthetic methodologies in which 

chemical transformations are driven by the direct application of mechanical energy rather than by 

dissolution, heating, or conventional solution-phase reaction pathways. Although 

mechanochemical processes have long been employed in mineral processing and metallurgy, their 

application to molecular synthesis has expanded rapidly over the past two decades, establishing 

mechanochemistry as one of the most significant advances in sustainable synthetic chemistry.7–9 
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Unlike conventional solution-based synthesis, mechanochemical reactions are typically 

performed in the solid state, where mechanical forces continuously generate fresh reactive 

surfaces, promote intimate contact between reactants, and facilitate bond formation through 

repeated compression, friction, and shear. As a consequence, many reactions proceed rapidly with 

little or no solvent, substantially reducing chemical waste while simplifying product isolation and 

purification.2,10 These characteristics have positioned mechanochemistry as a practical alternative 

to traditional solution-phase synthesis for a wide range of molecular materials. 

 

Figure 1.3.2. General concept of mechanochemical synthesis, where mechanical energy drives 

chemical transformations between solid reactants to form the desired product. Throughout this 

thesis, mechanochemical reactions were performed using ball milling or RAM. 

The impact of mechanochemistry has been particularly pronounced in crystal engineering, 

where precise control over intermolecular interactions is essential for constructing functional 

molecular solids. One of the longstanding challenges in crystal engineering is the reproducible 

preparation of cocrystals with high phase purity while maintaining scalability for future 

applications. Conventional solution crystallization often depends strongly on solvent choice, 

evaporation conditions, supersaturation, and crystallization kinetics, factors that can complicate 

64



reproducibility and frequently require extensive optimization. In contrast, mechanochemical 

synthesis provides a robust and highly reproducible route to cocrystal formation by promoting 

direct solid-state contact between reactants while minimizing solvent-related variables. 

Consequently, mechanochemistry has become an increasingly important platform for screening 

supramolecular synthons and preparing multicomponent crystalline materials.11,12 

For suitability of mechanochemistry for supramolecular synthesis has been demonstrated 

extensively for hydrogen-bonded, halogen-bonded, and, more recently, chalcogen-bonded 

molecular solids. Numerous studies have shown that mechanochemical methods efficiently 

promote non-covalent assembly while requiring substantially smaller quantities of organic solvent 

than conventional crystallization techniques.13,14 In many cases, liquid-assisted grinding (LAG), 

in which only catalytic amounts of solvent are added to the reaction mixture, further enhances 

reaction kinetics while preserving the environmental advantages of mechanochemical 

synthesis.15,16 These developments have established mechanochemistry as a powerful synthetic 

methodology for crystal engineering and pharmaceutical solid-form screening.17 

Much of the modern development of mechanochemistry has been driven by the pioneering 

contributions of Tomislav Friščić, Dominik Cinčić, and their co-workers, who demonstrated the 

broad applicability of mechanochemical methods to supramolecular chemistry and crystal 

engineering. Their work has shown that mechanochemistry provides efficient access to a wide 

range of halogen-bonded cocrystals, including pharmaceutical cocrystals and systems based on 

classical perfluorinated halogen-bond donors and related electrophilic halogen-bond donors. These 

studies established mechanochemistry not only as a greener alternative to solution synthesis but 

also as an effective strategy for rapidly discovering and optimizing supramolecular materials.18–20 
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Beyond its synthetic efficiency, mechanochemistry offers several practical advantages that 

are directly relevant to this thesis. The substantial reduction in solvent consumption lowers both 

waste generation and purification requirements while shortening reaction times and simplifying 

experimental workflows. Furthermore, recent advances in in-situ powder X-ray diffraction 

(PXRD) have enabled mechanochemical reactions to be monitored in real time, providing valuable 

insight into reaction pathways, intermediate phases, and cocrystal formation mechanisms.¹⁵ Such 

developments have significantly improved the fundamental understanding of solid-state reaction 

processes and continue to expand the capabilities of mechanochemical synthesis.21 

The experimental studies presented throughout this thesis employ mechanochemistry as the 

principal synthetic route for preparing halogen- and chalcogen-bonded molecular solids. Two 

complementary techniques—ball milling and RAM—were investigated, each offering distinct 

advantages depending on the objectives of the synthesis. These approaches are discussed in the 

following sections. 

3.2.1 Ball Milling 

Ball milling is the most widely established mechanochemical technique for laboratory-scale 

molecular synthesis and has become the benchmark against which many newer mechanochemical 

methodologies are evaluated. In a typical experiment, reactants are sealed within a milling vessel 

together with one or more grinding balls. Mechanical energy is transferred to the reaction mixture 

through repeated impact, friction, and shear generated by collisions between the milling media and 

the walls of the reaction vessel.22,23 

These localized mechanical events simultaneously reduce particle size, increase the contact 

area between reactants, and generate transient regions of elevated pressure and temperature that 
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facilitate chemical transformation. As a result, ball milling has proven highly effective for the 

preparation of pharmaceutical cocrystals, coordination compounds, metal-organic frameworks, 

and a wide variety of supramolecular solids. 

Despite its versatility, ball milling possesses several practical limitations that become 

increasingly important as reactions are scaled or optimized. Continuous collisions between the 

milling media and the reaction vessel may introduce trace contamination arising from abrasion of 

the balls or jar materials. Furthermore, energy transfer is inherently localized and may become 

non-uniform for larger reaction volumes, potentially leading to incomplete mixing or reduced 

reproducibility. Product recovery can also require additional handling steps because material 

frequently adheres to both the milling balls and the interior surfaces of the reaction vessel. 

Nevertheless, ball milling remains an indispensable mechanochemical technique and serves 

throughout this thesis as a well-established benchmark against which the performance of newer 

mechanochemical methodologies is evaluated. 

3.2.2 Resonant Acoustic Mixing (RAM) 

RAM represents a more recent development in mechanochemical synthesis that addresses 

several practical limitations associated with conventional ball milling. Rather than relying on 

collisions between grinding media and the reaction vessel, RAM transfers mechanical energy 

through low-frequency, high-intensity acoustic vibrations that induce rapid and homogeneous 

mixing of the reaction mixture. 24–26 

Because no grinding media are required, the risk of contamination arising from abrasion of 

milling balls is eliminated. Mechanical energy is instead distributed more uniformly throughout 

the reaction vessel, promoting efficient mixing while simplifying product recovery and reducing 

67



equipment wear. These characteristics have attracted considerable interest for pharmaceutical 

manufacturing and process scale-up, where contamination, reproducibility, and scalability are 

critical considerations. 

An additional advantage of RAM lies in its flexibility with respect to reaction scale. Unlike 

ball milling, where increasing reaction size often requires modification of both milling media and 

vessel geometry, RAM readily accommodates a broad range of reaction volumes while 

maintaining efficient energy transfer. This feature makes the technique particularly attractive for 

translation from laboratory-scale synthesis to larger-scale manufacturing. 

The growing importance of RAM is reflected by its increasing application to pharmaceutical 

cocrystal preparation, metal-organic framework synthesis, and supramolecular materials. Recent 

studies have demonstrated that RAM can achieve reaction efficiencies comparable to or exceeding 

those obtained by conventional ball milling while substantially simplifying experimental 

workflows. 

For these reasons, RAM occupies a central role throughout this thesis. In addition to serving 

as the primary synthetic methodology for several halogen-bonded molecular solids, it provides an 

experimentally simple, scalable, and solvent-minimized platform that complements the cryogen-

free characterization strategies developed in the subsequent chapters. The integration of RAM with 

Zp-NQR therefore represents a key component of the sustainable experimental workflow 

established in this dissertation. 
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Figure 1.3.3. Mechanochemical synthesis platforms used throughout this thesis. Left: Laboratory-

scale ball mill (Retsch MM 200) with stainless steel milling jars and grinding balls employed for 

conventional ball-milling reactions. Mechanical energy is transferred through repeated impact, 

friction, and shear generated by the milling media. Right: Resodyn PharmaRAM I resonant 

acoustic mixer with representative reaction vessels used for resonant acoustic mixing experiments. 

Photographs of the Retsch MM 200 ball mill and the Resodyn PharmaRAM I were adapted from 

the official product images provided by Retsch GmbH and Resodyn Acoustic Mixers, Inc., 

respectively. 

3.3 Integrating Sustainable Synthesis with Cryogen-Free Zp-NQR 

Scientific advances in molecular materials depend equally on the ability to prepare new 

compounds and to characterize their local structure with sufficient precision. Historically, these 

two objectives have evolved largely independently. Synthetic methodologies have focused on 

improving reaction efficiency and product quality, whereas characterization techniques have 
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emphasized increasing spectroscopic resolution and structural detail. Consequently, significant 

improvements in one area have not always been accompanied by comparable advances in the 

overall sustainability of the experimental workflow. 

The research presented in this thesis adopts a different perspective by considering synthesis 

and characterization as complementary components of a unified methodology. Mechanochemical 

synthesis minimizes solvent consumption, reduces chemical waste, and simplifies sample 

preparation, while cryogen-free Zp-NQR substantially reduces reliance on superconducting 

magnets, liquid-helium cryogens, and the associated infrastructure required for conventional solid-

state magnetic resonance spectroscopy. Together, these approaches establish an integrated 

workflow that reduces resource consumption without compromising the quality of structural 

information obtained from molecular solids. 

An additional advantage of this integration arises from the natural compatibility between 

the two techniques. Mechanochemical reactions typically produce polycrystalline powders that are 

immediately suitable for Zp-NQR analysis, eliminating the need for single-crystal growth or 

extensive sample preparation. Conversely, the site-specific sensitivity of Zp-NQR to local electric 

field gradients enables direct characterization of the crystalline products generated by 

mechanochemistry, including halogen-bonded and chalcogen-bonded cocrystals containing 

chlorine, bromine, iodine, and antimony nuclei. The two methodologies therefore complement one 

another not only in terms of sustainability but also with respect to experimental practicality. 

This integrated strategy forms one of the central themes of the present thesis. Rather than 

treating sustainable synthesis and sustainable characterization as independent objectives, the work 

demonstrates that combining modern mechanochemistry with cryogen-free quadrupolar 

spectroscopy establishes a coherent experimental framework for investigating molecular solids. 
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The studies presented in the following chapters illustrate how this approach enables efficient 

preparation, detailed structural characterization, and site-resolved analysis of supramolecular 

materials while substantially reducing dependence on organic solvents and cryogenic 

infrastructure. 

3.4 Chapter Summary 

This chapter has established mechanochemistry as a sustainable and practical synthetic 

platform for the preparation of molecular solids investigated throughout this thesis. Following a 

brief introduction to the principles of green chemistry and the quantitative metrics used to evaluate 

the environmental performance of synthetic methodologies, mechanochemistry was presented as 

an efficient alternative to conventional solution-based synthesis. Particular emphasis was placed 

on its ability to reduce solvent consumption, simplify experimental workflows, and improve the 

reproducibility of cocrystal preparation. 

The fundamental principles of ball milling and RAM were then discussed, highlighting their 

respective advantages for the synthesis of supramolecular materials. While ball milling remains 

the most widely established mechanochemical technique, RAM offers several practical benefits, 

including the elimination of grinding media, reduced contamination, improved scalability, and 

more homogeneous energy transfer. These characteristics make RAM particularly well suited for 

the preparation of pharmaceutical and supramolecular molecular solids. 

Finally, the complementary relationship between mechanochemical synthesis and cryogen-

free Zp-NQR spectroscopy was examined. Together, these methodologies establish a resource-

efficient experimental workflow in which sustainable synthesis is coupled with advanced structural 

71



characterization, providing the methodological foundation for the experimental investigations 

presented in the following chapters. 

Summary of Part 1 

Part 1 has established the scientific and methodological framework that underpins the 

research presented throughout this thesis. Collectively, the first three chapters have introduced the 

supramolecular interactions, spectroscopic principles, and sustainable synthetic methodologies 

that form the basis of the integrated experimental strategy developed in this work. 

Chapter 1 introduced the fundamental concepts of crystal engineering, with particular 

emphasis on halogen and chalcogen bonding as versatile non-covalent interactions for constructing 

functional molecular solids. The chapter further highlighted the growing importance of sustainable 

chemistry and motivated the development of experimental workflows that reduce environmental 

impact while maintaining high-quality structural characterization. 

Building upon this foundation, Chapter 2 established the theoretical principles governing 

quadrupolar interactions and nuclear quadrupole resonance spectroscopy. The discussion 

progressed from the fundamental properties of quadrupolar nuclei and the electric field gradient 

tensor to the limitations of conventional NQR, ultimately motivating the development of Zp-NQR. 

The historical evolution of the technique, together with advances in exact Hamiltonian simulations 

and whole-spectrum fitting, demonstrated how modern Zp-NQR enables quantitative 

characterization of quadrupolar interactions in polycrystalline molecular solids. 

Chapter 3 complemented these spectroscopic developments by introducing 

mechanochemistry as a sustainable synthetic platform for molecular solid preparation. Ball milling 

and resonant acoustic mixing were presented as efficient mechanochemical methodologies that 
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reduce solvent consumption while providing robust and reproducible access to supramolecular 

materials. When combined with cryogen-free Zp-NQR spectroscopy, these synthetic approaches 

establish an integrated workflow that emphasizes sustainability throughout both material 

preparation and structural characterization. 

Together, these three chapters define the conceptual framework that unifies the research 

presented in this dissertation. Rather than treating synthesis and characterization as independent 

stages of materials research, this thesis demonstrates how they can be integrated into a coherent 

experimental strategy for the investigation of molecular solids. The following chapters build upon 

this foundation to develop, validate, and apply modern Zeeman-perturbed NQR methodologies to 

the site-resolved characterization of halogen- and antimony-containing materials, while 

simultaneously demonstrating the advantages of sustainable mechanochemical synthesis for the 

preparation of these systems. 
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Part 2 – Methodological Development and Applications of Cryogen-

Free Zeeman-Perturbed Nuclear Quadrupole Resonance 

The theoretical concepts introduced in Part 1 establish the foundation for the principal 

scientific contributions of this thesis, namely the development and application of a practical, 

quantitative, and cryogen-free Zp-NQR methodology for the characterization of quadrupolar 

nuclei in molecular solids. While the fundamental principles of Zp-NQR have been known for 

several decades, the technique has remained underutilized due to experimental complexity, limited 

instrumentation, and the absence of robust analysis tools capable of extracting quantitative 

structural information from powder spectra. Consequently, Zp-NQR has historically been regarded 

as a specialized spectroscopic technique rather than a routine method for solid-state 

characterization. 

The research presented in this part addresses these limitations through a series of 

methodological developments that collaboratively transform Zp-NQR into an accessible and 

broadly applicable characterization technique. Beginning with the establishment of a practical 

laboratory workflow based on an adjustable electromagnet and exact Hamiltonian simulations, 

subsequent chapters expand the capabilities of the technique by introducing methods for isotopic 

identification in complex spectra, quantitative determination of halogen bond strength, and, 

ultimately, site-resolved characterization of pharmaceutically relevant molecular solids. Each 

development builds directly upon the preceding work, illustrating the progressive evolution of Zp-

NQR from an experimental methodology into a versatile analytical tool for modern solid-state 

chemistry. 
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A central theme throughout this part is the combination of methodological innovation with 

sustainability. By replacing superconducting magnets with adjustable electromagnets and 

eliminating the need for liquid-helium cryogens, the cryogen-free Zp-NQR platform developed in 

this thesis provides a resource-efficient alternative to conventional high-field magnetic resonance 

methods for the study of quadrupolar nuclei. When combined with exact Hamiltonian simulations 

and whole-spectrum fitting, the technique enables accurate determination of electric field gradient 

parameters while maintaining a comparatively simple and accessible experimental infrastructure. 

The four chapters comprising Part 2, document this methodological progression. Chapter 4 

establishes the practical and experimental framework required for routine Zp-NQR measurements. 

Chapter 5 demonstrates how Zeeman perturbation enables unambiguous isotopic identification in 

complex and multi-component systems. Chapter 6 extends the methodology beyond structural 

characterization by showing that Zp-NQR can directly quantify halogen bond strength through 

changes in the electric field gradient tensor. Finally, Chapter 7 presents the capstone application 

of the methodology to pharmaceutical cocrystals and chlorine-containing drug degradation 

products, demonstrating that the cryogen-free Zp-NQR platform developed throughout this thesis 

is capable of addressing structurally complex and industrially relevant problems in pharmaceutical 

materials science. Together, these studies establish Zp-NQR as a practical, quantitative, and 

sustainable tool for the characterization of quadrupolar nuclei in molecular solids. 
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Chapter 4 – Practical Aspects of Zeeman-Perturbed NQR Spectroscopy Using 

an Adjustable Electromagnet: Establishing a Routine, Cryogen-Free 

Laboratory Workflow 

Based on: Nari, A.; Szell, P. M. J.; Bryce, D. L. Practical aspects of Zeeman-perturbed NQR 

spectroscopy using an adjustable electromagnet. Solid State Nucl. Magn. Reson. 2025, 138, 

102014.

4.1 Chapter Overview and Thesis Context 

The previous chapters established the theoretical foundations of quadrupolar magnetic 

resonance spectroscopy and highlighted the need for sustainable characterization methods capable 

of providing detailed structural information without relying on resource-intensive instrumentation. 

Although Zp-NQR has been recognized for decades as a powerful approach for determining 

complete EFG tensors from polycrystalline samples, its practical implementation remained largely 

limited to specialized research laboratories. Consequently, despite its considerable potential, Zp-

NQR never evolved into a routine characterization technique comparable to conventional solid-

state NMR. 

One of the principal reasons for this limited adoption was the experimental and analytical 

methodology available during the early development of the technique. Historically, Zp-NQR 

experiments relied on relatively simple instrumentation, most commonly low-precision Helmholtz 

coils, to generate weak static magnetic fields, typically below 10 mT. While these pioneering 

studies successfully demonstrated the fundamental principles of Zeeman perturbation, the limited 

field strength and magnetic-field homogeneity were frequently insufficient to fully resolve the 

characteristic inner and outer shoulders of Zp-NQR powder spectra. Because the positions and 
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relative intensities of these spectral features are highly sensitive to the electric field gradient 

asymmetry parameter, η, poor spectral resolution often introduced significant uncertainty into the 

determination of quadrupolar interaction parameters. 

Equally important were the computational limitations of the time. In the absence of modern 

simulation software, spectral analysis was primarily based on identifying individual spectral 

singularities and applying analytical expressions derived mostly from first-order perturbation 

theory. These approaches generally assumed relatively small asymmetry parameters and were 

valid only within the weak-field approximation. Consequently, quantitative analysis became 

increasingly unreliable for systems exhibiting larger asymmetry parameters, overlapping 

resonances, multiple crystallographic sites, or higher-spin nuclei. These limitations significantly 

restricted the applicability of Zp-NQR to the increasingly complex molecular solids encountered 

in modern crystal engineering, supramolecular chemistry, and pharmaceutical materials science. 

The work presented in this chapter addresses these longstanding limitations through the 

development of a practical, quantitative, and accessible Zp-NQR methodology. The experimental 

approach here, employs a high-quality adjustable electromagnet capable of generating stable and 

homogeneous magnetic fields over the range required for weak-field Zeeman perturbation. The 

improved field quality enables complete resolution of the characteristic Zp-NQR powder line 

shapes, thereby substantially improving the precision with which quadrupolar parameters can be 

extracted. Also, the methodology integrates exact Hamiltonian simulations using the QUEST, 

replacing approximate analytical treatments with rigorous numerical calculations of the complete 

nuclear spin Hamiltonian. Instead of extracting information from only a limited number of spectral 

features, the entire experimental powder spectrum is reproduced through iterative whole-spectrum 

fitting, yielding accurate and reliable values of the quadrupolar coupling constant, CQ, and η. 
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This chapter therefore establishes the experimental and computational framework upon 

which all subsequent developments presented in Part 2 are built. The practical aspects described 

here directly enables the isotopic identification strategy introduced in Chapter 5, the quantitative 

evaluation of halogen bond strength presented in Chapter 6, and the site-resolved characterization 

of pharmaceutical cocrystals and chlorine-containing drug degradation products described in 

Chapter 7. Consequently, this work represents the methodological foundation of the entire thesis 

and marks the transition of cryogen-free Zp-NQR from a proof-of-concept spectroscopic technique 

to a robust and broadly applicable analytical platform for modern solid-state chemistry. 

4.2. Statement of Authenticity 

I certify that I have prepared the following article featuring my own work. 

4.3 Permissions 

I declare that I have obtained permission from the coauthor to include this article in my 

thesis. Chapter 4 has been reprinted with permission from Solid State Nuclear Magnetic 

Resonance. 
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A B S T R A C T

Quadrupolar-perturbed solid-state NMR spectroscopy is a highly useful and well-established method for studying 
quadrupolar nuclei. This method relies on a high ratio of the Larmor frequency to the quadrupolar frequency and 
is limited, therefore, by the available magnetic field strengths suitable for NMR, which are on the order of 101 T. 
Nuclear quadrupole resonance (NQR) provides an approach to studying strongly quadrupolar isotopes, but there 
are technical challenges associated with measuring high-frequency transitions, and with measuring both the 
quadrupolar coupling constant, CQ, and asymmetry parameter, η, with good precision. We describe here the 
technical and practical aspects of a modern implementation of Zeeman-perturbed NQR spectroscopy using an 
adjustable electromagnet, which overcomes the aforementioned challenges. This approach flips the quadrupolar- 
perturbed solid-state NMR method upside down, so that the quadrupolar interaction is dominant and the Zeeman 
interaction is the perturbation. 79Br and 127I Zeeman-perturbed NQR spectra are recorded for some solid bromo- 
and iodobenzene powders using applied magnetic fields on the order of 10− 2 T. Various experimental consid
erations are discussed, including the optimal magnetic field to be used, the optimization of the coil angle, fre
quency stepping, the simulation of spectra using an exact diagonalization of the Zeeman-quadrupolar 
Hamiltonian, and how to ensure high precision in the resulting quadrupolar parameters. As an example, a CQ(127) 
value of 2077.25 ± 1.49 MHz (with η = 0.114 ± 0.008) is measured for sym-triiodotrifluorobenzene in less than 
an hour at room temperature. The approach holds promise for studying strongly quadrupolar isotopes in a range 
of materials and obviates the need for ultrahigh magnetic fields in many situations of interest.

1. Introduction

Nuclear quadrupole resonance (NQR) spectroscopy of crystalline
powders can provide the magnitude of the electric field gradient (EFG) 
tensor by characterizing the quadrupolar interaction (QI), allowing for a 
direct probe into the local electronic configuration about a nucleus. The 
EFG at the nuclear site is described by a second-rank tensor with prin
cipal components V11, V22, and V33, where |V11| ≤ |V22| ≤ |V33|. V33 is 
the largest EFG component and may also be written as eq33 or simply eq. 
The degree of deviation of the EFG from cylindrical symmetry is 
captured by the asymmetry parameter, which is defined as η = (V11 - 
V22)/V33, and ranges from 0 (cylindrically symmetric) to 1. The quad
rupolar coupling constant (CQ) is defined as eQV33

h , where e is the elec
tronic charge and Q is the nuclear electric quadrupole moment. Overall, 
the EFG serves as a sensitive probe of the electronic environment at the 
nuclear site, reflecting variations due to changes in molecular structure, 

chemical bonding, crystal structure, and through-space interactions 
[1–4].

To determine the full EFG tensor magnitude using pure NQR (NQR 
measured in the absence of an external magnetic field) in the traditional 
1-dimensional experiment, multiple NQR transitions must be measured.
However, this is not possible for spin I = 3/2 nuclei which exhibit only a
single NQR transition (1/2 ↔ 3/2), or in cases of spin I > 3/2 where only
one NQR transition is within the spectral range of the transmitter and/or
receiver [3]. More generally, the EFG tensor cannot be fully character
ized from a single NQR transition under the pure NQR regime without
the use of additional experimental techniques. For instance, nutation
NQR experiments may lead to the full description of the EFG tensor
magnitude from a single NQR transition but can at times require the
application of prohibitive radio frequency (rf) powers to adequately
resolve spectral features [5,6].

The application of a weak magnetic field (B0) to the sample, typically 
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<50 mT, introduces the Zeeman interaction to the spin system, a tech
nique known as Zeeman-perturbed NQR (Zp-NQR) spectroscopy [7–14]. 
The interplay between the Zeeman interaction and the QI broadens the 
NQR signal, enabling the determination of the EFG tensor through 
spectral line shape fitting. Under a perturbative Zeeman field, the 
quadrupolar line shape splits into four distinct transitions, commonly 
referred to as the inner (α) and outer (β) pairs (vide infra). This splitting 
allows for the extraction of EFG parameters using perturbation theory 
expansion [11,13] or an exact Hamiltonian treatment [12,15]. Addi
tionally, Zp-NQR can be applied to single crystals to establish the 
orientation of the EFG tensor relative to the crystalline frame [15–21].

Zp-NQR has been the subject of interest since the pioneering work of 
Toyama [7,8]. This attention stems from the power of Zp-NQR to mea
sure the full EFG parameters in both polycrystalline powders [13,22] 
and in single crystals [17,19]. Early studies focused on the variations in 
energy level splitting of spin 3/2 systems in single crystals, where the 
orientation of the crystal was varied with respect to an external applied 
magnetic field [23,24]. Morino and Toyama [8] conducted the first in
vestigations on powder samples, demonstrating that similar effects are 
also observable in polycrystalline materials.

To the best of our knowledge, Zp-NQR has been most commonly 
applied to spin I = 3/2 nuclei, where it offers clear advantages in 
measuring quadrupolar parameters. However, there are instances where 
this method has been extended to other spin systems. A notable example 
is the work by Ege et al. [25], who conducted Zp-NQR experiments on 
spin-5/2 nuclei using a Helmholtz coil to generate the B0 magnetic field 
and a super-regenerative receiver to acquire the resulting spectrum. 
However, the accuracy of their measurements of η was significantly 
limited by the poor signal-to-noise (S/N) ratio of the Zp-NQR spectrum, 
even at 77 K, which was a consequence of the limits of their instru
mentation. Furthermore, the low S/N ratio also restricted the authors 
from using higher B0 magnetic fields in order to improve their mea
surements. This constraint has also prevented other authors from mak
ing accurate measurements of η for higher-spin nuclei, such as spin-7/2 
nuclei [26]. Similarly, in the work of Ramaprabhu on spin-5/2 nuclei, η 
was estimated for covalently bonded iodine in H5IO6 powder and has 
considerable associated uncertainty [27].

The benefits of Zp-NQR for investigating chemical systems exhibiting 
large quadrupolar interactions [28] prompted us to take a closer look at 
the practical aspects of performing Zp-NQR using more modern instru
mentation available in our laboratory. NQR spectroscopy can be per
formed using a solid-state NMR spectrometer console and a broadband 
NMR probe, provided that both the NMR console and NMR probe can 
operate within the intended spectral range of the NQR experiment. 
Further, magnetic resonance facilities may be equipped with an elec
tromagnet that can be used to generate weaker B0 magnetic fields suit
able for Zp-NQR, which can be achieved, for example, using the 
electromagnet of an electron paramagnetic resonance (EPR) spectrom
eter. EPR magnets are particularly advantageous because they allow for 
convenient adjustments of the applied B0 field and can generate field 
strengths well beyond what is required for Zp-NQR. While EPR magnets 
do not provide the same level of field homogeneity as high-resolution 
NMR magnets, they offer sufficient homogeneity to acquire Zp-NQR 
spectra with acceptable broadening, enabling the extraction of EFG 
parameters via spectral fitting. We recently showed how the weak B0 
fields generated by the electromagnet of an EPR spectrometer are of 
sufficient quality to acquire Zp-NQR spectra suitable to extract EFG 
parameters by means of spectral fitting, and how these data may be used 
to measure CQ and η for 79/81Br and 127I in a series of halogen-bonded 
cocrystals featuring C-Br⋅⋅⋅X and C-I⋅⋅⋅X motifs [29].

Here, we describe the practical aspects of combining a solid-state 
NMR spectrometer with an electromagnet intended for EPR spectros
copy for the purpose of performing Zp-NQR experiments. We demon
strate this experimental arrangement on two distinct spins: the spin I =
3/2 nuclei of 79Br in 1,4-dibromobenzene (p-DBB), and the spin I = 5/2 
127I nuclei in 1,4-diiodobenzene (p-DIB), 1,4-diiodotetrafluorobenzene 

(p-DITFB), and 1,3,5-trifluoro-2,4,6-triiodobenzene (sym-TFTIB). 
Scheme 1 illustrates the molecular structures of the studied compounds. 
The quadrupolar coupling parameters of 79/81Br and 127I in these sys
tems were previously well-established in the literature [29–33], and 
provide greater context on the power and versatility of Zp-NQR for 
studying complex chemical systems.

2. Theory

In this study, we aim to probe the transitions that occur in Zp-NQR 
experiments when the quadrupole energy levels are perturbed by a 
small Zeeman field. To illustrate the Zp-NQR line shapes of the |m| = 1/2 
↔ 3/2 transition, here we recapitulate the known method of calculating 
the frequency splitting for a half-integer-spin quadrupolar nucleus in an 
external magnetic field. When both nuclear quadrupole and Zeeman 
interactions are present, the total Hamiltonian is given by: 

Ht = HQ + HZ (1) 

where 

HQ =

[
e2qQ

4I(2I − 1)

][
3I2

z − I2 + η
(

I2
x − I2

y

)]
(2) 

and 

HZ = − ℏγB0
(
Iz cos θ + Ix sin θ⋅cos ϕ + Iy sin θ⋅sin ϕ

)
(3) 

In this context, І represents the nuclear spin, the x, y, and z coordinates 
correspond to the principal axes of the laboratory frame, and θ and ϕ 
specify the orientation of the static magnetic field relative to this frame. 
Here, we use eq = V33, where V33 is the largest principal component of 
the EFG tensor, as defined earlier in the introduction.

It is worth noting that θ and ϕ define the orientation of the static 
magnetic field B0 relative to the principal axes of the EFG tensor. The 
direction of the radiofrequency (rf) field B1 is determined by the 
orientation of the solenoid coil, which lies along the coil axis of the NQR 
probe. The angle between B0 and B1, which governs the transition 
probabilities in Zp-NQR, is therefore experimentally controlled by 
rotating the probe head (i.e., changing the coil orientation relative to the 
magnet’s field direction). While the Hamiltonian above is written in the 
molecular frame with respect to the EFG, the influence of the relative 
orientation between B0 and B1 on the observed spectra is further dis
cussed in the experimental and discussion sections.

In Zp-NQR, the quadrupolar interaction is considered much stronger 
than the Zeeman interaction, i.e., |HQ|≫|HZ|. A magnetic field applied to 
the sample removes the degeneracy of the ±m spin states for half-integer 
spins. For a non-axially symmetric EFG tensor (η ∕= 0), solving the 
secular problem to first order yields the energy levels for spins I = 5/2, 
7/2, and 9/2 as: 

E±m = E0
±m ∓ ℏγB0

[

Aη,I,m cos2 θ +
sin2 θ

4
⋅
(
Bη,I,m + 2Cη,I,m cos 2 ϕ

)
]1/2

(4) 

Here, E0
±m represents the eigenvalues of the degenerate energy levels 

in the absence of an applied magnetic field. The Zeeman splitting pa
rameters, Aη,I,m, Bη,I,m, and Cη,I.m for 0.1 < η < 1.0, for nuclear spins I =
5/2, 7/2, and 9/2, are provided in reference [34]. The transition fre
quencies between these energy states are [27]: 

ν = νQ(m1 ↔ m2) ±
γB0

2
[φ(m1) ± φ(m2)] (5) 

where 

φ(mi) =

[

Aη,I.m cos2 θ +
sin2 θ

4
(
Bη,I,m + 2Cη,I,m cos 2 ϕ

)
]1/2

(6) 
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In this context, νQ(m1 ↔ m2) represents the quadrupolar frequency in 
the absence of an external magnetic field. The transition pair with the 
larger frequency separation is referred to as the outer (β) pair. 
Conversely, the pair with the smaller frequency separation is known as 
the inner (α) pair [27].

To illustrate the nuclear quadrupolar energy levels and the corre
sponding Zeeman splitting observed in the Zp-NQR experiment, we 
adopt the convention introduced by Toyama [7] where the pure quad
rupole states are labeled ± m. These states are degenerate in the absence 
of an external magnetic field, with mQ denoting the eigenvalues of the 
quadrupole Hamiltonian, HQ. As depicted in Fig. 1, applying a relatively 
small Zeeman magnetic field lifts this degeneracy due to the interaction 
with the magnetic field, HZ. A line corresponding to the transition be
tween |mQ| = mʹQ ↔ mʹ́Q (where m’, m” > 0) splits into two pairs of 
transitions: ±mʹM ↔ ± mʹ́ M, known as the α and β pairs. Here, mM 
represents the eigenstates of the total Hamiltonian, Ht = HQ + HZ, 
whereby the Zeeman interaction splits the degenerate quadrupole states, 
leading to new energy levels and transitions that depend on the orien
tation of the magnetic field relative to the EFG tensor.

In Zp-NQR of a spin-3/2 system, where only one absorption for 
transitions between |m| = 1/2 ↔ 3/2 is observed, the approximate so
lutions for the energy levels in the presence of a small magnetic field, i. 
e., |HQ|≫|HZ|, can be obtained by treating the Zeeman term as a 
perturbation to the quadrupole energy levels. Consequently, the per
turbed energy levels for transitions between |m| = 1/2 ↔ 3/2, which can 
be calculated exactly, are given by [7]: 

E4,3 =
hνQρ

2
±

hν0

2ρB0

[
(ρ − 1 + η)B2

x + (ρ − 1 − η)B2
y + (2 + ρ)B2

z

]1/2
(7) 

and 

E2,1 = −
hνQρ

2
±

hν0

2ρB0

[
(ρ + 1 − η)B2

x + (ρ + 1 + η)B2
y + (2 − ρ)B2

z

]1/2

(8) 

where 

ρ =

(

1 +
1
3

η2
)1/2

(9) 

and νQ is the pure NQR frequency, ν0 is the Larmor frequency, and Bx, By, 
and Bz are the components of the applied field along the EFG principal 
axes. These transitions are symmetrically centered about the pure 
quadrupolar frequency.

In this context, we note that while the above treatment for spin-3/2 
nuclei is valid for all cases we have studied, i.e., where νQ = CQρ/2, this 
is not the case for spin-5/2 nuclei. For spin-5/2 nuclei, the exact treat
ment implemented in the QUEST software must be used. Perturbation 
theory, which is sometimes good enough for η < 0.1, generally fails 
when η > 0.1. For this reason, we cannot provide a simple formula 
relating the CQ and νQ values measured in this work (vide infra).

2.1. Experimental details

In practice, Zp-NQR, like NMR, requires a homogeneous (having the 
same magnitude and direction at every point within the region of in
terest) and stable (constant over time without fluctuations) static mag
netic field. The optimal field strength to be used is determined by both 
the pure NQR frequency (νQ) and the Larmor frequency (ν0). An optimal 
setting will ensure sufficient frequency separation between the α and β 
pairs relative to the inherent spectral broadening (equations (5), (7) and 
(8)). A critical threshold for the applied Zeeman magnetic field must be 

Scheme 1. Molecular structures of 1,4-diiodobenzene (p-DIB), 1,4-dibromobenzene (p-DBB), 1,4-diiodotetrafluorobenzene (p-DITFB), and 1,3,5-trifluoro-2,4,6-triio
dobenzene (sym-TFTIB).

Fig. 1. Zp-NQR energy levels and the Zeeman splitting for a spin 3/2 system. Inspired by references [1,7,34].
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met to achieve adequate resolution of the line shape features corre
sponding to the α and β pairs. The required field strength is dictated by 
multiple factors in addition to the NQR and Larmor frequencies, 
including the intrinsic broadening caused by sample crystallinity, the 
random orientation of powder particles, and the inhomogeneity of the 
external magnetic field, which in this work was generated by an EPR 
electromagnet.

To characterize the relative strength of the quadrupolar interaction, 
a useful dimensionless parameter can be defined as νQ/ν0. Experimen
tally, achieving well-resolved spectral features in Zp-NQR, which are 
crucial for accurately determining η, typically requires that this ratio 
does not exceed approximately 1500. For example, in a127I system with 
an NQR frequency of 330 MHz, an optimal static magnetic field of at 
least 25 mT (250 Gauss) was necessary to meet this condition.

Higher B0 fields also improve the accuracy of CQ and η measure
ments, particularly for low-γ nuclei. However, it should be noted that 
increasing the magnetic field significantly reduces the signal-to-noise 
ratio (SNR) as a result of broadening the Zp-NQR spectral envelope 
(vide infra). Consequently, longer signal averaging is required, making 
data acquisition more time-consuming. Additionally, a broader enve
lope necessitates the accumulation of more subspectra to reconstruct the 
full Zp-NQR spectrum, further increasing the experimental workload.

Moreover, we found that the resolution and broadening of the Zp- 
NQR spectral features are influenced by several factors beyond the 
external magnetic field strength, including the imperfections in our 
setup, particularly the probe, powder grain size, and the magnitude of η 
— with larger η values leading to less resolved features of line shape. In 
our experience with 79/81Br and 127I isotopes, a static Zeeman field as 
high as ~30–40 mT was necessary to achieve adequate definition of 
spectral features of interest.

In studying powder Zp-NQR as a perturbation of the Zeeman inter
action over the quadrupolar interaction, it is assumed that the sample 
consists of a large number of randomly oriented single crystals and that 
the external Zeeman field is uniform across the entire sample. To satisfy 
these conditions, we use finely ground microcrystalline powders to 
ensure an even distribution of all crystallite orientations. 

(i) EPR electromagnet field setting

In this study, we utilize an EMXplus electromagnet, which can 
generate magnetic fields up to 1.7 T (17000 G) with a field stability of 

approximately 10 mG per hour. The system operates using Bruker’s 
Xenon interface software. To achieve a more uniform magnetic field, the 
field modulation amplitude was kept at its minimum value of 0.01 G, as 
any modulation could introduce field fluctuations. Additionally, the 
field modulation frequency setting was disabled to maintain a steady 
field.

The cavity of these electromagnets is sufficiently wide to allow 
narrow-bore (54 mm) NMR probes to fit (Fig. 2). A homebuilt narrow- 
bore NQR probe capable of operating from 200 MHz to 400 MHz was 
constructed, which covers the spectral range for 79/81Br (spin I = 3/2) in 
the C-Br motif, as well as the 3/2 → 1/2 transition of 127I in the C-I motif. 
The effective excitation bandwidth was empirically determined to be 
approximately 310 kHz. As EPR magnets generally employ field mod
ulation, this feature must be disabled in order to minimize any disrup
tions to the Zp-NQR experiment. As shown in Fig. 2, the homebuilt 
narrow-bore NQR probe was placed within the cavity of an electro
magnet of an EPR spectrometer.

Since the homogeneity and quality of the applied static magnetic 
field are crucial in Zp-NQR experiments, we first calibrated the EPR 
electromagnetic field and mapped out the optimal position for placing 
the sample coil. Using p-DIB as a reference compound — owing to its 
well-known quadrupole parameters [35] — we systematically evaluated 
different regions within the electromagnet poles. We found that the 
center of the electromagnet provided the most uniform and stable 
magnetic field, making it the optimal location for conducting Zp-NQR 
experiments. This positioning yielded a well-defined envelope shape 
and the best resolution of the Zp-NQR spectral features relative to other 
areas between the poles, enabling more accurate spectral simulations. 
Fig. 3 presents a top-view illustration of the proper placement of the coil 
containing the sample tube at this optimal position. 

(ii) NMR console and NQR pulse program

The Zp-NQR experiments were conducted after finding the |m| = 1/2 
to 3/2 transition of the pure (zero-field) NQR spectrum using our 
custom-built NQR probe. This probe was placed on a bench, away from 
stray magnetic fields. Notably, Earth’s stray field (~50 μT) was suffi
ciently small to be considered negligible. For zero-field NQR measure
ments, the probe — fitted with a solenoid coil of 7 mm inner diameter — 
was connected to a proton preamplifier in a Bruker Avance III 400 MHz 
NMR spectrometer. The proton preamplifier allows rf signals within the 

Fig. 2. The home-built NQR probe, capable of tuning in the 200–400 MHz range (left), and the probe positioned within the EPR electromagnetic field, supported by a 
useful Bruker manual (right).

A. Nari et al.                                                                                                                                                                                                                                     Solid State Nuclear Magnetic Resonance 138 (2025) 102014 

4 

86



desired frequency range, typically 270 MHz–400 MHz, to pass through. 
To search for unknown NQR resonances, the rf frequency was incre
mented in 150 kHz steps. A Hahn-echo pulse sequence was used, with 
typical π/2 and π pulse lengths of 4 μs and 8 μs, respectively.

The optimal pulse length and power level for the Hahn echo exper
iment were determined by calibrating the π/2 and π pulses for the 127I 
nuclei in p-DIB. Initially, the transmitter power was set based on prior 
experiments [35] or estimated using the gyromagnetic ratio. The π/2 
pulse was optimized through a nutation experiment by applying a series 
of pulse lengths and identifying the first maximum in signal intensity, 
with the π pulse set to twice this duration. Fine-tuning was performed by 
varying pulse power and duration in Hahn echo experiments, adjusting 
parameters to maximize echo intensity while minimizing distortions.

For the Zp-NQR experiments, the same probe was placed between the 
poles of a Bruker EMXplus EPR electromagnet to introduce a weak, 
adjustable static magnetic field and thus perturb the NQR transitions. 
The EPR resonator and microwave waveguide remained disconnected, 
and the microwave bridge was removed from the magnet. Although the 

electromagnet is capable of generating fields up to 1.7 T, in our Zp-NQR 
measurements we applied fields in the range of 20–40 mT. This range 
was chosen based on the Morino lower limit condition, which requires 
the Zeeman splitting to exceed the natural NQR linewidth for the 
splitting to be resolvable. It also reflects practical considerations, 
including line broadening due to field inhomogeneity and the optimi
zation of signal-to-noise ratio for accurate QUEST-based line shape 
simulations.

Due to the broad Zp-NQR spectral envelopes observed for our sam
ples —up to ~2 MHz for systems with CQ values of 1.8–2.1 GHz for 127I 
and 0.6 GHz for 79Br — the probe’s bandwidth was insufficient to cap
ture the full spectrum in a single acquisition. To overcome this limita
tion, data were collected as multiple subspectra with frequency offsets 
incremented in 50 and 100 kHz steps. These subspectra were subse
quently combined using the variable offset cumulative spectrum (VOCS) 
[36] technique to reconstruct the final envelope. The total number of 
subspectra depended on both the applied field strength and the chosen 
frequency increments, typically ranging from 8 (at 5 mT) to 37 (at 40 
mT) subspectra when using 100 kHz steps for p-DITFB and 50 kHz fre
quency steps for other compounds (Table 1). The acquisition of the 
complete envelope for the compounds studied here took between 30 and 
90 min. An alternative approach for broadband excitation, such as 
WURST-QCPMG, could potentially improve efficiency in these types of 
broad-spectrum acquisitions by reducing the overall acquisition time 
[37]. We note that a recycle delay of 0.25 s was used, which could 
probably be shortened in future work to reduce overall experimental 
times. Presently we chose this delay to facilitate complete relaxation and 
to reduce possible sample heating.

(iii) Spectral simulation

Early Zp-NQR experiments often relied on assigning peak frequencies 
using simplified formulas and extrapolation procedures restricted to low 
η values. These approaches were constrained by first-order quadrupolar 
approximations, leading to significant uncertainties in determining 
quadrupolar parameters. By employing the QUEST software [42], which 
utilizes exact Hamiltonian diagonalization, we remove the dependence 
on first-order approximations and achieve robust, reliable spectral an
alyses of Zp-NQR data. Exact simulation allows for a more accurate 
reproduction of experimental spectra, even in cases of high η values 
where first- and second-order approximations fail. This ensures a precise 
determination of quadrupolar parameters, reducing ambiguities in 
spectral assignment and improving the overall reliability of Zp-NQR as a 
tool for characterizing the EFG tensor.

In QUEST, the fitting procedure requires specifying key parameters, 
including the coil angle which represents the orientation of the external 
Zeeman magnetic field, B0, relative to the rf field, B1. Additionally, the 

Fig. 3. Illustration of the NQR probe and solenoid coil aligned with the static 
magnetic field at the center of the electromagnet poles.

Table 1 
Experimental conditions for Zp-NQR measurements, including the applied magnetic field, coil angle, and resulting whole spectral breadth for each compound studied 
herein.

compound and CSD refcode B0/mT coil 
angle/◦

π/2 pulse 
/μs

recycle delay/s subspectra/scans (#) breadth/kHz total expt timea(min) sample mass (g)

p-DIB: ZZZPRO01 [38] 30 0 6.0 0.25 27/128 1348 ± 40 60 0.41
45 6.0 0.25 27/256 1372 ± 36 60 0.41
90 4.0 0.25 27/256 1460 ± 42 60 0.41

p-DBB: CISTON01 [39] ​ 0 4.8 0.25 37/256 1875 ± 50 90 0.38
40 45 4.8 0.25 37/256 2014 ± 46 90 0.38
​ 90 4.8 0.25 37/256 1912 ± 48 90 0.38

sym-TFTIB: UCEPEY [40] 0 0 6.0 0.25 1/128 58 ± 4 1 0.47
5 6.0 0.25 8/256 312 ± 11 20 0.47

10 6.0 0.25 12/256 520 ± 18 30 0.47
30 6.4 0.25 27/256 1383 ± 52 60 0.47

p-DITFB: ZZZAVM02 [41] 20 0 4.0 0.25 11b/256 869 ± 21 30 0.42

a Total experiment time includes the duration required to acquire the entire spectral envelope, including setting up new experiments and tuning the probe between 
each step (subspectra).

b The frequency step increment for this sample was 100 kHz, whereas it was maintained at 50 kHz for the other compounds.
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Larmor frequency, determined by the gyromagnetic ratio and the 
applied magnetic field, and the nuclear spin quantum number (e.g., 3/2, 
5/2, etc.) (Table 2) must be defined. Next, by iteratively adjusting the 
input values of CQ and η, we determine the combination that best re
produces the experimental Zp-NQR spectrum. The final fit is assessed 
through visual inspection, allowing for a confident assignment of the 
quadrupolar parameters. The reliability of the fit is further enhanced by 
optimizing the fitting settings to ensure accurate determination of CQ 
and η. As with high-field quadrupolar-perturbed solid-state NMR, fitting 
separate datasets obtained in more than one applied magnetic field 
improves the accuracy of the results.

3. Results and discussion

In the following paragraphs, experimental and simulated spectra are
presented and discussed with the goal of demonstrating some of the 
practical aspects of our implementation of Zp-NQR spectroscopy. The 
quadrupolar coupling parameters measured in this section are summa
rized in Table 3 and the relevant spectra and simulations are shown in 
the figures that follow.

Calculations of transition probabilities between nuclear quadrupole 
energy levels perturbed by a weak static magnetic field, supported by 
experimental evidence, show a characteristic angular dependence on the 
orientation of the static field relative to the RF field, in agreement with 
previous investigations [8,17,42]. This angular dependence manifests in 
the two pairs of Zeeman components within the Zp-NQR envelope 
associated with ∣m∣ = 1/2↔3/2 transitions in quadrupolar nuclei. In 
single-crystal Zp-NQR experiments, the Zeeman splitting depends on the 
relative orientation between the applied magnetic field and the EFG 
tensor. By systematically varying the crystal orientation relative to the 
static field, one can determine the orientation of the EFG principal axes 
with respect to the crystallographic frame, as demonstrated in previous 
studies [43,44].

As shown in Fig. 4, the shape of the spectral envelope near the 
splitting frequencies (±ν0), derived from the product of the NQR fre
quency and the gyromagnetic ratio of the resonant nuclei, is signifi
cantly influenced by the relative orientation of the static magnetic field, 
B0, to the radiofrequency field, B1. In polycrystalline samples, when 
B0‖B1, the nuclear quadrupole resonance transitions are generally 
modulated by the rf field component perpendicular to the principal z- 
axis of the EFG.

According to Morino and Toyama, the determination of η is most 
distinct when the magnetic field is aligned parallel to the principal xy 
plane of the EFG [8]. Their study demonstrated that when B0‖B1, no 
spectral components appear at the splitting frequencies (±ν0). Instead, 
the intensities of the components at ±(1− η) ν0 and ±(1+η) ν0 increase 
proportionally to the decrease at ±ν0. In a polycrystalline powder, this 
configuration produces sharp minima at ±ν0 (troughs) and two pairs of 
sharp maxima (peaks) at ±(1− η)ν0 and ±(1+η)ν0 on the spectral 
envelope.

In contrast, when B0 is perpendicular to B1, specifically in the case 
where B0‖z, the situation differs significantly from the parallel align
ment of B0 and B1. Under this configuration, a strong pair of components 
is produced at ±ν0 because the rf field lies parallel to the xy-plane, 
rendering the transitions corresponding to the inner pair ±(1− η)ν0 
forbidden. Consequently, the Zeeman components at ±(1− η)ν0 are not 
observed. We refer the readers to ref. [8] for more detailed information.

In Fig. 5, we illustrate the experimental dependence of the Zp-NQR 

line shape on the coil angle of the NQR probe. The coil angle (the 
orientation of the static magnetic field, B0, relative to the rf field, B1) is 
an adjustable parameter in QUEST and must be adjusted during spectral 
fitting to achieve the best results. In the Zp-NQR setup, the coil angle is 
adjusted by rotating the probe head, and consequently the solenoid coil 
containing the sample vial. The angle is physically measured using a 
bevel protractor, with reference to the direction of the static magnetic 
field (defined by the axis connecting the centers of the EPR magnet’s 
pole faces). The probe baseplate is aligned manually relative to the 
magnet housing to reproducibly achieve coil angles of 0◦, 45◦, and 90◦. 
As discussed above, the best results are achieved when the two fields are 
aligned parallel to each other, i.e., B0‖B1, corresponding to a zero-angle 
of the solenoid coil relative to the Zeeman magnetic field. In this 
configuration, the spectral envelope is influenced by the relative 
orientation of B0 and B1, modulating the nuclear quadrupole transitions. 
The alignment ensures well-defined spectral features, enabling precise 
determination of the quadrupolar parameters. Deviations from this 
alignment result in distinct changes to the spectral line shape, as 
demonstrated by the variation in coil angle shown in Fig. 4.

Table 2 
Gyromagnetic ratios (γ), quadrupole moments (Q), and natural abundances (NA) 
of the nuclei discussed in this work.

Nucleus I NA γ (107 rad T− 1 s− 1) Q (mb)
127I 5/2 100 5.389573 − 688.22
79Br 3/2 50.69 6.725616 308.7

Table 3 
Experimentally measured 79Br/127I quadrupole coupling constants, frequencies, 
and asymmetry parameters at room temperature.

compound CQ/MHz η νQ
b /MHz

p-DIB (127I) 1841.42 ± 0.85 0.044 ± 0.004 276.68 ± 0.03
p-DBB (79Br) 533.78 ± 0.12 0.16 ± 0.04 268.02 ± 0.03
sym-TFTIB (127I) 2077.25 ± 1.49a 0.114 ± 0.008 315.97 ± 0.03
p-DITFB (127I) 2145.14 ± 1.64 0.120 ± 0.004 326.80 ± 0.03

a: The data reported here correspond to the first crystallographic site (lower 
NQR frequency) of sym-TFTIB.
b: Lower frequency ½ → 3/2 transition for 127I.

Fig. 4. QUEST simulated Zp-NQR spectrum of the ∣m∣ = 1/2↔3/2 transitions in 
a spin-3/2 system with η = 0.25 (a slightly asymmetric EFG), (a) at a coil angle 
of 0◦ (i.e., B0‖B1). The observed peaks and troughs are assigned to corre
sponding spectral components, which are used in spectral fitting to determine 
the quadrupolar parameters. (Inspired by Morino and Toyama [8].) This 
configuration serves as the basis for the Zp-NQR studies presented here. (b) The 
dependence of the Zp-NQR envelope on coil angle, represented as a colour 
gradient from 0◦ (B0‖B1) to 90◦ (B0⊥B1) in 10◦ increments. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)
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Our experiments, which aimed to determine η with high precision, 
revealed that a carefully calibrated EPR magnetic field, accurate to 
within ±1 Gauss (0.1 mT), is crucial. This level of accuracy ensures 
precise calculation of the Larmor frequency (ν0) of the nucleus, which is 
necessary for the reliable determination of η using the QUEST simulation 
software. To confirm the actual field experienced by the sample, the 
magnetic field set in the EPR software was externally verified using a 
Gaussmeter (AlphaLab model GM-2), showing agreement within ±1 G. 
Additionally, the accuracy was validated using a reference compound 
(DIB), where the experimentally observed NQR spectra and the simu
lated spectra based on known Larmor and quadrupolar parameters 
matched closely. The probe was positioned at the center of the elec
tromagnet, where the field is most uniform and stable, and alignment 
was carried out reproducibly using Bruker’s guidelines. The relationship 
is given by: 

ν0 = γB0/2π (10) 

Here, γ is the gyromagnetic ratio (γ), and B0 is the applied magnetic 
field. γ values and quadrupole moments (Q) of the quadrupolar nuclei 
studied herein are summarized in Table 2.

Based on the procedure described by Morino [8] on the Zeeman ef
fect in polycrystalline powders, the applied static magnetic field must be 
strong enough to produce a splitting greater than the NQR linewidth, as 
shown in the following formula: 

B0≳
2πΔν
η|γ| (11) 

However, satisfying this condition significantly reduces the S/N ratio 
of each slice of the spectrum due to line broadening. This reduction 
hampered the accurate determination of η and prevented the examina
tion of nuclei with high CQ when using the basic equipment available at 
that time. Furthermore, the first-order perturbation treatment employed 
in the procedure outlined by Morino and Toyama, along with the 
frequent neglect of the sufficient static field limitations by many sub
sequent researchers, has hampered the accurate determination of the 

value of η up to now, particularly for nuclei with high quadrupole 
coupling. These limitations were pointed out previously by Darville 
[10].

Herein, we addressed this limitation by increasing the static mag
netic field to a level where the deflections due to η became distinctly 
observable, particularly for the inner transitions. Furthermore, we uti
lized exact spectral simulations using the QUEST software, which in
volves diagonalization of the combined Zeeman-quadrupolar 
Hamiltonian without resorting to approximations when treating the 

Fig. 5. Experimental Zp-NQR spectra at varying coil angles (B0 relative to B1) for (left) p-DBB at 40 mT and (right) p-DIB at 30 mT. Simulated spectra from QUEST are 
overlaid in black above each experimental spectrum. The corresponding quadrupole coupling constants and asymmetry parameters are summarized in Table 1. We 
tentatively assign spurious resonances at 267 and 276 MHz as artifacts of unknown origin.

Fig. 6. Experimental zero-field 127I NQR transition (Earth’s magnetic field 
~50 μT) is shown in black at the center, along with three 127I Zp-NQR spectra 
corresponding to the m = ±1/2 to ±3/2 transition at applied magnetic fields of 
5 (teal green), 10 (goldenrod), and 30 mT (deep blue), respectively, for sym- 
TFTIB. If the magnetic field is too low, spectral features are not resolved (teal 
green). If the magnetic field is too high, the spectrum broadens and takes longer 
to acquire; furthermore, each subspectrum will have a lower SNR. (For inter
pretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.)
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quadrupolar interaction. This exact approach, coupled with the 
enhanced resolution from the stronger magnetic field, allowed us to 
determine η with greater accuracy and precision.

Fig. 6 illustrates a pure NQR spectrum and various Zp-NQR spectra at 
different Zeeman field strengths, comparing cases where the field is 
insufficient versus sufficiently strong in a spin-5/2 system. By opti
mizing the field strength, we overcame challenges related to a reduced 
S/N ratio and successfully determined η even for nuclei with high CQ.

To capture the entire envelope of broad Zp-NQR spectra, we 
employed the VOCS method. As shown in Fig. 7, the 127I Zp-NQR 
spectrum of p-DITFB was constructed by summing 11 sub-spectra in a 
magnetic field of 20 mT, with frequency steps of 100 kHz.

Comparing the transitions between the m = ½ and 3/2 energy levels 
with those between the 3/2 and 5/2 levels for nuclei with spin I = 5/2 
reveals that only the inner transitions (1/2↔3/2) are directly useful for 
determining the value of η. Varty demonstrated that the line shape 
associated with the ±3/2↔±5/2 transitions exhibits a minimal depen
dence on η, which is insufficient for accurately determining the asym
metry of the EFG tensor from experimental data [22].

In 1986, Bryant demonstrated that the line shapes in Zp-NQR spectra 
depend on the spin quantum number, with spectral widths increasing as 
the spin increases. Using computer simulations and perturbative ap
proximations based on Toyama’s formula, they showed that the optimal 
transitions for experimentally determining the asymmetry parameter η 
are the 1/2↔3/2 transitions for spins 3/2, 5/2, and 7/2, and the 3/2↔5/ 
2 transition for spin 9/2 systems [13].

In Fig. 8, we present the Zp-NQR line shape simulations for various 
values of the asymmetry parameter η for nuclear spins I = 3/2 and 5/2 
separately. The line shapes generated by exact simulations using QUEST 
are in good agreement with the classification proposed by Ege et al., who 
categorized η into three types: very small (η = 0), small (0< η < 0.01), 
and not small (η > 0.01) [25].

In our experimental approach to determine η, we aligned the rf field 
parallel to the applied electromagnetic field (coil angle = 0◦) within the 
EPR system, thereby maximizing sensitivity to variations in η. Ege et al. 
[25] previously mapped out simulations of lower-level Zee
man-perturbed transitions for spin-5/2 nuclei, examining coil angles 
from 0◦ to 90◦. They observed that when the rf field is parallel to the 

magnetic field, the line shape undergoes significant changes as η in
creases. These findings reinforce the conclusions drawn from the work of 
Morino and Toyama (vide supra), supporting the relationship between 
coil angle, η, and the resulting Zp-NQR line shapes.

As seen in Fig. 8, the evolution of the Zp-NQR line shapes for nuclear 
spins I = 3/2 and I = 5/2 demonstrates distinct changes as the asym
metry parameter η increases. For very small η, the line shape exhibits 
two symmetric peaks at the spectrum’s edges, with less pronounced dips 
at ±ν0 relative to higher values of η. As η increases to 0.01 < η < 0.4, the 
spectrum transitions to showing more pronounced peaks and troughs, 
forming two inner pairs and two outer pairs. With further increases in η 
within the range 0.4 < η < 0.8, the troughs become more pronounced, 
reaching maximum prominence. However, at η values close to 1, the dips 
diminish, and the outer features disappear, leaving only the inner pairs 
distinguishable.

While Zp-NQR is particularly well-suited for spin-3/2 systems, it also 
offers key advantages for quadrupolar nuclei with spins other than 3/2, 
including spin-1 and higher. This is especially relevant when additional 
NQR transitions are either inaccessible or fall outside the operational 
frequency range of the probe and preamplifier. In such cases, Zp-NQR 
enables the use of the first, lower-frequency transition (e.g., ν1 ≈

250–350 MHz for 127I in aryl iodides), thereby avoiding the challenges 
posed by conventional NQR methods that typically require detection of 
higher-frequency transitions (e.g., ν2 ≈ 500–700 MHz in aryl iodides) 
[29].

Another advantage of Zp-NQR is its adaptability to complex systems, 
particularly in aiding the identification of spectral transitions. For 
example, applying a Zeeman field to 14N NQR lines in polycrystalline 
samples enhances the ability to assign transition frequencies, as 
demonstrated with aminopyridine [45].

4. Concluding remarks

We must acknowledge the current limitations in solid-state NMR 
approaches to studying strongly quadrupolar spin systems, where 
quadrupolar line broadening for strongly quadrupolar isotopes in 
asymmetric environments can result in intractable spectra, even in the 
highest available applied magnetic fields. In such instances, Zp-NQR 
emerges as a crucial alternative. By implementing a comprehensive 
approach — including the use of a high-quality adjustable magnetic 
field, precise calibration of the EPR electromagnetic field to perturb the 
quadrupolar interaction, optimization of the radiofrequency field 
orientation relative to the magnetic field (coil angle), and advanced data 
analysis with QUEST software — we showed how spectra characterized 
by quadrupolar coupling constants in the GHz regime can be recorded, 
and how these spectra can lead to a reliable measurement of η. The 
improved precision provided by Zp-NQR with exact spectral fitting po
sitions this technique as a compelling alternative to conventional 
methods for studying spins exhibiting large quadrupolar coupling.

By targeting a single, accessible transition and leveraging the Zee
man effect, Zp-NQR enables the accurate and straightforward determi
nation of CQ and η, particularly in systems where conventional SSNMR 
approaches are impractical. These advancements simplify experimental 
setups and reduce limitations typically associated with operating in the 
ultra-high frequency range, such as instrumentation complexity and 
increased demands on tuning and probe design. In addition to our own 
recent application of the method to halogen-bonded systems [29], a 
recent study on automated wide-line NQR acquisition in lead halide 
perovskites alluded to the potential of Zeeman-perturbed NQR spec
troscopy [46]. While Zp-NQR does not overcome the fundamental 
challenge of locating unknown NQR resonances, it serves as a powerful 
tool for refining the determination of quadrupolar parameters, partic
ularly in cases where conventional NQR methods are limited by the 
inability to access multiple transitions.

Overall, Zp-NQR offers a practical method for characterizing mate
rials featuring quadrupolar nuclei exhibiting strong quadrupolar 

Fig. 7. Experimental Zp-NQR spectrum of a spin 5/2 nucleus (127I in p-DITFB) 
at a magnetic field strength of 20 mT (black trace). Individual spectra acquired 
by frequency stepping, shown in various colours, were coadded to generate the 
full spectrum. Simulated spectrum is shown in red. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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interaction. Its ability to provide precise and reliable data in scenarios 
where traditional SSNMR is impractical could help to make Zp-NQR an 
important tool for researchers across materials science, solid-state 
physics, and related fields, supporting the development of materials 
with unique electronic and structural properties.
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Chapter 5 – Isotopic Identification of Quadrupolar Spin Resonance Lines by 

Zeeman Perturbation: Enabling Analysis of Complex, Impure, and Multi-

Component Systems 

Based on: Nari, A.; Szell, P. M. J.; Bryce, D. L. Isotopic Identification of Quadrupolar Spin 

Resonance Lines by Zeeman Perturbation. J. Phys. Chem. Lett. 2025, 16, 8752–8757.

5.1 Chapter Overview and Thesis Context 

The previous chapter established a practical and quantitative workflow for performing 

cryogen-free Zp-NQR spectroscopy using an adjustable electromagnet and exact Hamiltonian 

simulations. By demonstrating that high-quality Zp-NQR measurements can be routinely acquired 

and quantitatively analyzed without superconducting magnets or liquid-helium cryogens, Chapter 

4 transformed Zp-NQR from a specialized experimental technique into an accessible methodology 

for the characterization of quadrupolar nuclei in molecular solids. However, establishing a robust 

experimental workflow represents only the first step toward making Zp-NQR a broadly applicable 

analytical technique. Another important consideration is the ability to interpret increasingly 

complex spectra encountered in chemically realistic materials. 

In many molecular solids, quadrupolar spectra are considerably more complicated than 

those obtained from well-defined model compounds. Pharmaceutical formulations, 

multicomponent crystals, reaction mixtures, and samples containing impurities frequently exhibit 

numerous resonance lines originating from different crystallographic sites, chemically distinct 

environments, or multiple quadrupolar isotopes. In such systems, assigning each observed 

resonance to its corresponding isotope is often challenging, particularly when different isotopes 

possess similar quadrupolar coupling constants and therefore resonate within overlapping 
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frequency ranges. This ambiguity complicates spectral interpretation and can limit the structural 

information extracted from both conventional NQR and SSNMR experiments. 

Historically, isotopic assignment has relied primarily on indirect approaches, including 

comparison with DFT calculations, measurements on isotopically enriched materials, or 

assumptions based on known isotopic abundance and expected quadrupolar coupling constants. 

While these methods can often provide useful guidance, they are not universally applicable and 

may become unreliable for structurally complex materials, samples containing multiple chemically 

inequivalent sites, or systems where resonance overlap obscures individual spectral features. 

Consequently, the absence of a direct experimental method for isotopic identification has 

represented an important limitation in the broader application of quadrupolar spectroscopy. 

The work presented in this chapter demonstrates that Zeeman perturbation itself provides 

the information required for unambiguous isotopic identification. Because the Zeeman splitting is 

governed by the nuclear gyromagnetic ratio, each quadrupolar isotope exhibits a characteristic 

magnetic-field response that is independent of the zero-field resonance frequency. By analysing 

the evolution of resonance line shapes under weak magnetic fields, isotopes possessing nearly 

identical NQR frequencies can be distinguished directly from experimental measurements without 

isotopic enrichment or prior structural assumptions. This capability introduces an additional 

analytical dimension to Zp-NQR that extends well beyond the determination of quadrupolar 

interaction parameters. 

The methodology presented here significantly expands the scope of Zp-NQR for the 

characterization of complex molecular solids. Direct isotopic identification facilitates the analysis 

of overlapping spectra, multicomponent systems, and samples containing impurities, thereby 

94



improving the reliability of spectral assignments and enabling quantitative interpretation of 

increasingly complicated quadrupolar resonance experiments.  

Within the overall progression of this thesis, this chapter represents the second stage in the 

development of modern Zp-NQR spectroscopy. Having established a practical experimental and 

computational workflow in Chapter 4, the present work demonstrates how Zeeman perturbation 

can be exploited to extract new spectroscopic information that is inaccessible from conventional 

NQR measurements alone. This analytical capability provides an essential foundation for the 

subsequent chapters, where the methodology is extended beyond isotopic identification to the 

quantitative determination of halogen-bond strength (Chapter 6) and the site-resolved 

characterization of pharmaceutically relevant molecular solids (Chapter 7). In this way, Chapter 5 

marks the transition from establishing the methodology to expanding its analytical capabilities, 

further demonstrating the versatility of Zp-NQR as a powerful tool for structural characterization. 

5.2. Statement of Authenticity 

I certify that I have prepared the following article featuring my own work. 

5.3 Permissions 

I declare that I have obtained permission from the coauthor to include this article in my 

thesis. Chapter 5 has been reprinted with permission from the American Chemical Society. 
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ABSTRACT: Quadrupolar spin resonance (QSR) is radio frequency spectros-
copy that provides a chemical fingerprint in the absence of a magnetic field.
Materials may present QSR spectra featuring multiple overlapping isotopic
resonances, leading to ambiguous spectral assignments. We show how the
application of a weak magnetic field (≤50 mT) enables measurement of the
nuclear gyromagnetic ratio associated with each resonance with sufficient
precision for isotopic identification. The method is demonstrated on pure and
impure powdered samples, and the concept of multisite multinuclear QSR
spectral fitting is introduced. New insights are thereby gained into the sensitivity
of the Zeeman-QSR response and the characterization of complex samples. This
approach creates new opportunities in QSR spectroscopy and provides a
sustainable cryogen-free alternative to helium-cooled superconducting magnets
associated with high-field NMR.

Q uadrupolar spin resonance (QSR) spectroscopy, also
known as nuclear quadrupole resonance (NQR)

spectroscopy, is a form of radio spectroscopy that probes the
spin quantum levels of quadrupolar nuclei (spin I > 1/2).1−4 In
chemically asymmetric environments, such as in the case of a
halogen atom engaged in a single covalent bond, the electric
field gradient (EFG) at the nucleus couples to the nuclear
quadrupole moment (Q) via a quadrupolar interaction. The
modulation of the spin quantum energy levels arising from the
quadrupolar interaction allows for transitions to occur between
spin states, typically at ΔmI = 1, upon the application of an
oscillating radiofrequency field (B1) at the correct frequency.
For spin I = 3/2 nuclides such as 79Br (Q = 308.7(2) mb) and
81Br (Q = 257.9(2) mb), a single QSR transition is observed
between the mI = 1/2 and 3/2 states. For spin I = 5/2 nuclides
such as 121Sb (Q = 543(11) mb) and 127I (Q = −688.22 mb),
two transitions are typically observed, namely, the 1/2 ↔ 3/2
and 3/2 ↔ 5/2 transitions. For spin I = 7/2 nuclides such as
123Sb (Q = −692(14) mb), three transitions are typically
observed, i.e., the 1/2 ↔ 3/2, 3/2 ↔ 5/2, and 5/2 ↔ 7/2
transitions.
Pure QSR spectroscopy is a nondestructive technique that

spans the radiofrequency ranges from kHz to a few GHz, with
typically sharp line widths of kHz to 10s of kHz for crystalline
substances.5−7 Consequently, QSR spectroscopy is a challeng-
ing technique, as it requires searching across broad spectral
ranges for sparse, narrow resonances. In the cases of 79Br, 81Br,
and 127I in C-X moieties (X = Br, I), the QSR transitions are
typically in the 200−320 MHz range (1/2 → 3/2; 79Br, 81Br),
the 250−400 MHz range (3/2 → 1/2; 127I), and 500−800
MHz range (5/2 → 3/2; 127I). Beyond providing information

about chemical bonds, QSR spectral lines are extremely
sensitive to the local chemical and electronic environment,
with small changes to the crystal packing affording frequency
changes on the order of MHz. As a result, the observation of a
QSR line provides a definitive spectral identifier of a substance
with polymorphic specificity.8 The method is currently
enjoying a renaissance, with key insights having been provided
into the structure and properties of perovskites, halogen-
bonded cocrystals, and related materials.9−13

QSR spectroscopy is performed by placing the sample of
interest within an oscillating magnetic field (B1), i.e., a
radiofrequency (RF) field, either in the absence of an applied
static magnetic field (B0), known as pure quadrupolar spin
resonance, or in a very low (∼mT) applied magnetic field,
known as Zeeman-perturbed QSR spectroscopy (Zp-
QSR).14−16 In the case of Zp-QSR, the Zeeman effect
broadens the QSR lines, thereby introducing spectral features
that can be interpreted by means of spectral fitting to provide
the full quadrupolar coupling tensor.
In addition to the sparsity problem, a challenge with QSR

spectroscopy lies in assigning a given spectral line to a
particular resonant nucleus. For instance, complex substances,
such as cocrystals, mixed crystals, and physical mixtures, may
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feature a plurality of QSR lines that need to be properly
assigned. Identifying a nucleus based on observing the QSR
lines for multiple isotopes of the same atom is a good strategy,
but it is limited to the cases where multiple QSR-active
isotopes of the same element exist, and provided the
instrumentation can access the spectral ranges of both isotopes,
such as 79Br and 81Br. In contrast to NMR spectroscopy,
correlation experiments in pulsed QSR spectroscopy may not
be applicable, such as in the case of spin I = 3/2 nuclei that
have a single transition, or they may require a highly
specialized doubly tuned probe capable of broadband tuning
across octaves (e.g., ν1 = 300 MHz and ν2 = 600 MHz).
Recently, we have demonstrated the use of Zp-QSR for the
interpretation of halogen bond strengths by leveraging exact
theory to fit the resulting spectral line shapes, which requires
the input of the Larmor frequency (νL) as part of the fitting
process.17,18 With knowledge of the value of B0, the exact
spectral fitting of the Zp-QSR lines can provide the
gyromagnetic ratio (γ) of the nucleus under observation, as
shown in eq 1.

= B /2L 0 (1)

Here, we demonstrate how measurements of the nuclear
gyromagnetic ratio through the application of a Zeeman
perturbation field and exact spectral simulations can be
leveraged in order to assign the identity of the resonant
nucleus to each QSR spectral signal.
To establish the accuracy of measured nuclear gyromagnetic

ratios from exact fitting, a series of QSR spectra were collected
on 1,4-dibromotetrafluorobenzene (1) and 1,4-diiodotetra-
fluorobenzene (2) in the absence of a magnetic field (∼0 mT)
and in magnetic fields ranging from 10 to 50 mT, as shown in
Figure 1. These magnetic field strengths were readily obtained
using an electromagnet intended for electron spin resonance
(ESR) spectroscopy. 1 and 2 are ideal cases to demonstrate the
approach, as they feature only a single 3/2→ 1/2 transition for
127I in 2, a single 1/2 → 3/2 transition for 79Br in 1, and a
single 1/2 → 3/2 transition for 81Br in 1. As the 79Br nucleus
has a value of Q(79Br) which is approximately 19.7% larger
than that of Q(81Br),19 QSR frequencies can be easily assigned
to 79Br, which are 19.7% higher than the resonances assigned

to 81Br, thereby providing confidence in assignments made
based on the gyromagnetic ratios. All experimental QSR
spectra with their simulated fits can be found in Figure S1.
As shown in Figure 1, the fitted Larmor frequency as a

function of the applied magnetic field, which was measured at
the sample position in the absence of a probe by an external
gaussmeter, provides linear trends in agreement with eq 1. We
report excellent fits in all cases with R2 values above 0.999. The
measured nuclear gyromagnetic ratios are 8.54 ± 0.05 MHz
T−1 for 127I, 10.65 ± 0.04 MHz T−1 for 79Br, and 11.47 ± 0.06
MHz T−1 for 81Br. In comparison, the literature values, which
are typically measured using far more accurate methods, such
as atomic beam experiments, are 8.5638(43) MHz T−1 for 127I,
10.6950(30) MHz T−1 for 79Br, and 11.5284(30) MHz T−1 for
81Br,20,21 and are each within the uncertainties of the
measurements reported here.
While these measurements do not provide the sign of the

gyromagnetic ratio or an improvement over the literature
values, this approach demonstrates that the accuracy of the
extracted nuclear gyromagnetic ratio is sufficient to identify the
resonant isotope. The value of γ among quadrupolar nuclei
spans from 0.7379(10) MHz T−1 in 197Au to 16.548177(61)
MHz T−1 in 7Li, providing the variance needed to differentiate
most pairs of nuclear isotopes beyond the measured
uncertainty of 0.05 MHz T−1. Differentiating pairs of low-γ
nuclei, where the uncertainty may compete with the inherent
differences in gyromagnetic ratios, may pose challenges and
will benefit from increased values of B0. It is noted that the
instrument used for this work can generate fields of up to 1.7
T, which should enable clear differentiation of most isotopes.
Analysis of the data in Figure 1 consistently underestimates

the true values of the gyromagnetic ratios. This has been
determined to arise from an inaccuracy in the measurement of
the magnetic field on the order of 0.1 to 0.3 mT, which may
arise in part due to the effect of placing the QSR probe head
within the bore of the electromagnet. Consequently, using
accepted literature values of the gyromagnetic ratios of 127I,
79Br, and 81Br, the data from Figure 1 were used to correct the
magnetic field strength as a method of calibrating the
measurements from the gaussmeter (Table S1). However, we
note that this correction resulted in values that remained

Figure 1. Isotopic identification via Zeeman-perturbed QSR of the resonant nucleus. (A) Pure quadrupolar signals (0 mT) and Zp-QSR lines for
127I of 2 (left), 79Br for 1 (middle), 81Br for 1 (right), as a function of the applied external magnetic field ranging from 0 mT to 50 mT. The
wobbling distortions are artifacts arising from undersampling the broad QSR lines. (B) The fitted Larmor frequencies obtained from the spectra
shown in (A) as a function of the applied magnetic field, yielding experimental gyromagnetic ratios. The lines of best fit are [127I, y = 8.543 × 10−3

± 5 × 10−5)x + (1.896 × 10−3 ± 1.508 × 10−3); R2 = 0.99992], [79Br: y = (1.0650 × 10−2 ± 4 × 10−5)x + (1.121 × 10−3 ± 1.2 × 10−3); R2 =
0.99997], [81Br: y = (1.147 × 10−2 ± 6 × 10−5)x + (8.781 × 10−4 ± 2.017 × 10−3); R2 = 0.99992]. The error bars are displayed but are within the
size of the markers. If the intercept is set to zero, the lines of best fit are [127I, y = 8.59 × 10−3 ± 2 × 10−5)x; R2 = 0.99998], [79Br: y = (1.068 × 10−2

± 2 × 10−5)x; R2 = 0.99999], [81Br: y = (1.149 × 10−2 ± 2 × 10−5)x; R2 = 0.99998].
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within the uncertainties of our original measurements, and it is
not necessary to apply this correction to be able to differentiate
and assign isotopes to resonances (Table S1). We further note
that by fixing the intercept of the plots in Figure 1 to exactly
zero, gyromagnetic ratios of 8.59 ± 0.05 MHz T−1 for 127I,
10.68 ± 0.04 MHz T−1 for 79Br, and 11.49 ± 0.06 MHz T−1

for 81Br are obtained directly and are in better agreement with
the literature data.
While the Larmor frequency was sampled at several

magnetic field strengths in Figure 1, sufficient accuracy of
the gyromagnetic ratio can be obtained from fitting a single
Zp-QSR spectrum. With the Zp-QSR spectral acquisition often
taking ∼0.5 to 2.0 h in the cases explored here, the single-shot
method provides a rapid way of identifying the isotope
undergoing resonance. Improvements in the accuracy of γ can
be obtained by repeating the measurement at multiple fields,
but performing the measurement at a single field provided
sufficient accuracy in these cases for the application of
identifying the nuclear isotope. A single field can be used,
owing to the simple relationship between B0, νL, and γ (eq 1).
Several attempts were made to prepare a ternary cocrystal

featuring halogen bond donors 1 and 1,3,5-triiodo-2,4,6-
trifluorobenzene (3) and various halogen bond acceptors. 1
and 3 were selected by virtue of the proximity of their 127I and
79Br QSR resonances. In the case of mechanochemical grinding
of the halogen bond acceptor 4,4′-bipyridine (a) with halogen
bond donors 3 and 1 in a single jar, an interesting product was
obtained which consists of a physical mixture of cocrystals 1a
and 3a along with unreacted starting materials 1 and 3. As a
result, the QSR spectrum of this mixture featured a crowded
spectral region with QSR signals of both 127I and 79Br, which
cannot be obviously assigned without also searching for and
observing the 81Br QSR signals. As shown in Figure 2, QSR
spectra were reacquired individually on pure 1, 3, 1a, and 3a in
order to assign the resonances to each material. Upon the
application of a low magnetic field of 30.0 ± 0.1 mT, the Zp-
QSR line shapes allowed for the measurement of the
gyromagnetic ratio of each QSR line with an uncertainty of
± 0.07 MHz T−1 in addition to the quadrupolar coupling
constant (CQ), and quadrupolar asymmetry parameter (η), as
reported in Table S2. The measured gyromagnetic ratios
allowed for the assignment of the signals corresponding to 127I
and 79Br.
A strong overlap of the Zp-QSR signals for the 79Br and 127I

isotopes in the physical mixture of cocrystals 1a and 3a was
observed at approximately 320 MHz, along with the spectral
overlap near 316 MHz of 1a and unreacted starting material 3.
As shown in Figure 2, a complex line shape at approximately
320 MHz was observed due to the combination of both 127I
and 79Br Zp-QSR signals; this is overlaid above the Zp-QSR
spectra of the pure components. This line shape was
successfully fit using a two-site model and exact simulations
to extract the quadrupolar coupling parameters describing the
EFG tensor (CQ, η), the Larmor frequency, and consequently,
the nuclear gyromagnetic ratio, which is possible using the
QUEST software.22 To our knowledge, this is the first instance
of fitting complex QSR line shapes using exact methods and is
reminiscent of fitting multisite solid-state NMR line shapes of
quadrupolar nuclei. Ramachandran and Oldfield observed the
overlap of 35Cl Zp-QSR powder patterns for 2,4,6-trichloro-
1,3,5-triazine and noted the difficulties in extracting
information from this spectrum.23

To further demonstrate the approach of using Zp-QSR to
identify the resonant nucleus, a novel cocrystal of 2 with 1-
bromo-4-nitrobenzene (b) was identified by screening 2 with
brominated halogen bond acceptors. A full description of the
X-ray crystal structure and parameters can be found in the
Supporting Information (Figure S4; Table S6). QSR spectros-
copy was used to rapidly survey the preparations for successful
cocrystallization by monitoring for the absence of starting
materials. Interestingly, the QSR spectrum of 2b featured two
resonances at 276.34 ± 0.02 MHz and 330.38 ± 0.02 MHz. As
shown in Figure S2, and summarized in Table S2, the fitted
Zp-QSR spectrum provided a nuclear gyromagnetic ratio of
8.61 ± 0.04 MHz T−1 for the QSR signal at 330.38 ± 0.02
MHz, and 10.71 ± 0.07 MHz T−1 for the signal at 276.34 ±
0.02 MHz T−1. These measurements support the assignment
of 127I and 79Br, respectively, and were later bolstered by
comparing the QSR spectrum of 2b to those of their individual
starting materials, 2 and b (see the SI), and confirmed by
observing the 81Br resonance of 2b.
Zeeman-perturbed QSR was extended to antimony

tribromide (4) in order to validate the application of this
method to elements apart from the halogens, to include higher
spin quantum numbers and across a wider spectral range. 4 was
chosen as it features the 79Br, 81Br, 121Sb, and 123Sb isotopes,
and two crystallographically unique bromine sites.24 Con-
sequently, nine QSR lines are expected for this compound with
frequencies spanning from 170 to 30 MHz. In order to perform

Figure 2. Experimental QSR spectra of pure crystalline materials,
cocrystals, and mixtures. (A) Experimental QSR spectra of 1, 3, 1a,
and 3a under (i) the pure QSR regime and (ii) Zp-QSR regime (B0 =
30.0 ± 0.1 mT). (iii) The simulated Zp-QSR spectra. (B) (ii)
Experimental and (i) simulated Zp-QSR spectra of the physical
mixture of 3a, 1a, and 3 featuring the spectral overlap of 127I and 79Br
QSR signals. The experimental Zp-QSR spectra of the pure
substances are shown in (iii) for comparison.
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these measurements, four coils were designed to tune the QSR
probe across the spectral areas of interest (Table S3). As
shown in Figure 3, all nine QSR signals were successfully
observed, revealing a complex spectrum. The application of a
20 mT field on the sample broadened the resonances and, as
summarized in Table 1, allowed for the quadrupolar coupling
and the Larmor frequency to be extracted for each nucleus.
The average measured nuclear gyromagnetic ratios were 10.66
± 0.05 MHz T−1 for 79Br, 11.52 ± 0.06 MHz T−1 for 81Br,
10.25 ± 0.06 MHz T−1 for 121Sb, and 5.57 ± 0.04 MHz T−1 for
123Sb. These values are in excellent agreement with the
accepted values of 10.6950(30) MHz T−1 for 79Br,
11.5284(30) MHz T−1 for 81Br, 10.2387(49) MHz T−1 for
121Sb, and 5.5442(26) MHz T−1 for 123Sb. Importantly, despite
the similarities in the values of the nuclear gyromagnetic ratios
of 79Br and 121Sb, these isotopes can be unambiguously
distinguished using the Zeeman-perturbed QSR results
obtained here.
Interestingly, while an angle of 0° between the coil and the

Zeeman field was best suited to perturb the lowest frequency
transitions, including those of 79Br and 81Br, a coil angle of 90°
was best suited for the higher frequency transitions, such as the
3/2 ↔ 5/2 and 5/2 ↔ 7/2 transitions. A coil angle of 0° for

the higher frequency transitions provided a featureless
broadening, which was difficult to fit with any useful degree
of precision in the final parameters. This featureless broad-
ening is simply attributable to the inherent line shape resulting
from the orientational dependence of the various spectral
discontinuities. Further discussion of the role of coil angle in
the spectral line shape, along with experimental and simulated
data, are given in reference 18.
The total experimental times for each complete spectrum

ranged from approximately 25 to 110 min for the resonances
studied in this work. Further optimization and exploitation of
signal enhancement techniques25 are likely to improve the
signal-to-noise ratio and reduce experimental times, concom-
itantly rendering these QSR approaches amenable to a broad
swath of quadrupolar isotopes. It is noted that the successful
use of a Hahn echo, as used presently, depends on sufficiently
long T2 values, and that for systems with shorter T2 values,
alternative pulse schemes may be necessary. The ability to
differentiate and assign resonances to particular isotopes could
be particularly useful for sets of isotopes that have the same
spin angular momentum (I) and similar natural abundances;
an example includes the 25Mg/67Zn/95Mo tuple, all isotopes of
importance either as key components or as dopants in
functional compounds such as metal−organic frameworks

Figure 3. Spectral resolution and isotopic identification of nine unique resonances. Experimental QSR spectrum of 4 under (i) the pure QSR
regime and (ii) the Zp-QSR regime (B0 = 20.0 ± 0.1 mT). (iii) The simulated Zp-QSR spectrum.

Table 1. QSR Spectral Fitting Parameters for 4 Acquired in a Magnetic Field of B0 = 20.0 ± 0.1 mTa

QSR Frequency
(νQ)/MHz CQ/MHz η

Larmor Frequency
(νL)/MHz

Experimental Gyromagnetic ratio
(MHz T−1)

Isotope and
Assignment

169.47 ± 0.02 335.47 ± 0.027 0.25 ± 0.01 0.214 ± 0.001 10.55 ± 0.05 79Br (site 2)b

1/2 → 3/2
162.77 ± 0.02 324.19 ± 0.018 0.16 ± 0.01 0.219 ± 0.001 10.78 ± 0.05 79Br (site 1)b

1/2 → 3/2
141.57 ± 0.02 280.47 ± 0.22 0.24 ± 0.01 0.234 ± 0.001 11.51 ± 0.06 81Br (site 2)b

1/2 → 3/2
135.97 ± 0.02 270.96 ± 0.16 0.15 ± 0.01 0.234 ± 0.001 11.53 ± 0.06 81Br (site 1)b

1/2 → 3/2
93.21 ± 0.02 311.95 ± 0.89 0.14 ± 0.01 0.207 ± 0.002 10.23 ± 0.08 121Sb

3/2 → 5/2
85.05 ± 0.02 397.81 ± 3.1 0.15 ± 0.01 0.110 ± 0.001 5.47 ± 0.05 123Sb

7/2 → 5/2
56.17 ± 0.02 397.96 ± 3.2 0.15 ± 0.01 0.111 ± 0.001 5.49 ± 0.05 123Sb

5/2 → 3/2
47.92 ± 0.02 312.74 ± 0.86 0.14 ± 0.01 0.209 ± 0.001 10.27 ± 0.05 121Sb

1/2 → 3/2
30.54 ± 0.02 400.4 ± 3.1 0.14 ± 0.01 0.117 ± 0.001 5.76 ± 0.03 123Sb

3/2 → 1/2
aSpectral fits were performed using exact theory using QUEST. bThe assignment of the QSR signals to their crystallographic site is based on ref 30.
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and perovskite-type energy materials. The use of density
functional theory computations of quadrupolar parameters
measured by the present approach will likely prove to be as
valuable as they are for data measured from conventional high-
field quadrupolar-perturbed solid-state NMR spectroscopy.17

The most innovative and informative solid-state NMR studies
of strongly quadrupolar nuclei currently can only be done in
the highest applied magnetic fields using magnets which
require cryogenic cooling.26−29 Therefore, in light of the
impact of an ongoing helium shortage, the cryogen-free low-
field isotopic assignment Zp-QSR approach advanced here
offers a powerful, sustainable, and environmentally friendly
alternative to high-field NMR spectroscopy.

■ EXPERIMENTAL SECTION
1,4-Dibromotetrafluorobenzene (99%, 1), 1,4-diiodo-
tetrafluorobenzene (98%, 2), 4,4′-bipyridine (98%, a), and 1-
bromo-4-nitrobenzene (99%, b) were obtained from Sigma-
Aldrich. 1,3,5-Triiodo-2,4,6-trifluorobenzene (98%+, 3) was
sourced from Alfa Aesar. Antimony(III) bromide (99.5%, 4)
was purchased from Fisher Scientific. All reagents were used as
received without further purification. Cocrystals investigated in
this study were prepared via mechanochemical synthesis by
using a Retsch MM 400 benchtop ball mill.
Equimolar amounts of the starting materials were transferred

to a 10 mL stainless steel jar to obtain approximately 500 mg
of solid material. A liquid additive was then added at a ratio of
0.03 μL/mg: CHCl3 was used for the preparation of 1a, 3a,
and their physical mixture, while THF was used for the novel
cocrystal of 2b. Two stainless steel balls (5.0 mm diameter)
were placed in the jar, and the mixture was subjected to ball
milling for 30 min at room temperature.
To grow single crystals suitable for SCXRD analysis,

equimolar amounts of compounds 2 (50 mg) and b (25 mg)
were dissolved in 1 mL of THF in a 1 dram glass vial. The vial
was covered with aluminum foil with two small holes to allow
slow evaporation of the solvent, and it was stored in a dark
place at room temperature. After 3 days, white crystals of 2b
were obtained and analyzed by SCXRD for crystal structure
determination.
All QSR experiments were performed using the X channel of

a Bruker Avance III 400 MHz solid-state NMR spectrometer
console for frequencies below 200 MHz, and the 1H channel
for frequencies above 200 MHz. A home-built probe equipped
with one of four custom-made solenoid coils was used (Table
S3). The search for pure QSR resonances was conducted by
stepping the receiver at increments of 150 kHz using a Hahn-
echo (90-τ-180-acq) pulse sequence with a π/2 pulse length of
4 μs. The Zeeman-perturbed QSR experiments were
subsequently acquired by placing the NQR probe head in
the electromagnet of a Bruker EMX Plus EPR spectrometer
with the microwave waveguide and bridge removed. A
secondary magnetometer was used to ensure accurate magnetic
field strengths, which were found to be within 0.1 mT of the
reported magnetic field with the EMX Plus software. All Zp-
QSR spectra were acquired as subspectra at steps of 50 kHz
increments and later coadded in the frequency domain
(VOCS)31 to produce the final spectrum, using a Hahn echo
pulse sequence with π/2 pulse lengths between 3 and 8 μs,
adjusted for maximal signal-to-noise. All Zeeman-perturbed
QSR spectra were fit using QUEST22 to extract the Larmor
frequency, CQ, and η. Further practical aspects of the
experiments and the spectral analysis are given in reference 18.

Single-crystal X-ray diffraction (SCXRD) data for compound
2b were collected at 150 K from a shock-cooled crystal by
using a Bruker Venture Metaljet diffractometer with κ-
geometry. The instrument was equipped with a Metal Jet X-
ray source, Helios MX Mirror Optics for monochromatization,
and a Bruker Photon III CMOS detector. Gallium Kα
radiation (λ = 1.34139 Å) was employed for data acquisition.
Data integration was carried out using SAINT (2013),
followed by a multiscan absorption correction using SADABS
2016/2.32,33 The structure was solved using dual-space
methods with XT 2018/2 and refined by full-matrix least-
squares refinement against F2 using the XL program.34 All
structure solution and refinement procedures were performed
within the OLEX2 graphical user interface.35 Non-hydrogen
atoms were refined anisotropically, while hydrogen atoms were
positioned using a riding model, refined isotropically, and
assigned Uiso values equal to 1.2 times the equivalent isotropic
displacement parameter (Ueq) of their parent atoms. The final
report and CIF file were prepared using FinalCif.36

Powder X-ray diffraction (PXRD) was performed at room
temperature using a Bruker D8 Endeavor diffractometer
featuring a sealed-tube Cu Kα radiation source (λ = 1.54056
Å, 1 kW) and a fast LynxEye XE-T detector. Samples were
loaded into a well plate and continuously rotated at 15 rpm
throughout the data collection to ensure uniform exposure.
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Chapter 6 – Direct Quantification of Halogen Bond Strength in Solids via 

Zeeman-Perturbed NQR: The Electric Field Gradient as a Reporter of 

Interaction Energetics 

Based on: Nari, A.; Rahman, M.; Szell, P. M. J.; Semeniuchenko, V.; Bryce, D. L. Halogen Bond 

Strength in Solids Quantified via Zeeman-Perturbed Nuclear Quadrupole Resonance 

Spectroscopy. J. Am. Chem. Soc. 2025, 147, 9528–9543. 

6.1 Chapter Overview and Thesis Context 

The previous chapters established Zp-NQR spectroscopy as a practical and versatile 

technique for the characterization of quadrupolar nuclei in molecular solids. Chapter 4 

demonstrated a robust experimental workflow capable of accurately determining quadrupolar 

interaction parameters using weak magnetic fields and exact Hamiltonian simulations. Chapter 5 

subsequently showed that the magnetic-field dependence of NQR spectra provides a direct 

experimental means of identifying quadrupolar isotopes, thereby extending the analytical 

capabilities of the technique to complex, multicomponent, and impure systems.  

Having developed the methodology, the next logical question is whether the measured 

quadrupolar interaction parameters can be used to quantify chemically meaningful properties. In 

particular, intermolecular interactions govern the stability, packing, and physical properties of 

molecular solids, yet their experimental characterization remains challenging. Among these 

interactions, halogen bonding, XB, has emerged as one of the most important noncovalent forces 

in supramolecular chemistry, crystal engineering, pharmaceutical materials, and functional 

molecular design. The strength of a XB influences crystal packing, polymorphism, molecular 
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recognition, and reactivity, making its accurate quantification essential for understanding and 

rationally designing molecular solids. 

Most experimental methods used to evaluate XB strength rely on indirect structural or 

spectroscopic observables. X-ray diffraction provides geometric information such as 

intermolecular distances and bond angles, while vibrational spectroscopy, calorimetry, and 

computational methods offer complementary measures of interaction strength. Although these 

approaches have proven highly valuable, they do not directly probe the local electronic 

environment surrounding the halogen nucleus itself. Since halogen bonding fundamentally arises 

from redistribution of electron density around the participating atoms, a technique capable of 

directly sensing these electronic changes offers an attractive route toward experimentally 

quantifying interaction strength. 

NQR is uniquely sensitive to the EFG at the nucleus, which is determined by the surrounding 

electron density distribution. Because formation of a XB perturbs this distribution, the quadrupolar 

coupling constant, CQ, and asymmetry parameter, η, become direct experimental observables that 

reflect changes in the local electronic environment. Conventional NQR, however, has been limited 

by the inability to determine these parameters uniquely for many systems. The development of Zp-

NQR overcomes this limitation by enabling accurate extraction of the complete quadrupolar 

tensor, thereby allowing subtle electronic perturbations induced by intermolecular interactions to 

be quantified experimentally. 

The work presented in this chapter demonstrates that the quadrupolar interaction measured 

by Zp-NQR serves as a quantitative reporter of halogen bond strength. By combining precise 

experimental measurements with relativistic DFT calculations across an extensive family of 

halogen-bonded molecular solids, clear correlations are established between experimentally 
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determined quadrupolar coupling constants, electronic descriptors of bonding, and interaction 

energies. These relationships reveal that Zp-NQR is capable of directly probing the electronic 

consequences of halogen-bond formation and provides a practical experimental method for 

quantifying interaction strength. 

Within the overall progression of this thesis, this chapter represents the maturation of Zp-

NQR into a tool for quantitative chemical analysis. After demonstrating how Zeeman perturbation 

enables accurate parameter determination (Chapter 4) and direct isotopic identification (Chapter 

5), the methodology is now employed to address a fundamental problem in supramolecular 

chemistry: the experimental quantification of intermolecular interaction strength. This capability 

establishes the foundation for the final chapter of Part 2, where the methodology is extended to 

pharmaceutically relevant molecular solids containing multiple chemically distinct chlorine sites, 

demonstrating how the analytical framework developed throughout this thesis can resolve 

increasingly complex crystallographic and spectroscopic challenges. 
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ABSTRACT: Proton NMR is a ubiquitous and valuable probe of
hydrogen bonds. Conversely, 127I NMR of strong halogen bond
(XB) donors is hopeless due to quadrupolar coupling constants
(CQ) on the order of GHz. We report here an innovative
implementation of Zeeman-perturbed nuclear quadrupole reso-
nance (Zp-NQR) spectroscopy, employing adjustable magnetic
fields on the order of mT, which renders possible the acquisition
and analysis of spectra of 127I and 79Br nuclei subject to
quadrupolar couplings of up to 2.3 GHz in solid powders. This
approach is demonstrated on three series of halogen-bonded
cocrystals based on so-called “iconic” strong XB donors p-
diiodotetrafluorobenzene, sym-trifluorotriiodobenzene, and p-di-
bromotetrafluorobenzene (27 compounds). Analysis of the spectra using a diagonalization of the Zeeman-quadrupolar Hamiltonian
provides CQ values and quadrupolar asymmetry parameters, thereby overcoming various limitations encountered in pure NMR and
pure NQR. Inspection of the data reveals strong correlations with geometrical and structural features of the halogen bond, including
its length. Dispersion-corrected zeroth-order regular approximation relativistic DFT computations of the interaction energies of the
XB donor are strongly correlated with experimental and computed values of CQ(127I) and CQ(79Br). It is concluded that the electric
field gradient at the XB donor site is a useful metric for quantifying XB strength in solids. The XB interaction energies range from ∼5
to 10 kcal mol−1 for the systems studied herein. The Zp-NQR approach is amenable to widespread application to diverse problems
in the chemical and materials sciences related to energy materials, crystal engineering, and many systems comprising strongly
quadrupolar isotopes.

1. INTRODUCTION
A halogen bond (XB) is a highly directional, tunable,
noncovalent interaction characterized by an attractive force
between the electrophilic region of a halogen atom and a
nucleophilic species.1−6 By enabling the assembly of complex
supramolecular architectures at ambient temperatures and
pressures,7 halogen bonds play critical roles in fields such as
crystal engineering and molecular recognition,8,9 in the
stabilization of protein structures and drug-receptor inter-
actions,10,11 in the development of advanced materials and
selective catalysts,12,13 and in the creation of effective
pharmaceutical agents.14−18 Despite this plethora of applica-
tions, quantifying XB strength in solid-state systems remains a
considerable experimental challenge. While solution-phase
techniques like NMR spectroscopy and isothermal titration
calorimetry have provided valuable insights into XB
energetics,19−21 the quantification of XB strength in solid-
state systems has lagged. Traditional spectroscopic techniques
such as infrared (IR), Raman, and UV/vis spectroscopy can
sometimes be used to assess bond strength but often lack the
sensitivity to distinguish halogen bonds from other non-
covalent interactions within the crystal lattice.22,23 X-ray
diffraction (XRD) provides detailed structural information

but does not directly measure interaction strengths.24 Although
computational chemistry has offered estimates of halogen bond
strengths,25 experimental validation in solids remains elusive,
particularly for systems with multiple competing intermolec-
ular forces. This lack of direct experimental methods to
quantify XB strength in solid-state systems hinders a complete
understanding of halogen bond behavior and limits the rational
design of materials for specific applications.
Solid-state NMR (SSNMR) spectroscopy has been exten-

sively applied to characterize structure and bonding in halogen-
bonded systems. Many early studies relied on either the
indirect characterization of the XB via the observation of
remote spin-1/2 isotopes like 13C and 31P, or on observation of
the XB acceptor moiety.26−30 Halogen bond donor atoms (X =
Cl, Br, I) possess quadrupolar nuclei (spin I > 1/2)
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characterized by an electric quadrupole moment (eQ) that
arises from their nonspherical nuclear charge distribution and
which interacts with the electric field gradient (EFG) at the
nucleus.31,32 The strength of this quadrupolar interaction may
be quantified by the quadrupolar coupling constant (CQ) and
asymmetry parameter (η).33 Direct observation of 35Cl
SSNMR spectra of the covalently bonded chlorine atoms in
weakly halogen-bonded single-component chloronitriles has
been reported,34 but the much larger nuclear quadrupole
interactions of the spin-active isotopes of bromine (79Br and
81Br with natural abundances (N.A.) of 50.69 and 49.31%,
respectively) and iodine (127I, N. A. 100%), when covalently
bonded to carbon, render their observation impractical by
SSNMR, even in the highest available applied magnetic
fields.35−39 However, chlorine only forms weak halogen
bonds while the so-called iconic or prototypical perfluorinated
halogen bond donors from which a wellspring of research
activity has arisen in the past two decades rely instead on
covalently bonded iodine or bromine donor atoms.1,40,41 Rapid
quadrupolar relaxation of covalently bonded 35/37Cl, 79/81Br,
and 127I renders their observation using solution NMR futile.
There are therefore unmet needs to develop spectroscopic
tools (i) to directly probe these strongly quadrupolar XB donor
sites and (ii) to quantify the strength of XB in solids.
As a first step, our laboratory has reported 79/81Br and 127I

nuclear quadrupole resonance [NQR; also known as
quadrupolar spin resonance (QSR)] studies of covalently
bonded bromine and iodine atoms which act as halogen bond
donors in two series of cocrystals.42,43 In pure NQR
spectroscopy, conducted without an external applied magnetic
field, the degeneracy of the nuclear spin states is lifted by the
quadrupolar interaction rather than the Zeeman interaction.44

Applications extend across various disciplines including
materials science, where measurements aid in characterizing
the electronic properties of novel materials such as perovskites,
superconductors, and nanomaterials.45−54 NQR may also be
employed for noninvasive drug testing and quality control,
providing a unique method for identifying polymorphic
forms.55−59 However, NQR spectroscopy faces challenges
that limit its effectiveness in determining precise quadrupolar
parameters for many cases (see Table 1). In the case of spin-3/

2 systems (e.g., 79/81Br), only one frequency is observed in the
NQR spectrum, meaning that only a product depending on CQ
and η is generally accessible.60 For spin-5/2 nuclei (e.g., 127I),
the measurement of the two nondegenerate NQR transitions
allows for the determination of both quadrupolar parameters.
However, for the most widely used halogen bond donors
which feature strong electron withdrawing groups (i.e.,
perfluoroiodobenzenes), the higher energy transitions are
experimentally inaccessible due to limited instrumentation

that can operate across broad frequency bands, thereby
hindering the extraction of quadrupolar parameters from
NQR spectra.61 In such cases, accessing the higher NQR
transitions would require tuning to very high frequencies�
exceeding 600 MHz for p-diiodotetrafluorobenzene halogen-
bonded cocrystals. Unfortunately, operating in this ultrahigh-
frequency range presents significant challenges including the
requirement for a broadband high-frequency NQR probe
capable of tuning across large ranges above 600 MHz, along
with the required radiofrequency instrumentation (e.g., an
NMR console and preamplifier) that can function in this
region, both of which are costly and not generally available for
NQR experiments.
To overcome these limitations, we report here a novel

experimental implementation of Zeeman-perturbed nuclear
quadrupole resonance (Zp-NQR) spectroscopy62 to directly
observe strongly quadrupolar bromine and iodine sites in
powdered perfluorinated halogen bond donors. Much of the
early work on Zp-NQR focused on single crystals or systems
with limited η values (below 0.4) and relied on first-order
approximations for spectral interpretation. These methods
often resulted in lower accuracy in determining quadrupolar
parameters and, to our knowledge, did not address the
challenges associated with the high-frequency transitions
observed in the compounds of interest.63−67 By applying a
modest static magnetic field, Zp-NQR resolves the degeneracy
of energy levels in spin-3/2 systems, enabling the simultaneous
determination of CQ and η.62,67 For nuclei with spins greater
than 3/2, Zp-NQR extends access to previously inaccessible
transitions, significantly enhancing spectral resolution and
facilitating accurate extraction of quadrupolar parameters. Our
work addresses these challenges by introducing an electron
paramagnetic resonance (EPR) electromagnet as a versatile,
adjustable magnetic field source, enhancing signal-to-noise
ratios and spectral resolution in magnetic fields of up to 500
gauss (0.05 T). The experiment is applied to a series of 27
halogen-bonded cocrystals featuring strong perfluoroiodo- and
bromo-benzene donor molecules, followed by a meticulous
analysis of the obtained quadrupolar coupling data. By
correlating these experimental Zp-NQR data with zeroth-
order regular approximation (ZORA) DFT results, we
establish the quadrupolar coupling constants as novel reporters
on halogen bond strength in solids.

2. RESULTS AND DISCUSSION
2.1. NQR and Zp-NQR Spectroscopy. The donor and

acceptor molecules involved in this study, resulting in a total of
27 compounds, are depicted in Scheme 1. We selected three
widely used perfluorinated halobenzenes�p-diiodotetrafluor-
obenzene (p-DITFB, A), sym-trifluorotriiodobenzene (sym-
TFTIB, B), and p-dibromotetrafluorobenzene (p-DBTFB,
C)�as halogen bond donors paired with a range of nitrogen-
and oxygen-containing halogen bond acceptors. Assessment of
these compounds enables a systematic investigation of both
the effects of donor type and the influence of the nucleophilic
acceptors on the XB interaction parameters. By analyzing data
from these three series, we aim to discern patterns in
interaction strengths and assess whether the XB donors exhibit
consistent behavior with similar acceptors or demonstrate
unique variations. To ensure a comprehensive and unbiased
data set for comparison and to systematically investigate the
quadrupolar parameters of the A, B, and C cocrystal series, we
included all cocrystals that could be successfully synthesized

Table 1. NQR Frequencies for the Single Transition in Spin
3/2 Nuclei and the Two Transitions for Spin 5/2 Nuclei
(Approximate; Valid for η < 0.25)

spin no NQR transition frequency

3/2
i
k
jjjj

y
{
zzzzC1

2( ) 1 3Q

2 1/2

= +

5/2 C3
20( )(1 0.09259 0.63403 )1 Q

2 4= +

C3
10( )(1 0.20370 0.16215 )2 Q

2 4= +
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via mechanochemistry. This approach ensures that the data set
captures the full range of cocrystals achievable under the
experimental conditions.
Shown in Figure 1 are the pure 127I and 79Br NQR spectra of

the three series of cocrystals. For the iodine-containing A and
B series, our custom-built high-frequency NQR probe,
combined with a dedicated preamplifier and connected to a
Bruker AVANCE III 400 MHz NMR console, was able to
acquire only the first transition line, which occurs in the 316−
355 MHz range. While our probe is one of the rare high-
frequency NQR probes capable of reaching up to 500 MHz,
operating at these extreme frequencies presents significant
challenges, including difficulties in tuning the probe and
sourcing high-frequency components in a cost-effective
manner.
We next employed a weak magnetic field (∼mT) to perturb

the pure NQR transitions in both 127I and 79Br systems to be
able to extract the quadrupole parameters. When a weak
external magnetic field is applied, the resonance conditions for
the transition between energy levels of mI = ±1/2 and mI =
±3/2 (the lower frequency line for I = 5/2 and the sole
transition for spin I = 3/2 nuclei) are perturbed, resulting in
frequency shifts. Experimentally, these shifts yield a four-line
spectrum, known as the inner (α) pair and outer (β) pair (see
Figure 2).60,68 The measurement of the splitting between the α
and β components, when an RF field is applied along the
magnetic field, facilitates the determination of the value of η.
Further details describing our implementation of Zp-NQR will
be reported in a forthcoming technical publication (see also
Supporting Information). It may be noted that in the pure
NQR experiments as well as the Zp-NQR experiments it is
clear that the mI = ±1/2 ↔ mI = ±3/2 transitions are being
observed rather than the mI = ±3/2 ↔ mI = ±5/2 transitions,

in this case most obviously on the basis of the known
experimental and computed quadrupolar coupling frequency
ranges for covalently bonded iodine atoms (i.e., CQ is known to
be on the order of GHz and this places limitations on the
possible ranges for the first and second transitions).
As depicted in the Zp-NQR spectra for the mI = ±1/2 ↔ mI

= ±3/2 transitions of 79Br in C5 and 127I in A5 (Figure 2), spin
3/2 and spin 5/2 nuclei yield clearly different line shapes.
Specifically, for 127I, the inner and outer pairs of transitions are
more resolved, with the outer pair being more intense.
Generally, the envelope shape obtained for η ≠ 0 consists of
two peaks on each side of the unperturbed frequency position
separated by the frequency difference Δν, which is defined by
the equation Δν = 2ην0, where

B
0 2

0= .60 Exact Zeeman-
quadrupolar diagonalization line shape simulations performed
with QUEST software,69 alongside experimental data, revealed
that the spin-3/2 Zp-NQR line shape is more sensitive than
spin 5/2 to changes in η. Even slight variations in η can cause
significant shifts in the apparent value of CQ. As shown in
Tables 2 and 3, the range of η values observed for the Br-based
(spin-3/2) cocrystals (0.123−0.230) is notably wider than that
for the I-based (spin-5/2) cocrystals (0.048−0.102). This
wider variation in η for Br-based cocrystals reflects the greater
sensitivity of the Br system to asymmetry in the electric field
gradient, which likely arises due to differences in bonding and
the local environment around Br in these halogen-bonded
systems.
The observed NQR lines typically have a full width at half-

maximum (fwhm) of up to 60 kHz (Figure 1), while the
breadth of the Zp-NQR spectrum is influenced by the strength
of the applied static magnetic field used to perturb the pure
NQR transition. A typical Zp-NQR spectrum, acquired at
magnetic field strengths ranging from 20 to 40 mT, spans

Scheme 1. Molecular Structures of the Halogen Bond Donors, A, B, and C, and Acceptors (1−12) Studied in This Work, with
Their Corresponding Codes
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approximately 0.9−2 MHz and consists of multiple subspectra
(Figure 2 and Supporting Information). Given that each pure
NQR line exhibits a substantial line width, adherence to the
Morino static magnetic field condition, which requires that
B0

2 | |, is essential.
60 This necessitates a sufficiently

strong static field such that the splitting, Δν, exceeds the
breadth of the subspectra.
Upon conducting Zp-NQR analysis and extracting the EFG

parameters, all the η and CQ values for the three groups of our
XB cocrystals, which include p-DITFB, sym-TFTIB, and p-
DBTFB as halogen bond donors, are compiled in Tables 2 and
3. In addition to the examples shown in Figure 2, all Zp-NQR
spectra are provided in the Supporting Information.
An important aspect of the B series cocrystals, where sym-

TFTIB acts as the XB donor, is the presence of three iodine
atoms per molecule, each serving as a σ-hole donor site. These
electrophilic sites allow for multiple distinct halogen-bond
interactions within the asymmetric unit, leading to unique
quadrupolar parameters. For some cocrystals in the B series,
two distinct crystallographic sites are reported, with Zp-NQR
effectively distinguishing and assigning these sites (Table 2).
This trivalency adds complexity to site assignments but also
enhances the structural diversity and symmetry observed
within the B series. By comparing the data in Table 2, it is

evident that cocrystals featuring p-DITFB as the XB donor
(series A) exhibit higher CQ(127I) values compared to those in
series B. For example, cocrystals with the same XB acceptor
moieties in both series consistently show higher CQ values in
series A. This trend is further supported by Figure 3a, where
the average CQ for series A is 51.5 MHz higher than that of
series B. Notably, this pattern is also observed for the pure
donors of series A and B. This baseline enhancement in
quadrupolar coupling can be largely attributed to the role of
substituent effects, where the donor has either three (donor B)
or four (donor A) electron-withdrawing fluorine substituents.
These electron-withdrawing groups modulate the depth of the
σ-hole on the iodine XB donor atoms. A stronger σ-hole on
iodine, with an elevated electrostatic potential, strengthens
both the electrostatic attraction and the charge-transfer
component of the halogen bond, leading to stronger XB
interactions and concomitantly higher 127I quadrupole coupling
constants observed in Zp-NQR measurements. The C series of
cocrystals (p-DBTFB acting as XB donor) exhibit lower CQ
values due to the inherently smaller quadrupole moment of
79Br, making it less sensitive to variations in the electric field
gradient. Interestingly, the asymmetry of the quadrupolar
interaction is consistently higher for the brominated halogen
bond donor (series C) than for the two iodinated series (A, B)

Figure 1. Top: 127I NQR spectra for the first transitions (mI = ±1/2 ↔ mI = ±3/2) of A (the XB donor, appearing at the lowest frequency) and its
series of XB cocrystals. Each peak represents a distinct cocrystal, with the molecular structures of compound A and each XB acceptor displayed
above their respective spectra, labeled with the compound code. Middle: 127I NQR lines for the first transitions (mI = ±1/2 ↔ mI = ±3/2) for XB
donor B and its associated cocrystals, with crystallographically distinct iodine sites labeled as S1 and S2. Bottom: 79Br NQR spectra of XB donor C
and its corresponding XB cocrystals, with each spectrum labeled with the compound code. Only the crystallographic halogen sites relevant to this
study are shown; for a complete list of NQR frequencies for all possible sites, see Table S1 in the Supporting Information.
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(Figure 3e). This trend is evident in Figure 3e, where the
acceptor is held constant and the donor molecule is switched
from A to B to C. These findings are consistent with the
weaker XB observed for bromine halogen bond donors. A
weaker, longer XB exerts less influence over the electric field
gradient at Br, thereby allowing the effects of the surrounding
crystal lattice to also impact the EFG and to cause asymmetry.
In the case of stronger, more highly linear XB to iodine in
series A and B, the EFG tensor is more strongly dominated by
the influence of the linear XB, resulting in η values approaching
0.
Each quadrupolar halogen nuclide (X) has a distinct

quadrupole moment, meaning that direct comparisons of
CQ(X) values between different halogens are not straightfor-
ward. The nuclear quadrupole coupling constant is defined as
CQ = eV33Q/h, where V33, by convention, is the largest
component of the EFG tensor. To enable a more meaningful
comparison across different spin systems, the CQ values for the
iodine-based and bromine-based cocrystals were normalized by
dividing by their respective Q value (Figure 3b). This
adjustment makes it possible to compare CQ values more
accurately across halogen types, highlighting the relative
strengths of quadrupolar interactions without the confounding
influence of quadrupole moment variations. It is also worth
considering the Sternheimer antishielding factor, expressed as

(1 − γ∞).
70 This factor adjusts the EFG at the nucleus by

accounting for the polarization of inner-shell electrons,71,72

modifying the lattice EFG (eqlattice) to produce the observed
EFG (eqobs) according to the relationship eqobs = (1 − γ∞)·
eqlattice.

73,74 Plotting the average CQ(lattice) values�corrected
for the Sternheimer factor and Q�yielded more comparable
values across the series than the observed CQ values (Figure
3c). This correction highlights the significant quadrupolar
interactions in these systems, even after accounting for inner-
shell electron polarization effects.

2.2. Correlation of Quadrupolar Coupling Parameters
with Halogen Bond Geometry and Strength. The
intermolecular short contact distances in XBs are generally
considered to be proportional to the interaction strength.1,75,76

This follows from the generally accepted notion in chemistry
that bond strength and bond length are inversely correlated,
albeit with some exceptions.77 For example, some researchers
argue that distances are not directly indicative of bond strength
because they also depend on other factors, such as the
compressibility limits between atoms, bond stretching
frequencies, atomic masses, and other related quantities.78,79

In the following sections, correlations between quadrupolar
coupling parameters and the halogen bond geometry and
DFT-computed interaction energies are explored.

Figure 2. Zp-NQR spectral envelopes for two distinct spin systems both measured at a static magnetic field of 40 mT (400 gauss) generated using
an EPR electromagnet: (a) 127I, a spin-5/2 nucleus, A5. The inset displays the pure NQR spectrum of A5, with a full width at half-maximum
(fwhm) of 60 kHz in red; (b) 79Br, a spin-3/2 nucleus, C5. The experimental spectrum (color gradient) is constructed by summing 35 subspectra
using the VOCS method, with the best-fit simulation generated using QUEST shown in blue. Exemplar experimental (in red) and best fit simulated
spectra using QUEST (blue) for (c) A7 at 30 mT, (d) B1 (site 2) at 30 mT, and (e) C10 at 40 mT. Slight discrepancies between experimental and
simulated spectra may arise from the crystallinity of the sample and/or the homogeneity of the field.
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Shown in Figure 4 are plots of XB distances against CQ for
iodine−nitrogen (I···N) and iodine−oxygen (I···O) interac-
tions in the A and B series, as well as the C series (analyzed
separately). These plots demonstrate a clear inverse relation-
ship: within each series, as the XB interaction distance
decreases, the value of CQ increases. To further validate the
relationship between experimental CQ values and crystallo-
graphically obtained XB distances, we conducted a leave-one-
out cross-validation (LOOCV) analysis.80 This analysis,
combined with the R2 values from the CQ vs XB distance
plots (Figure 4), offers a comprehensive perspective on how
well CQ, as determined through Zp-NQR, may be used to
predict halogen bond geometry across various halogen bond
donors and nucleophiles. In the A and B series, both iodine−
nitrogen (I···N) and iodine−oxygen (I···O) interactions show
a strong correlation between CQ and XB distances, with R2

values of 0.81 and 0.85, respectively. The low mean absolute
error (MAE) of 0.044 Å and root-mean-square-error (RMSE)
of 0.054 Å for the I···N interactions, alongside similar reliability
for I···O, confirm CQ as a consistent predictor of bond
distances in these systems.
In the C series, where bromine interacts with both nitrogen

and oxygen nucleophiles, the correlation is much weaker (R2 =
0.34), with higher MAE (0.065 Å) and RMSE (0.078 Å)
(Figure 4c). This clearly weak correlation indicates that CQ is
less effective in predicting XB distances in systems involving
bromine, a less polarizable and weaker halogen bond donor
than iodine. The data are nevertheless fit to a linear function
on the basis of what was observed for the iodine data. The
smaller σ-hole and reduced influence of bromine81 on the EFG
result in less pronounced changes in CQ, limiting its ability to
predict bond distances accurately. However, even in bromine-

Table 2. Experimental 127I NQR Frequencies (νNQR) for the First Transition (between Energy Levels m = ±1/2 and m = ±3/2)
for Series A and Ba

compound I site νNQR/MHz expt |CQ|/MHz calc |CQ|/MHz expt η calc η
A _ 326.80 ± 0.03 2145.14 ± 1.64 2174.80 0.120 ± 0.004 0.122
A1 _ 335.80 ± 0.03 2229.49 ± 0.90 2295.90 0.062 ± 0.004 0.080
A2 _ 347.23 ± 0.03 2266.14 ± 1.49 2302.58 0.048 ± 0.008 0.053
A3 _ 335.42 ± 0.02 2223.44 ± 2.16 2266.92 0.072 ± 0.008 0.079
A4 _ 329.79 ± 0.03 2186.51 ± 1.01 2248.60 0.071 ± 0.004 0.090
A5 _ 344.18 ± 0.03 2273.03 ± 1.37 2292.28 0.093 ± 0.004 0.090
A6 _ 328.46 ± 0.02 2176.27 ± 1.61 2233.16 0.075 ± 0.006 0.090
A7 _ 332.63 ± 0.02 2201.01 ± 1.17 2256.18 0.082 ± 0.004 0.089
A8 _ 346.21 ± 0.02 2299.04 ± 0.96 2301.82 0.064 ± 0.004 0.080
A9 _ 336.98 ± 0.02 2234.85 ± 1.29 2265.14 0.070 ± 0.004 0.080
A10-J _ 335.56 ± 0.03 2219.98 ± 2.43 2260.72 0.084 ± 0.008 0.090
A10-K _ 336.26 ± 0.03 2225.45 ± 1.19 2270.07 0.082 ± 0.004 0.094
A11 _ 338.70 ± 0.03 2249.27 ± 0.89 2280.22 0.060 ± 0.004 0.080
A12 _ 355.33 ± 0.03 2353.74 ± 2.40 2355.52 0.078 ± 0.008 0.088
B 1 315.97 ± 0.03 2077.25 ± 1.49 2209.67 0.114 ± 0.008 0.088
B 2 325.66 ± 0.03 2150.48 ± 1.31 2185.81 0.094 ± 0.004 0.088
B1 1 326.20 ± 0.03 2158.38 ± 1.17 2226.92 0.080 ± 0.004 0.089
B1 2 327.41 ± 0.03 2171.65 ± 0.93 2227.76 0.068 ± 0.004 0.088
B2 _ 338.02 ± 0.03 2238.09 ± 1.16 2270.42 0.080 ± 0.004 0.104
B5 _ 322.42 ± 0.03 2125.57 ± 1.12 2191.97 0.102 ± 0.006 0.092
B7 1 332.63 ± 0.03 2204.68 ± 1.07 2254.32 0.074 ± 0.004 0.081
B7 2 333.50 ± 0.03 2206.39 ± 1.20 2248.24 0.084 ± 0.004 0.083
B10 1 334.58 ± 0.02 2214.93 ± 1.14 2266.24 0.080 ± 0.004 0.081
B10 2 338.22 ± 0.02 2244.15 ± 0.96 2254.16 0.066 ± 0.004 0.073
B11 _ 335.68 ± 0.02 2221.60 ± 1.19 2268.55 0.082 ± 0.004 0.097

aQuadrupole coupling parameters (CQ and η) were determined experimentally via Zp-NQR at room temperature (298 ± 3 K) and compared with
theoretical values calculated via relativistic-ZORA DFT at 0 K.

Table 3. Experimental 79Br NQR Frequencies (νNQR) for C and Its Halogen-Bonded Cocrystals, With Quadrupole Coupling
Parameters (CQ and η) Obtained Experimentally via Zp-NQR at Room Temperature (298 ± 3 K) and Theoretical Values
Calculated via Relativistic-ZORA DFT at 0 K

compound νNQR/MHz expt |CQ|/MHz calc CQ/MHz expt η calc η
C 309.32 ± 0.03 617.66 ± 0.52 635.41 0.105 ± 0.030 0.125
C1 315.60 ± 0.04 628.87 ± 0.78 639.16 0.202 ± 0.028 0.101
C5 321.75 ± 0.03 641.82 ± 0.49 643.28 0.123 ± 0.014 0.117
C6 312.11 ± 0.04 619.27 ± 1.38 638.51 0.220 ± 0.040 0.101
C7 310.40 ± 0.03 617.29 ± 0.87 637.28 0.185 ± 0.030 0.110
C8 317.65 ± 0.03 629.76 ± 2.18 637.82 0.230 ± 0.060 0.119
C9 316.28 ± 0.04 630.46 ± 1.90 642.83 0.140 ± 0.060 0.093
C10 316.39 ± 0.04 631.04 ± 0.66 644.15 0.126 ± 0.016 0.119
C11 318.75 ± 0.05 634.77 ± 1.05 645.80 0.160 ± 0.040 0.111
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based systems, Zp-NQR still provides valuable insights into
halogen bond interactions, reinforcing the utility of CQ in
studying noncovalent interactions. Overall, these results
underscore the strength of Zp-NQR in determining CQ as a
powerful tool for assessing halogen bond geometry. The high
correlation in the A and B series highlights the potential of
NQR crystallography to capture and predict halogen bonding
characteristics across different nucleophiles and halogen
donors, with the strongest correlations observed in systems
involving iodine.
The relationship between CQ and XB distance observed in

this study is supported by some previous literature. For
instance, a 79/81Br NQR study on bromine halogen bonds
shows a strong linear correlation between CQ and halogen
bond length, with CQ increasing as the bond length decreases,
emphasizing the sensitivity of CQ to XB geometry.42 Addi-
tionally, research on relativistic effects in halogen-bonded
complexes highlights the significant influence of iodine and
bromine’s electronic properties on CQ values, reinforcing the
role of halogen type in modulating XB interactions.82

The relationship between CQ and XB distance may be
justified from a theoretical and computational perspective as
well. For example, the EFG is a property that depends on r−3,
where r is the distance from the nucleus. Thus, an inherent
distance dependence of the value of CQ on the distance to the
nearest atoms in the crystal structure is expected. Several works

have reported DFT calculations which demonstrate a highly
linear relationship over short variations in r in nonhalogen-
bonded systems. These include results for 79/81Br and 127I
isotopes studied herein, i.e., the value of CQ (79/81Br) was
shown to linearly depend on the position of the bromide ion in
MgBr2

83 and the value of CQ (127I) was shown to vary linearly
with the position of the iodine ion in alkaline earth iodides.70

The observed elongation of the iodine−carbon (C−I)
covalent bond upon halogen bond formation at iodine is a
complementary indicator of the interaction strength between
the halogen bond donor and acceptor.84,85 As shown in Figure
4d for I···N halogen bonds, a strong positive correlation
between CQ and the C−I bond length (R2 = 0.80) is observed.
The elongation of the I−C bond reflects a weakening of this
bond due to charge transfer from the acceptor’s lone pair into
the σ* antibonding orbital of the I−C bond. This electron
donation leads to partial depopulation of the bonding σ orbital,
weakening the covalent I−C bond and resulting in an extended
bond length.86,87 Consequently, the charge-transfer interaction
enhances the overall halogen bond strength, resulting in
shorter halogen bond distances (vide supra). The relationship
observed here aligns with three-center four-electron (3c−4e)
bonding,88 where the charge transfer component enhances
halogen bond strength, leading to shorter halogen bond
distances and increased CQ values, reinforcing the inverse
relationship between CQ and XB distance.

Figure 3. Comparison of average quadrupolar parameters for cocrystals in three XB donor series (A: p-DITFB, B: sym-TFTIB, C: p-DBTFB)
obtained via Zp-NQR. (a) Average observed CQ values for the three series of cocrystals. (b) Average normalized CQ values (NCQ = CQ/Q, where Q
is the quadrupole moment) for each series. (c) Average CQ (lattice) values, calculated by normalizing the observed CQ for Q and for the
Sternheimer antishielding factor using the equation CQ (lattice) = CQ (observed)/(Q) (1 − γ∞). (d) Scatter plot of CQ versus η for A and B series
of cocrystals. (e) Variation in η across five groups of cocrystals (with 1, 5, 7, 10, and 11 as XB acceptors), where each group contains the same XB
acceptor moiety paired with three different XB donors (Note: the average η value for A10-J and A10-K is used to account for both polymorphs of
A10).
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In contrast, the length of the C−Br covalent bond in the C
series cocrystals shows a weaker correlation (R2 = 0.68) with
quadrupolar coupling constant (Figure 4e). This lower
correlation can be attributed to the inherently weaker Br-
based halogen bonds, where charge transfer is less pronounced,
resulting in a reduced influence on the C−Br bond elongation
and a more modest increase in CQ. This difference highlights
the distinctive bonding characteristics of iodine versus bromine
in halogen-bonded systems and the corresponding impact on

CQ and bond elongation, which is explored below through
NLMO analysis (vide infra).

2.3. Density Functional Theory Calculations. DFT
calculated quadrupolar parameters obtained using the hybrid
PBE0 functional with consideration of the ZORA spin−orbit
relativistic effect for optimized geometries (while keeping the
XB geometry fixed) and experimental geometries (directly
extracted from X-ray diffraction data) are summarized in
Tables 2, 3, and S5 (see Supporting Information). Shown in
Figure 5 are plots of experimental vs calculated (with

Figure 4. Plots of XB interaction geometries (Table S10) versus experimental CQ values: for (a) XB interaction distance (XBd) of I···N vs CQ, XBd
= −2.43 × 10−3CQ + 8.40, R2 = 0.808, and (b) XBd of I···O, XBd = −2.20 × 10−3CQ + 7.73, R2 = 0.853, interactions in series A and B, and (c) the
corresponding XBd plot for Br···Lewis-base interactions in series C, XBd = −6.56 × 10−3CQ + 7.12, R2 = 0.340. The bottom plots show CQ versus
the C−X covalent σ bond distance for the XB cocrystals studied here: (d) A and B series with I···N XB interaction,
d C R2.05 10 1.64, 0.799C I

4
Q

2= × + =__ , and (e) the C series of cocrystals, d C R1.19 10 1.12, 0.677C Br
3

Q
2= × + =__ .

Cocrystals A6 and C6 are excluded because they exhibit halogen bonds to the π ring systems rather than X···N/O interactions. Cocrystal B5 is
excluded because the iodine which engages in a halogen bond to N also has short contacts to carbon and hydrogen.

Figure 5. Comparison of experimentally obtained CQ values from the Zp-NQR method with theoretically determined CQ values via ZORA-DFT for
(a) A and B series of cocrystals, cal CQ = 0.662 exp CQ + 791, R2 = 0.900, and (b) C series of cocrystals, cal CQ = 0.343 exp CQ + 425, R2 = 0.626.
Absolute values are plotted in the case of CQ (127I); its sign is negative.
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optimized geometry) CQ values for all compounds. For the A
and B series of cocrystals, which utilize p-DITFB and sym-
TFTIB as halogen bond donors, there is a strong agreement
between the experimental CQ values and those calculated from
the optimized geometries, with R2 values of 0.90 (Figure 5a).
The calculated root-mean-square deviation (RMSD) of 48.92
MHz represents about 2% of the magnitude of CQ, while the
RMSE of 12.4 MHz and the LOOCV RMSE of 9.645 MHz
indicate that the model reliably captures the relationship
between experimental and calculated CQ values, despite some
inherent variability. It is noted here that the DFT calculations
show that the sign of CQ (127I) is negative and the sign of CQ
(79Br) is positive.
Overall, the agreement between the calculated quadrupole

parameters for series A, based on optimized geometries,
outperforms those calculated using experimental geometries
(Figure S8). Specifically, the R2 value for the optimized
geometry is 0.90 with an RMSD of 48.92 MHz, compared to
an R2 of 0.89 and a higher RMSD of 57.66 MHz when using
the experimental geometry (Table S5 and Figure S8). The
LOOCV analysis for experimental CQ versus DFT-calculated
CQ values across the A, B, and C series provides valuable
insights into the predictive strength of CQ as determined by
Zp-NQR for noncovalent interactions. This good correlation
reinforces the predictive power of the Zp-NQR technique in
capturing the EFG parameters for iodine-based systems, where
the halogen bonds tend to be stronger and more directional.
In the C series, the R2 value is lower at 0.63, but both the

RMSD (13.76 MHz) and RMSE (2.08 MHz) are much lower
than in the iodine-based XB cocrystals. This situation can
occur when the range of CQ values in the C series is smaller,
resulting in lower absolute errors even though the relative
correlation is weaker. The LOOCV RMSE is 2.65 MHz,
further indicating a smaller range of variation in CQ values. In
the C series, which involves bromine as the halogen bond
donor, the interactions are weaker, and the variation in CQ
values between the experimental and DFT-calculated results is
less pronounced. Therefore, the lower error values can coexist
with a weaker overall correlation. This highlights that, although
CQ can still be used to predict halogen bond interactions in
weaker systems like those involving bromine, the accuracy of
the prediction is reduced compared to systems with stronger
halogen donors like iodine.
Even with the ZORA spin−orbit relativistic approximation,

DFT overestimates EFG values due to inherent limitations,
particularly in handling electron correlation and exchange

interactions. As DFT calculations are performed at 0 K, they
neglect temperature effects like thermal vibrations, leading to
discrepancies compared to data acquired under real conditions.
Relative to the experimental values obtained at room
temperature, the computed CQ and η values are slightly
higher. This overestimation of EFG values arises because the
simulation does not account for lattice dynamics at room
temperature (Tables 1 and 2). Additionally, commonly used
functionals such as PBE and PBE0 may not fully capture long-
range interactions, especially in halogen bonded systems,
resulting in elevated EFGs compared to experimental NQR
data.89,90 Nevertheless, as shown in Figure 5, the strong
correlation between DFT-calculated and experimentally
derived EFG parameters confirms the utility of the ZORA
relativistic DFT approach, even in systems with strong
quadrupole interactions (GHz range).

2.4. Measures of Halogen Bond Strength. The
interaction energy (ΔEint), also referred to as total binding
energy or formation energy�and referred to in this paper as
the halogen bonding (XB) energy�quantifies the strength of
halogen bonds in cocrystals.2,91 Interaction energies calculated
via DFT represent the specific strength of these halogen bonds,
as shown in Table 4. These values are calculated using basis set
superposition error (BSSE) corrections via the counterpoise
(CP) method92 within the ADF 2019 package. According to
the equation ΔEint = Ecocrystal − (Edonor + Eacceptor), the halogen
bonding energy for each Lewis acid−base pair is the difference
between the energy of the cocrystal and the sum of the
energies of the individual donor and acceptor subunits, each
optimized in the geometry they adopt within the cocrystal.
Values range from 4.24 kcal mol−1 for C6 to 10.36 kcal mol−1
for A12, slightly larger than experimental values measured in
solution and computed gas-phase values reported by Taylor
and co-workers for C6F5I and C4F9I-based systems.

20

Within the I···Lewis-base cocrystals, A6 exhibits the lowest
XB energy (Table 4), with the iodine atom forming a close
interaction with the π-system of the aromatic benzene ring in
the methyldiphenylphosphine oxide.93 π-Systems are generally
weaker halogen bond acceptors compared to heteroatoms with
lone pairs, likely due to the electron density being more
delocalized within the π-cloud, which reduces the availability of
localized electron density for halogen bonding. One of the
most notable yet weakest XB interactions is observed in A4,
which exhibits a low XB energy of 6.53 kcal/mol with
acetamide. In this system, the nucleophilic carbonyl oxygen of
acetamide, which is sp2 hybridized, is expected to interact

Table 4. Calculated XB Energies (ΔEint) From DFT

cocrystal XB ΔEint (kcal/mol) cocrystal site XB ΔEint (kcal/mol) cocrystal XB ΔEint (kcal/mol)

A1 7.44 B1 1 6.66 C1 4.70
A2 9.07 B1 2 6.26 C5 6.57
A3 6.56 B2 _ 8.90 C6 4.24
A4 6.53 B5 _ 6.20 C7 4.51
A5 9.69 B7 1 7.23 C8 4.89
A6 5.59 B7 2 7.37 C9 5.54
A7 6.78 B10 1 7.37 C10 5.01
A8 8.79 B10 2 7.39 C11 5.33
A9 7.49 B11 7.94
A10-J 7.21
A10-K 7.18
A11 8.39
A12 10.36
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moderately with the electrophilic σ-hole of iodine but forms
only a weak XB interaction. This weakness is attributed to the
carbonyl oxygen also participating in hydrogen bonding with a
nearby amine hydrogen in the amide group, which further
diminishes the XB strength. This dual interaction leads to one
of the weakest XBs in the series and explains why acetamide
does not serve as an effective XB acceptor in the other two
series, preferring instead to form hydrogen bonds within its
own network.94

Strong correlations were observed between the experimen-
tally determined CQ and the DFT-calculated XB energies
(Figure 6). These results suggest that CQ can be a reliable
predictor of intermolecular interaction strength in halogen-
bonded systems. This correlation is particularly pronounced
for the A and B series, with R2 values of 0.87 and 0.85,
respectively. The results from the LOOCV and R2 values for
the A, B, and C series further highlight the strong correlation.
In the A series (p-DITFB as the XB donor), a R2 value of 0.87,
along with a low LOOCV error (MAE: 0.46 kcal/mol) and
RMSE of 0.59 kcal/mol, confirms that CQ accurately reflects
the strength of XB interactions. The C series (p-DBTFB
donor) shows a R2 of 0.80 and the lowest errors (MAE: 0.41
kcal/mol, RMSE: 0.47 kcal/mol), reinforcing the reliability of
CQ as a consistent predictor of interaction energies, even for
weaker bromine halogen donors.
The underlying basis for this connection between the value

of CQ and the interaction energies may be rationalized by
realizing that, (i) as discussed above, the value of CQ is known
to vary with distance in ideal systems and (ii) halogen bond
strength is also known to depend on distance in ideal systems
where other factors are held constant (vide supra). Thus, the
scatter in the correlation obtained presently reflects some of
the nonidealities in the real systems studied presently, namely
other differences in local geometry as well as differences in
overall crystal packing and the long-range contacts that
accompany this.

2.5. Natural Localized Molecular Orbital Visual-
ization. A natural localized molecular orbital (NLMO)
analysis of the EFG contributions in halogen-bonded cocrystals
reveals trends consistent with the nature of the halogen atoms
(iodine vs bromine) and the differing fluorine substitutions on
the XB donors (Table 5). Key contributions to the V33
component of the EFG tensor include the σ(C−X) bond,
the lone pair (Lp) on the halogen atom (X), and the core
electron contribution of the halogen, X. Upon cocrystallization,
both A and B systems (which involve iodine) exhibit an
increase in the V33 value, primarily driven by an increase in the
Lp contribution of iodine, which signifies enhanced polar-
ization and electron density redistribution upon halogen bond
formation.
In system A, for example, the Lp contribution of iodine to

V33 increases from 26.505 to 27.247 au upon forming the A1
cocrystal, while the σ(C−I) contribution shifts slightly more
negative from −13.489 to −13.813 au, indicating a partial
depopulation of the bonding electron density as it is
redistributed toward the acceptor oxygen. This redistribution
results in a stronger V33 component, reflecting the enhanced
halogen bond strength in the cocrystal form. Similar but
slightly less pronounced behavior is observed in system B,
where the lone pair contribution of iodine also increases (from
26.434 to 26.794 au), with a slight adjustment in the σ(C−I)
contribution from −13.606 to −13.290 au. The presence of
only three fluorine atoms in B leads to a slightly reduced
electron-withdrawing effect compared to A, resulting in a
marginally weaker halogen bond and a smaller increase in the
V33 component upon cocrystallization. In contrast, in system
C, the σ(C−Br) contribution to V33 remains nearly unchanged
upon formation of C1, and the Lp contribution of bromine
increases modestly from 18.769 to 19.000 au. This limited
change indicates a weaker Br···O interaction compared to the
I···O interactions observed in A and B, consistent with
bromine’s lower polarizability and halogen-bonding capability.

Figure 6. Plots of experimentally obtained CQ values from the Zp-NQR technique versus DFT-calculated XB energies (ΔEint) for (a) the A series,
ΔEint = 2.69 × 10−2CQ − 52.6, R2 = 0.872, (b) B series, ΔEint = 2.11 × 10−2CQ − 39.1, R2 = 0.850, and (c) the C series of cocrystals, ΔEint = 8.22 ×
10−2CQ −46.6, R2 = 0.795.

Table 5. NLMO Analysis of the Halogen Atom Contributions to the V33 EFG Component in A, B, and C Halogen Bond Donor
Moieties and Their Corresponding Cocrystals with 1 as the XB Acceptor (Atomic Units)

A-donor A1-cocrystal B-donor B1-cocrystal C-donor C1-cocrystal

σ (C−X) −13.489 −13.813 −13.606 −13.290 −10.273 −10.287
X Lp 26.505 27.247 26.434 26.794 18.769 19.000
X core 1.027 0.889 1.003 1.065 0.573 1.019
sum 14.043 14.323 13.831 14.569 9.069 9.732

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c17321
J. Am. Chem. Soc. 2025, 147, 9528−9543

9537

114

https://pubs.acs.org/doi/10.1021/jacs.4c17321?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c17321?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c17321?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.4c17321?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c17321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Consequently, the total sum of the V33 component for C
remains significantly lower than in A and B, highlighting the
inherently weaker nature of bromine-based halogen bonds.
Figure 7b illustrates the NLMO of the halogen bond in the

A1 cocrystal, showing an antibonding character across the C−
X covalent bond. This antibonding orbital facilitates the mixing
of the lone pair electrons from the nucleophilic atom with the
σ* orbital of the C−X bond, making the n → σ* charge
transfer evident. Similar patterns are observed across other
halogen-bonded cocrystals (B1 and C1), where the NLMOs

consistently reveal the interactions responsible for charge
transfer from the nucleophile to the halogen bond donor.
The Lp and σ(C−X) MO shapes remain roughly the same

in the XB donor moieties and their corresponding cocrystals
(see Supporting Information for detailed MO orbitals of the
other two XB donors and selected cocrystals). This suggests
that the electronic structure of the halogen donor is largely
preserved upon halogen bond formation, contrasting with the
behavior observed in hydrogen bonding, such as in imidazole,
where significant changes occur in the nitrogen MOs and their

Figure 7. Visualization of the NLMOs calculated using AMS NBO5 package, visualized with AMS-view software,95 and the electric field gradient
(EFG) tensors visualized using Mathematica version14 notebook, for (a) the XB donor A (p-DITFB), and (b−d) corresponding to the cocrystals
A1, B1, and C1, respectively. Each NLMO is labeled according to Table 5. The EFG tensor is displayed as a surface to visually convey its sign and
symmetry, with orange indicating negative principal values and blue indicating positive ones (the green arrow indicates the V33 direction, and red
arrows indicate the V11 and V22 directions).

Figure 8. Plots illustrating the relationship between experimental EFG tensor components and quadrupolar parameters obtained via Zp-NQR. (a)
EFG components plotted against η for 127I systems in the A and B series of cocrystals; (b) EFG components versus η for the C series of cocrystals
(79Br); (c) Scatter plot of (V11 − V22) versus V33 with a color gradient representing η values for A and B series of cocrystals.
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contributions upon cocrystallization from the monomer to the
crystalline state.96

EFG tensor plots illustrate the magnitude and orientation of
the EFG at the X nucleus (Figure 7). Due to the traceless
nature of the EFG tensor, it inherently possesses both positive
and negative components. As shown in Figure 7a, in the XB
donor A, the principal axis V33 aligns along the C−X bond
direction. In the cocrystals, the EFG tensor maintains a similar
orientation but shifts slightly to align along the vector between
the X atom and the lone pair of the nucleophile. For all XB
cocrystals, the sign of V33 is positive, as indicated by the blue
arrows pointing toward the Lp, reinforcing the influence of the
halogen bond on the EFG. This change in tensor orientation of
the donor atom is consistent with similar changes seen from
single-crystal NMR experiments on XB acceptor atoms.97

The role of the individual EFG tensor components on the
value of the quadrupolar asymmetry parameter, η = (V11 −
V22)/V33, was analyzed for both iodine (127I) and bromine
(79Br) systems (Figure 8). In Figure 8a and b, the strong
positive correlation between V11 and η for both 127I and 79Br
systems (R2 = 0.72 and 0.95, respectively) indicates that V11 is
a primary factor influencing quadrupolar asymmetry. Since V11
reflects the EFG along one of the principal axes, structural or
electronic changes affecting it directly impact the overall
asymmetry, emphasizing the importance of bonding environ-
ments and charge distribution along this axis in governing
quadrupolar interactions.
Figure 8c shows a plot of V11 − V22 versus V33, with color

coding based on the asymmetry parameter η. Here, η is
primarily driven by differences between V11 and V22, rather
than by variations in V33. The color gradient shows that higher
η values align with greater V11 − V22 differences, while V33
remains relatively constant. For the halogen-bonded cocrystals
analyzed, V11 and V22 are thus key indicators of the local
asymmetry, with V33 acting as a stable reference. Overall, the
results suggest that while some EFG trends are consistent
across both halogens, the larger size and polarizability of iodine
introduce subtler variations in how the EFG components
influence CQ and η.

3. CONCLUSIONS
A novel implementation of Zeeman-perturbed NQR spectros-
copy using an adjustable external magnetic field has been
employed to measure quadrupolar frequencies, and the derived
quadrupolar coupling constants and asymmetry parameters, for
three series of halogen-bonded cocrystals. It is concluded that
Zp-NQR offers a facile and sensitive method for accurately and
precisely measuring these data for chemical sites subject to
strong quadrupolar coupling interactions, thereby overcoming
limitations encountered with more traditional high-field solid-
state NMR approaches and pure NQR approaches. Such
limitations include (i) insufficiently high applied magnetic
fields to overcome the strong quadrupolar interactions
(∼GHz) in the case of solid-state NMR and (ii) a lack of
generally available broadbanded instrumentation to record the
high-frequency pure NQR resonances of spin-5/2 nuclei such
as 127I. When paired with exact spectral simulations employing
a diagonalization of the Zeeman-quadrupolar Hamiltonian, the
method was shown to provide easy access to spectra for sites
featuring 127I quadrupolar coupling constants of up to 2.3 GHz,
far beyond what is accessible using solid-state NMR
approaches even in the highest available applied magnetic
fields. These advances may find application to a range of

chemical problems where the spectroscopy of strongly
quadrupolar systems currently presents challenges, including
e.g., in the study of perovskites and related energy
materials.49,50

The 127I and 79Br quadrupolar coupling constants and
asymmetry parameters measured for three series of halogen-
bonded cocrystals have been shown to correlate with various
geometrical and structural features associated with the halogen
bond, including halogen bond length. The correlations
established are comparable to those reported previously on
the basis of NMR studies of more remote probe nuclei.30,39,98

The 127I and 79Br quadrupolar coupling data have also been
shown to correlate linearly with ZORA relativistic computa-
tions of the halogen bond interaction energies, at least over the
ranges covered by our data set. It is therefore concluded that
experimental measurements of quadrupolar coupling constants
in these systems may be taken as a proxy for halogen bond
strength. To be clear, this does not imply a one-to-one
correspondence between a measured quadrupolar coupling
constant and a bond strength. For example, the relationships
uncovered are a function of the identity of the halogen bond
donor molecule, each of which has its own baseline
quadrupolar coupling constant.
These findings lay the groundwork for future studies

involving the measurement of interaction energies in other
solid cocrystals and salt cocrystals featuring a range of
noncovalent interactions involving spins subject to strong
quadrupolar interactions, including e.g., halogen bonds,99

pnictogen bonds,100,101 and matere bonds.102

4. EXPERIMENTAL SECTION
4.1. Sample Preparation. 1,4-Diiodotetrafluorobenzene (p-

DITFB, A) and 1,4-dibromotetrafluorobenzene (p-DBTFB, C) were
purchased from Sigma-Aldrich, and 1,3,5-trifluoro-2,4,6-triiodoben-
zene (sym-TFTIB, B) was purchased from SynQuest Laboratories.
The halogen bond acceptors 2-hydroxypyridine (1; note that the
tautomeric form 2-pyridone is observed in the cocrystals),
triphenylphosphine oxide (2), 3-nitropyridine (3), phenazine (9),
2,3,5,6-tetramethylpyrazine (10), acetamide (4), piperazine (5), 2,2′-
bipyridine (7), and acridine (11), were all purchased from Sigma-
Aldrich. Methyldiphenylphosphine oxide (6), 1,2-di(4-pyridyl)ethane
(8), and 4-(dimethylamino)pyridine (12) were purchased from
ChemCruz, TCI, and Merck, respectively.
Halogen-bonded cocrystals were synthesized mechanochemically,

following the method outlined in other work.103 In brief, equimolar
amounts of the halogen bond donor and acceptor were weighed and
placed in a 10 mL stainless-steel milling jar containing two stainless
steel balls (5.0 mm diameter). The mixture was milled using a
benchtop ball mill (Retsch MM 400). Some cocrystals were prepared
using liquid-assisted grinding (LAG), where a small quantity of liquid
(0.03 to 0.1 μL/mg of the solvents listed in Table S4) was added to
facilitate cocrystal formation. Detailed milling conditions and the type
and amount of liquid used for each cocrystal are provided in Table S4
in the Supporting Information.

4.2. NQR and Zp-NQR Experiments. The pure NQR experi-
ments were carried out using the proton channel of a Bruker
AVANCE III 400 MHz NMR spectrometer. A one-channel home-
built NQR probe consisting of a 7 mm (inner) diameter solenoid coil
was employed, and all samples were packed into 7 mm outer diameter
glass tubes before being placed inside the RF coil of the probe. The
NQR spectra were recorded using a Hahn-echo pulse sequence, with
π/2 and π pulse lengths of 4 and 8 μs, respectively. Depending on the
signal-to-noise ratio, either 256 or 512 transients were averaged, with
a recycle delay of 0.25 s. To locate the NQR frequencies, the RF
frequency was incremented in steps of 150 kHz. The pure NQR
frequencies of the second bromine isotope, 81Br, for compound C and
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its series of XB cocrystals were obtained using an autotuning tabletop
probe (with a tuning range of 30−300 MHz) interfaced with a Scout
LF1 benchtop NMR/NQR console (NMR Service GmbH, Germany)
and are listed in Table S2 in the Supporting Information.
For the Zp-NQR experiments, the home-built probe was

positioned between the poles of a Bruker EMXplus EPR electro-
magnet, which introduced a weak, adjustable magnetic field to perturb
the pure NQR transitions. The EPR resonator and microwave guide
were left unconnected, and the microwave bridge remained off during
the experiment. The applied magnetic field ranged from 20 to 40 mT,
depending on the specific sample requirements. Each Zp-NQR
spectrum was collected using the variable offset cumulative spectrum
(VOCS) method,104 where multiple subspectra were combined to
produce the final spectral envelope. The number of subspectra varied
from 15 to 37 (see Supporting Information, Table S3), with VOCS
frequency steps of 50 kHz. The Hahn-echo pulse sequence was
employed with pulse lengths between 3 and 7 μs, adjusted based on
the frequency range of each sample. Further technical details
regarding the optimization of this experimental setup will be described
in a forthcoming publication. The resulting Zp-NQR spectra were
fitted using exact spectral simulations performed with the QUEST
software,69 allowing for the precise extraction of quadrupolar
parameters.

4.3. Density Functional Theory Calculations. DFT calcu-
lations of EFG tensors and interaction energies were performed using
the Amsterdam Density Functional (ADF) 2019 package.105,106 The
calculations were carried out with the PBE0 hybrid functional and the
triple-ζ doubly polarized (TZ2P) basis set. Interaction energies were
computed using the counterpoise method to correct for basis set
superposition error (BSSE) implemented in the ADF 2019 package,
ensuring accurate energy values for the halogen-bonded systems. The
zeroth-order regular approximation (ZORA) spin−orbit (in case of
the EFG tensor calculations) and scalar (in case of the interaction
energy calculations) relativistic method was employed to account for
relativistic effects,107 and dispersion corrections were applied using
Grimme’s D4 dispersion model.108

All coordinates were taken from available crystallographic
information files (cifs). The geometries were optimized employing
the PBE0 functional in combination with the TZ2P basis set. The
ADF package was also used to analyze the electronic structure and
bonding characteristics, with natural localized molecular orbital
(NLMO) analyses performed through the adfnbo interface. This
interface links to NBO version 5.0, enabling detailed insights into the
electronic environment surrounding the quadrupolar nuclei.
Nuclear quadrupole moments were taken from Pyykkö as follows:

−688.22 mb for 127I and +308.7 mb for 79Br.109 Sternheimer
antishielding factors 1 − γ∞ of 163 and 81 for iodine and bromine,
respectively, were used.74
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Shugar, D. Halogen Bonds Involved in Binding of Halogenated
Ligands by Protein Kinases. Acta Biochim. Polym. 2016, 63 (2), 203−
214.
(19) Metrangolo, P.; Panzeri, W.; Recupero, F.; Resnati, G.
Perfluorocarbon−Hydrocarbon Self-Assembly: Part 16. 19F NMR
Study of the Halogen Bonding between Halo-Perfluorocarbons and
Heteroatom Containing Hydrocarbons. J. Fluorine Chem. 2002, 114
(1), 27−33.
(20) Sarwar, M. G.; Dragisic, B.; Salsberg, L. J.; Gouliaras, C.;
Taylor, M. S. Thermodynamics of Halogen Bonding in Solution:
Substituent, Structural, and Solvent Effects. J. Am. Chem. Soc. 2010,
132, 1646−1653.
(21) Walter, S. M.; Kniep, F.; Rout, L.; Schmidtchen, F. P.;
Herdtweck, E.; Huber, S. M. Isothermal Calorimetric Titrations on
Charge-Assisted Halogen Bonds: Role of Entropy, Counterions,
Solvent, and Temperature. J. Am. Chem. Soc. 2012, 134 (20), 8507−
8512.
(22) Oliveira, V.; Kraka, E.; Cremer, D. Quantitative Assessment of
Halogen Bonding Utilizing Vibrational Spectroscopy. Inorg. Chem.
2017, 56 (1), 488−502.
(23) Niemann, R. G.; Kontos, A. G.; Palles, D.; Kamitsos, E. I.;
Kaltzoglou, A.; Brivio, F.; Falaras, P.; Cameron, P. J. Halogen Effects
on Ordering and Bonding of CH3NH3

+ in CH3NH3PbX3 (X = Cl, Br,
I) Hybrid Perovskites: A Vibrational Spectroscopic Study. J. Phys.
Chem. C 2016, 120 (5), 2509−2519.
(24) Gavezzotti, A. Comparing the Strength of Covalent Bonds,
Intermolecular Hydrogen Bonds and Other Intermolecular Inter-
actions for Organic Molecules: X-Ray Diffraction Data and Quantum
Chemical Calculations. New J. Chem. 2016, 40 (8), 6848−6853.
(25) McKinnon, J. J.; Jayatilaka, D.; Spackman, M. A. Towards
Quantitative Analysis of Intermolecular Interactions with Hirshfeld
Surfaces. Chem. Commun. 2007, No. 37, 3814−3816.
(26) Xu, Y.; Szell, P. M. J.; Kumar, V.; Bryce, D. L. Solid-State NMR
Spectroscopy for the Analysis of Element-Based Non-Covalent
Interactions. Coord. Chem. Rev. 2020, 411, 213237.
(27) Vioglio, P. C.; Catalano, L.; Vasylyeva, V.; Nervi, C.; Chierotti,
M. R.; Resnati, G.; Gobetto, R.; Metrangolo, P. Natural Abundance
15N and 13C Solid-State NMR Chemical Shifts: High Sensitivity
Probes of the Halogen Bond Geometry. Chem.�Eur. J. 2016, 22
(47), 16819−16828.
(28) Szell, P. M. J.; Gabriel, S. A.; Gill, R. D. D.; Wan, S. Y. H.;
Gabidullin, B.; Bryce, D. L. 13C and 19F Solid-State NMR and X-Ray
Crystallographic Study of Halogen-Bonded Frameworks Featuring

Nitrogen-Containing Heterocycles. Acta Crystallogr., Sect. C:Struct.
Chem. 2017, 73, 157−167.
(29) Szell, P. M. J.; Gabriel, S. A.; Caron-Poulin, E.; Jeannin, O.;
Fourmigué, M.; Bryce, D. L. Cosublimation: A Rapid Route toward
Otherwise Inaccessible Halogen-Bonded Architectures. Cryst. Growth
Des. 2018, 18 (10), 6227−6238.
(30) Viger-Gravel, J.; Leclerc, S.; Korobkov, I.; Bryce, D. L.
Correlation between 13C Chemical Shifts and the Halogen Bonding
Environment in a Series of Solid Para-Diiodotetrafluorobenzene
Complexes. CrystEngComm 2013, 15 (16), 3168−3177.
(31) Pound, R. V. Nuclear Electric Quadrupole Interactions in
Crystals. Phys. Rev. 1950, 79 (4), 685−702.
(32) Autschbach, J.; Zheng, S.; Schurko, R. W. Analysis of Electric
Field Gradient Tensors at Quadrupolar Nuclei in Common Structural
Motifs. Concepts Magn. Reson., Part A 2010, 36A (2), 84−126.
(33) Lucken, E. A. C. Nuclear Quadrupole Coupling Constants;
Academic Press: New York, 1969.
(34) Szell, P. M. J.; Bryce, D. L. 35Cl Solid-State NMR and
Computational Study of Chlorine Halogen Bond Donors in Single-
Component Crystalline Chloronitriles. J. Phys. Chem. C 2016, 120
(20), 11121−11130.
(35) Segel, S.; Barnes, R. G. Catalog of Nuclear Quadrupole
Interactions and Resonance Frequencies in Solids. Part I; Elements
And Inorganic Compounds; Ames Lab.: Ames, IA (United States),
1968.
(36) Szell, P. M. J.; Bryce, D. L. Solid-State Nuclear Magnetic
Resonance and Nuclear Quadrupole Resonance as Complementary
Tools to Study Quadrupolar Nuclei in Solids. Concepts Magn. Reson.,
Part A 2016, 45A (6), No. e21412.
(37) Perras, F. A.; Bryce, D. L. Direct Investigation of Covalently
Bound Chlorine in Organic Compounds by Solid-State 35Cl NMR
Spectroscopy and Exact Spectral Line-Shape Simulations. Angew.
Chem., Int. Ed. 2012, 51 (17), 4227−4230.
(38) Nag, T.; Terskikh, V. V.; Bryce, D. L. Experimental Evidence
for Non-Fermi-Contact J Coupling Across Chalcogen Bonds in Ionic
Salt Cocrystal Polymorphs. Angew. Chem., Int. Ed. 2024, 63 (21),
No. e202402441.
(39) Viger-Gravel, J.; Leclerc, S.; Korobkov, I.; Bryce, D. L. Direct
Investigation of Halogen Bonds by Solid-State Multinuclear Magnetic
Resonance Spectroscopy and Molecular Orbital Analysis. J. Am. Chem.
Soc. 2014, 136 (19), 6929−6942.
(40) Aakeröy, C. B.; Baldrighi, M.; Desper, J.; Metrangolo, P.;
Resnati, G. Supramolecular Hierarchy among Halogen-Bond Donors.
Chem.�Eur. J. 2013, 19, 16240−16247.
(41) Troff, R. W.; Mäkelä, T.; Topic,́ F.; Valkonen, A.; Raatikainen,
K.; Rissanen, K. Alternative Motifs for Halogen Bonding. Eur. J. Org
Chem. 2013, 2013, 1617−1637.
(42) Vioglio, P. C.; Szell, P. M. J.; Chierotti, M. R.; Gobetto, R.;
Bryce, D. L. 79/81Br Nuclear Quadrupole Resonance Spectroscopic
Characterization of Halogen Bonds in Supramolecular Assemblies.
Chem. Sci. 2018, 9 (20), 4555−4561.
(43) Szell, P. M. J.; Grébert, L.; Bryce, D. L. Rapid Identification of
Halogen Bonds in Cocrystalline Powders via 127I Nuclear Quadrupole
Resonance Spectroscopy. Angew. Chem., Int. Ed. 2019, 58, 13479−
13485.
(44) Pang, L.; Lucken, E. A. C.; Bernardinelli, G. The Application of
Nuclear Quadrupole Resonance to the Study of Clathrates. Chlorine-
35 NQR and Crystallography of Clathrated Carbon Tetrachloride. J.
Am. Chem. Soc. 1990, 112 (24), 8754−8764.
(45) Mali, M.; Brinkmann, D.; Pauli, L.; Roos, J.; Zimmermann, H.;
Hulliger, J. Cu and Y NQR and NMR in the Superconductor
YBa2Cu3O7-δ. Phys. Lett. A 1987, 124 (1−2), 112−116.
(46) Henshaw, J.; Kehayias, P.; Ziabari, M. S.; Titze, M.; Morissette,
E.; Watanabe, K.; Taniguchi, T.; Li, J. I. A.; Acosta, V. M.; Bielejec, E.
S.; Lilly, M. P.; Mounce, A. M. Nanoscale Solid-State Nuclear
Quadrupole Resonance Spectroscopy Using Depth-Optimized Nitro-
gen-Vacancy Ensembles in Diamond. Appl. Phys. Lett. 2022, 120 (17),
174002.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.4c17321
J. Am. Chem. Soc. 2025, 147, 9528−9543

9541

118

https://doi.org/10.1021/ci900316e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci900316e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC07175B
https://doi.org/10.1039/C7CC07175B
https://doi.org/10.1039/C8SC00233A
https://doi.org/10.1039/C8SC00233A
https://doi.org/10.1021/jm3012068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm3012068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1517/17460441.2012.678829
https://doi.org/10.1517/17460441.2012.678829
https://doi.org/10.1039/c0cs00177e
https://doi.org/10.1039/c0cs00177e
https://doi.org/10.1021/ci400257k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci400257k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci400257k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.18388/abp.2015_1106
https://doi.org/10.18388/abp.2015_1106
https://doi.org/10.1016/S0022-1139(01)00558-9
https://doi.org/10.1016/S0022-1139(01)00558-9
https://doi.org/10.1016/S0022-1139(01)00558-9
https://doi.org/10.1021/ja9086352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9086352?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2119207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2119207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2119207?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.6b02358?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b11256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b11256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b11256?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6NJ01087C
https://doi.org/10.1039/C6NJ01087C
https://doi.org/10.1039/C6NJ01087C
https://doi.org/10.1039/C6NJ01087C
https://doi.org/10.1039/b704980c
https://doi.org/10.1039/b704980c
https://doi.org/10.1039/b704980c
https://doi.org/10.1016/j.ccr.2020.213237
https://doi.org/10.1016/j.ccr.2020.213237
https://doi.org/10.1016/j.ccr.2020.213237
https://doi.org/10.1002/chem.201603392
https://doi.org/10.1002/chem.201603392
https://doi.org/10.1002/chem.201603392
https://doi.org/10.1107/S2053229616015023
https://doi.org/10.1107/S2053229616015023
https://doi.org/10.1107/S2053229616015023
https://doi.org/10.1021/acs.cgd.8b01089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.8b01089?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3ce26750d
https://doi.org/10.1039/c3ce26750d
https://doi.org/10.1039/c3ce26750d
https://doi.org/10.1103/PhysRev.79.685
https://doi.org/10.1103/PhysRev.79.685
https://doi.org/10.1002/cmr.a.20155
https://doi.org/10.1002/cmr.a.20155
https://doi.org/10.1002/cmr.a.20155
https://doi.org/10.1021/acs.jpcc.6b02806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02806?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cmr.a.21412
https://doi.org/10.1002/cmr.a.21412
https://doi.org/10.1002/cmr.a.21412
https://doi.org/10.1002/anie.201200728
https://doi.org/10.1002/anie.201200728
https://doi.org/10.1002/anie.201200728
https://doi.org/10.1002/anie.202402441
https://doi.org/10.1002/anie.202402441
https://doi.org/10.1002/anie.202402441
https://doi.org/10.1021/ja5013239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5013239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5013239?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201302162
https://doi.org/10.1002/ejoc.201201512
https://doi.org/10.1039/C8SC01094C
https://doi.org/10.1039/C8SC01094C
https://doi.org/10.1002/anie.201905788
https://doi.org/10.1002/anie.201905788
https://doi.org/10.1002/anie.201905788
https://doi.org/10.1021/ja00180a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00180a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00180a018?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0375-9601(87)90384-7
https://doi.org/10.1016/0375-9601(87)90384-7
https://doi.org/10.1063/5.0083774
https://doi.org/10.1063/5.0083774
https://doi.org/10.1063/5.0083774
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.4c17321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(47) Hooper, R. W.; Lin, K.; Veinot, J. G. C.; Michaelis, V. K. 3D to
0D cesium lead bromide: A 79/81Br NMR, NQR and theoretical
investigation. J. Magn. Reson. 2023, 352, 107472.
(48) Senocrate, A.; Moudrakovski, I.; Maier, J. Short-range ion
dynamics in methylammonium lead iodide by multinuclear solid state
NMR and 127I NQR. Phys. Chem. Chem. Phys. 2018, 20, 20043−
20055.
(49) Piveteau, L.; Morad, V.; Kovalenko, M. V. Solid-State NMR
and NQR Spectroscopy of Lead-Halide Perovskite Materials. J. Am.
Chem. Soc. 2020, 142, 19413−19437.
(50) Doherty, T. A. S.; Nagane, S.; Kubicki, D. J.; Jung, Y.-K.;
Johnstone, D. N.; Iqbal, A. N.; Guo, D.; Frohna, K.; Danaie, M.;
Tennyson, E. M.; Macpherson, S.; Abfalterer, A.; Anaya, M.; Chiang,
Y.-H.; Crout, P.; Ruggeri, F. S.; Collins, S. M.; Grey, C. P.; Walsh, A.;
Midgley, P. A.; Stranks, S. D. Stabilized Tilted-Octahedra Halide
Perovskites Inhibit Local Formation Of Performance-Limiting Phases.
Science 2021, 374, 1598−1605.
(51) Aebli, M.; Porenta, N.; Aregger, N.; Kovalenko, M. V. Local
Structure of Multinary Hybrid Lead Halide Perovskites Investigated
by Nuclear Quadrupole Resonance Spectroscopy. Chem. Mater. 2021,
33, 6965−6973.
(52) Piveteau, L.; Aebli, M.; Yazdani, N.; Millen, M.; Korosec, L.;
Krieg, F.; Benin, B. M.; Morad, V.; Piveteau, C.; Shiroka, T.; Comas-
Vives, A.; Copéret, C.; Lindenberg, A. M.; Wood, V.; Verel, R.;
Kovalenko, M. V. Bulk and Nanocrystalline Cesium Lead-Halide
Perovskites as Seen by Halide Magnetic Resonance. ACS Cent. Sci.
2020, 6, 1138−1149.
(53) Mozur, E. M.; Hope, M. A.; Trowbridge, J. C.; Halat, D. M.;
Daemen, L. L.; Maughan, A. E.; Prisk, T. R.; Grey, C. P.; Neilson, J. R.
Cesium Substitution Disrupts Concerted Cation Dynamics in
Formamidinium Hybrid Perovskites. Chem. Mater. 2020, 32, 6266−
6277.
(54) Fabini, D. H.; Honasoge, K.; Cohen, A.; Bette, S.; McCall, K.
M.; Stoumpos, C. C.; Klenner, S.; Zipkat, M.; Hoang, L. P.; Nuss, J.;
Kremer, R. K.; Kanatzidis, M. G.; Yaffe, O.; Kaiser, S.; Lotsch, B. V.
Noncollinear Electric Dipoles in a Polar Chiral Phase of CsSnBr3
Perovskite. J. Am. Chem. Soc. 2024, 146, 15701−15717.
(55) Wren, S. A. C.; Szell, P. M. J. Nuclear Quadrupole Resonance
Spectroscopy in Pharmaceuticals. In Magnetic Resonance and its
Applications in Drug Formulation and Delivery; Mantle, M. D., Hughes,
L. P., Eds.; Royal Society of Chemistry, 2024; Vol. 33, pp 149−178.
(56) Pérez, S. C.; Cerioni, L.; Wolfenson, A.; Faudone, S.; Cuffini, S.
Utilization of Pure Nuclear Quadrupole Resonance Spectroscopy for
the Study of Pharmaceutical Crystal Forms. Int. J. Pharm. 2005, 298
(1), 143−152.
(57) Barras, J.; Murnane, D.; Althoefer, K.; Assi, S.; Rowe, M. D.;
Poplett, I. J. F.; Kyriakidou, G.; Smith, J. A. S. Nitrogen-14 Nuclear
Quadrupole Resonance Spectroscopy: A Promising Analytical
Methodology for Medicines Authentication and Counterfeit Anti-
malarial Analysis. Anal. Chem. 2013, 85 (5), 2746−2753.
(58) Balchin, E.; Malcolme-Lawes, D. J.; Poplett, I. J. F.; Rowe, M.
D.; Smith, J. A. S.; Pearce, G. E. S.; Wren, S. A. C. Potential of
Nuclear Quadrupole Resonance in Pharmaceutical Analysis. Anal.
Chem. 2005, 77 (13), 3925−3930.
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Chapter 7 – Resolving Chlorine Sites in Pharmaceuticals by Integrated Site-

Resolved Zeeman-Perturbed NQR, Solid-State NMR, and Electron Diffraction 

Crystallography  

Based on: Nari, A.; Ngo-Minh Rusimovic, J.; Szell, P. M. J.; Jasil, M.; Terskikh, V.; Bryce, D. 

L.; Thomas, B. Resolving Chlorine Sites in Pharmaceuticals by Integrated Site-Resolved 

Zeeman-Perturbed NQR, Solid-State NMR, and Electron Diffraction Crystallography. 

(Manuscript under revision in J. Am. Chem. Soc. 2026.) 

7.1 Chapter Overview and Thesis Context 

The previous chapters established Zp-NQR spectroscopy as a versatile experimental 

platform for the structural characterization of quadrupolar nuclei in molecular solids. Beginning 

with the development of a practical experimental methodology (Chapter 4), the technique was 

subsequently shown to enable direct isotopic identification of quadrupolar resonance lines 

(Chapter 5) and, more importantly, to provide quantitative measurements of quadrupolar 

interactions that could be directly correlated with intermolecular interaction energies in halogen-

bonded materials (Chapter 6). Together, these studies demonstrated that Zp-NQR extends beyond 

conventional NQR spectroscopy by providing complete quadrupolar interaction tensors that serve 

as experimentally accessible descriptors of local electronic structure. 

The logical next step is to determine whether these capabilities can be extended to 

chemically and structurally complex materials of direct practical importance. Pharmaceutical 

solids provide an ideal test bed for this purpose because they frequently contain halogen atoms, 

structural disorder, hydration-dependent polymorphism, and microcrystalline phases that cannot 
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readily be characterized by conventional crystallographic methods. These factors complicate 

structural determination and often require several complementary analytical techniques to 

establish the relationship between local molecular structure and macroscopic solid-state properties. 

Among pharmaceutical materials, chlorine-containing active pharmaceutical ingredients 

(APIs) are particularly attractive systems for investigation. Covalently bonded chlorine atoms play 

important roles in controlling molecular conformation, crystal packing, polymorphism, solubility, 

chemical stability, and biological activity. Because the quadrupolar interaction of 35Cl is governed 

by the local EFG, chlorine nuclei provide exceptionally sensitive probes of changes in 

intermolecular packing, hydrogen bonding, halogen interactions, hydration, and structural 

disorder. Despite this intrinsic sensitivity, extracting quantitative, site-specific structural 

information from chlorine-containing molecular solids has remained a longstanding challenge, 

particularly for powdered samples containing multiple crystallographically inequivalent chlorine 

environments. 

Traditional characterization methods each possess important limitations in addressing these 

problems. Powder X-ray diffraction often struggles with severe peak overlap and provides only 

average structural information, while single-crystal diffraction requires crystals that are frequently 

unavailable for pharmaceutical materials. Although high-field 35Cl solid-state NMR provides 

access to chlorine quadrupolar interactions, the extremely broad powder patterns produced by large 

quadrupolar couplings frequently hinder the resolution of chemically similar sites. Likewise, 3D 

ED has recently emerged as a powerful technique for solving structures from nanocrystalline 

powders, but structural models obtained from diffraction alone may remain ambiguous in the 

presence of disorder, multiple conformations, or hydration-dependent transformations. These 

limitations motivate the development of integrated characterization strategies in which 
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complementary spectroscopic and crystallographic techniques collectively constrain structural 

models. 

The work presented in this chapter extends the methodologies developed in the previous 

chapters to structurally complex pharmaceutical solids through an integrated characterization 

strategy combining cryogen-free 35Cl Zp-NQR, zero-field NQR, high-field 35Cl SSNMR, 3D ED, 

and first-principles DFT calculations. By integrating complementary spectroscopic, 

crystallographic, and computational techniques, this approach enables site-resolved 

characterization of chlorine-bearing molecular solids directly from powder samples. 

The methodology is demonstrated using three representative pharmaceutical systems that 

highlight distinct structural challenges. Ketoconazole is investigated as a model of conformational 

disorder, chloramine-T illustrates the sensitivity of chlorine quadrupolar interactions to hydration-

dependent structural transformations, and a series of chlorzoxazone cocrystals demonstrates the 

ability of the combined approach to resolve multiple crystallographically distinct chlorine 

environments and relate local crystal packing to experimentally measured quadrupolar parameters. 

Together, these case studies establish an integrated workflow for the structural characterization of 

chlorine-containing pharmaceutical materials and illustrate the broad applicability of Zp-NQR 

when combined with complementary diffraction and computational methods.  

7.2. Statement of Authenticity 

This work was carried out in collaboration with Jonathan Ngo-Minh Rusimovic, Patrick M. 

J. Szell, Mohammed Jasil, Victor Terskikh, David L. Bryce, and Brijith Thomas. I conceived and 

led the Zp-NQR experiments, performed the spectroscopic and computational measurements, data 

analysis, and interpretation, and prepared the initial manuscript draft. Contributions from the co-
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authors are acknowledged throughout the manuscript and in accordance with their respective roles 

in the project. 

 7.3 Introduction 

Chlorine-containing molecular solids are widespread in pharmaceutically relevant 

materials,1–3 yet direct site-resolved structural characterization from powders remains challenging, 

especially in systems exhibiting multiple chemically or crystallographically nonequivalent sites, 

disorder, or hydration sensitivity. In the solid state, the 35Cl quadrupole moment couples to the 

EFG tensors,4–6 making chlorine NQR,7–9 Zp-NQR10–15 and NMR observables exceptionally 

sensitive to the local crystallographic and electronic environment, including intermolecular 

packing, hydrogen and halogen bonding interactions, and degree of hydration.16,17 This sensitivity 

makes 35Cl an attractive local probe of pharmaceutical solids, where subtle changes in 

supramolecular organization can strongly influence solid form behavior. However, translating 

chlorine spectral fingerprints into site resolved quantitative quadrupolar parameters (quadrupolar 

coupling constant and the EFG asymmetry parameter) that can function as crystallographic 

constraints has remained particularly challenging in structurally complex organic powders 

containing multiple inequivalent chlorine sites, conformational disorder, or hydration-sensitive 

motifs.  Recent work from Bryce18–23 and coworkers has reintroduced NQR and Zp-NQR as 

practical and unique approaches for studying quadrupolar nuclei with large quadrupolar coupling 

constants. The introduction of QUEST software23 has further facilitated the analysis of Zp-NQR 

spectra, making this approach more accessible for extracting quadrupolar parameters and 

connecting them to local structural environments. 

Routine 1H and 13C solution NMR is indispensable for confirming molecular identity and 

purity but lacks information on the solid-state electrostatic environment that governs chlorine 
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quadrupolar interactions.24 Likewise, conventional 1H and 13C SSNMR affords only indirect access 

to chlorine centered structure and generally cannot map chlorine-specific signatures onto 

individual atoms without extensive multidimensional correlation experiments. 35Cl SSNMR could 

address many of the above mentioned challenges; however, much of the literature has focused on 

ionic inorganic chlorides and related hydrochloride salts, 25,26 and selected halide ionic liquids, 

whose spectra are often more tractable than those of covalent organic chlorides.20–22,27 Prior 35Cl 

SSNMR studies of hydrochloride pharmaceuticals,28 halogen-bonded chlorinated solids,29 and 

inorganic or organometallic chlorides clearly demonstrated the structural sensitivity of chlorine 

quadrupolar observables. However, a general approach for the conversion of covalently-bonded 

chlorine observables into structural constraints, in the cases of complex molecular solids exhibiting 

multiple inequivalent sites, hydration sensitivity or conformational disorder is lacking.  

To monitor the effect of chlorine on crystal packing and to correlate spectroscopic 

observables with atomistic details, we have chosen ketoconazole (KTZ), chloramine-T (CAT), and 

chlorzoxazone (CHZ) molecules (Figure 2.7.1). KTZ contains multiple chlorine-bearing aromatic 

groups within a conformationally flexible framework.30–32 The reported crystal structure of KTZ 

reveals a complex solid-state organization arising from racemic superposition of the cis-

enantiomers, which gives rise to distinct chlorine environments. These features make KTZ an ideal 

benchmark for assessing whether an NQR/Zp-NQR approach can directly resolve site 

inequivalence and disorder in powdered samples. CAT33–35 provides a second, chemically distinct 

candidate that extends the methodology beyond covalent aromatic C–Cl motifs to an ionic N–Cl 

environment with significant sensitivity towards hydration. Finally, 5-chloro-2-benzoxazolone 

(chlorzoxazone, CHZ)36 and its cocrystals provide a chemically well-controlled platform for 

evaluating how 35Cl observables respond systematically to supramolecular packing. Unlike KTZ 
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and CHZ, CAT contains highly polarized chlorine bound to nitrogen within an anionic 

sulfonamide framework and exists in both anhydrous and trihydrate forms. Here we introduce a 

site-resolved chlorine spectroscopic methodology (Figure 2.7.1) built around four complementary 

elements: (i) zero-field 35Cl NQR for rapid site counting and initial differentiation, (ii) Zp-NQR 

for comprehensive resonance assignment and EFG (iii) high field 35Cl WURST-QCPMG SSNMR 

for quantitative extraction of the quadrupolar coupling constant CQ and asymmetry parameter η 

from ultra-broad powder patterns, and (iv) first principles DFT calculations of EFG tensors to 

support site assignment and structural interpretation. For these microcrystalline pharmaceutical 

cocrystals which do not easily produce single crystals, our approach is complemented by 3D ED 

along with DFT to refine structural models. 37–40 Recent studies have shown that 3D ED can be 

used to successfully solve pharmaceutical crystal structures from nanocrystals and even confirm 

API structures directly in formulated tablets, making it an ideal crystallographic counterpart to the 

site-resolved chlorine spectroscopy developed herein.41,42 

 

Figure 2.7.1. Site-resolved chlorine spectroscopy for pharmaceutical compounds. Pure 35Cl NQR 

provides rapid site counting and compound-specific fingerprinting. Zp-NQR resolves near-

degenerate resonances and enables extraction of CQ  and η. High-field static 35Cl NMR WURST-

QCPMG experiments validate the corresponding powder line shapes, while DFT EFG calculations 

support site assignment and enable discrimination among structural, disorder, and hydration 

models. 
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Figure 2.7.2. Molecular structures of the chlorine-containing compounds investigated in this 

chapter and the coformers used for pharmaceutical cocrystal preparation. Top row: Ketoconazole 

(KTZ), chloramine-T (CAT), and 5-chloro-2-benzoxazolone (CHZ), representing the three 

principal chlorine-containing systems examined in this work. Bottom row: Coformers employed 

for the preparation of CHZ cocrystals, including carbamazepine (CBZ), isonicotinamide (INA), 

2,4-dihydroxybenzoic acid (2,4-DHB), picolinic acid (PA), and nicotinamide (NAM). 

7.4 Experimental Methods 

The KTZ, CAT, and CHZ samples were purchased from Sigma-Aldrich and used without 

further purification.  The mechanochemistry synthesis of the cocrystal and CAT-dehydrated 

sample are explained in detail in the SI. 

7.4.1 Powder X-ray diffraction 

Powder X-ray diffraction (PXRD) data were obtained using a Bruker D8 Endeavor 

instrument equipped with a 1 kW Cu Kα radiation source (λ = 1.54056 Å) from a sealed tube and 
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a high-speed LynxEye XE-T detector. Measurements were performed at room temperature, with 

samples placed in a well plate and rotated at 15 RPM during data acquisition. 

7.4.2 Single crystal X-ray diffraction 

Data for cocrystals in this work were collected from a shock-cooled single cocrystal at 

150 K on a Bruker Venture Metaljet k-geometry diffractometer with a Metal Jet using a Helios 

MX Mirror Optics as monochromator and a Bruker CMOS Photon III detector. The diffractometer 

used Ga Kα radiation (λ = 1.34139 Å). All data were integrated with SAINT (2013) and a multi-

scan absorption correction using SADABS 2016/2 was applied.43 The structure was solved by dual 

methods with XT 2018/2 and refined by full-matrix least-squares methods against F2 using 

SHELXL.44Structure solution and refinement cycles were performed within the graphical user 

interface of OLEX2.45 All non-hydrogen atoms were refined with anisotropic displacement 

parameters. All C-bound hydrogen atoms were refined isotropic on calculated positions using a 

riding model with their Uiso values constrained to 1.2 times the Ueq of their pivot atoms. This report 

and the CIF file were generated using FinalCif.  

7.4.3 3D Electron diffraction 

Samples were deposited on standard TEM grids (amorphous carbon on Cu) as dry powder 

after gentle grinding between microscope slides and measured on an ELDICO ED-1 electron 

diffractometer using the software ELDIX. Ketoconazole was measured at room temperature while 

the chlorzoxazone cocrystals were cryo plunged in liquid nitrogen, transferred to the diffractometer 

protected from air, and measured at 100 K. The diffractometer is equipped with a LaB6 electron 

source operating at an acceleration voltage of 160 kV (λ = 0.02851 Å) and a hybrid-pixel detector 

(Dectris QUADRO). The grids were screened for suitable crystals in STEM (scanning 

transmission electron microscopy) mode and diffraction data were recorded in continuous rotation 
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mode with a pseudo-parallel beam of ca. 800 nm diameter. Parts of measurements affected by 

beam damage or shadowing by the grid were omitted. Measurement details for all datasets used 

are given in Tables II.3.3 to II.3.6 in Appendix II.3. 

7.4.4 NQR and Zp-NQR Spectroscopy 

Initial frequency searches were performed using powder samples packed into 4 mm outer-

diameter glass tubes to a length of approximately 30 mm, corresponding to a total sample mass of 

150–250 mg. Frequency sweeps were conducted using an autotuning tabletop probe (tuning range: 

30–300 MHz) interfaced with a Scout LF1 benchtop NMR/NQR console (NMR Service GmbH, 

Germany). 

Zero-field 35Cl NQR measurements were subsequently carried out on a Bruker AVANCE 

III 400 MHz NMR spectrometer using the proton channel. A single-channel, home-built NQR 

probe equipped with a solenoidal coil (7 mm inner diameter) was used for all experiments. Samples 

were packed into 7 mm outer-diameter glass tubes (typically 400–700 mg of powder) and 

positioned within the radiofrequency coil. Spectra were acquired using a Hahn-echo pulse 

sequence with π/2 pulse lengths in the range of 6–9 μs. Depending on the signal-to-noise ratio, 

256–512 transients were accumulated using a recycle delay of 0.20 s. 

For Zp-NQR experiments, the same probe was placed between the poles of a Bruker 

EMXplus EPR electromagnet to apply a weak static magnetic field. During these measurements, 

the microwave bridge remained inactive, and the resonator assembly was disengaged. The applied 

magnetic field was varied between 20 and 30 mT, depending on the sample. Zp-NQR spectra were 

collected using the variable offset cumulative spectrum (VOCS) method46, in which a series of 

frequency-stepped sub spectra were acquired and combined to generate the full spectral envelope, 

with typical frequency increments of 50 kHz. A Hahn-echo pulse sequence was used with pulse 

129



lengths of 7–9 μs, optimized for each frequency range. The resulting spectra were analyzed using 

exact spectral simulations implemented in the QUEST software, enabling extraction of the CQ and 

η.23 

7.4.5 Solid State NMR Spectroscopy  

The 35Cl NMR experiments were performed at 21.1 T using a Bruker AVANCE II 

spectrometer at the National Ultrahigh-Field NMR Facility for Solids in Ottawa. For the chlorine 

NMR experiments, the samples were powdered and packed into 7 mm glass tubes which were then 

placed into the coil of a home-built 7 mm HX static probe. A WURST-QCPMG pulse sequence 

was used with proton decoupling using 50 μs WURST pulses that swept over a frequency range 

of 1 MHz.47,48 The VOCS acquisition method was used, where a series of subspectra were 

collected, processed and then co-added in the frequency domain.46 A QCPMG spikelet separation 

of 5 kHz was used in all cases with a VOCS stepping frequency of 150 kHz to ensure uniformly 

excited line shapes. 30 k scans were used to acquire each piece using a recycle delay of 0.5 s.46 In 

most cases 128 echoes were collected for each QCPMG echo train (an acquisition time of 25.7 

ms).  All the spectra were simulated using QUEST written in the C programming language. 

7.4.6 Periodic DFT calculations 

 All GIPAW-DFT calculations were performed using the CASTEP package (version 20.11) 

as implemented in BIOVIA Materials Studio 2023.49 Geometry optimizations and 35Cl EFG 

calculations were carried out with the revised Perdew–Burke–Ernzerhof (rPBE) exchange-

correlation functional within the generalized gradient approximation (GGA), augmented with the 

Grimme D2 dispersion correction (s6 = 1.0, d = 3.25). On-the-fly ultrasoft pseudopotentials were 

employed throughout.50–53 Scalar relativistic effects were accounted for using the zero-order 

regular approximation (ZORA).54 A plane-wave kinetic energy cutoff of 700 eV and a Monkhorst–
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Pack k-point grid with a spacing of 0.06 Å⁻¹ were used. Geometry optimizations were performed 

using the BFGS algorithm until the energy, maximum force, and maximum displacement 

converged to 5 × 10⁻⁶ eV/atom, 0.01 eV/Å, and 5 × 10⁻⁴ Å, respectively. The 35Cl EFG tensors 

were computed using the gauge-including projector augmented-wave (GIPAW) method as 

implemented in CASTEP. 

7.4.7 Molecular DFT calculations and QTAIM/NCI analysis 

 Single-point energy calculations were performed on the CASTEP-optimized crystal 

geometries using the ORCA program (version 6.1.1).55  The PBE0 hybrid functional was employed 

in combination with the def2-TZVP basis set for all atoms except chlorine, for which the ZORA-

def2-QZVPP basis set was used to improve the description of the core region. Scalar relativistic 

effects were included via the ZORA approximation.54 The resulting wavefunctions were 

subsequently analyzed using the Quantum QTAIM and NCI methods as implemented in the 

Multiwfn program (version 3.8).56 Bond critical points (BCPs), electron densities (ρ), and 

Laplacian of the electron density (∇2ρ) were extracted for all relevant intermolecular contacts 

involving chlorine. NCI isosurfaces were generated and visualized using VMD (version 1.9.3).57 

7.5 Results and Discussion 

7.5.1 Conformational Disorder in Ketoconazole 

KTZ was selected as a benchmark system because it combines multiple covalent aryl C–Cl 

environments with substantial conformational flexibility and crystallographic disorder (Figure 

2.7.3b).58 Previous SCXRD (single crystal X-ray diffraction) studies reported that KTZ crystallizes 

as a racemically disordered structure containing two molecules in the asymmetric unit, giving rise 

to four crystallographically distinct chlorine environments associated with conformational 

disorder within aromatic region attached to piperazine ring of the molecule.59 The experimental 
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35Cl NQR spectrum displays two resonances at 34.89 and 35.40 MHz (Figure 2.7.3 and Table 

2.7.1). The full-width at half maximum (FWHM) of the KTZ resonances is approximately 54 kHz, 

while the corresponding Zp-NQR spectra are comparatively smeared and show weakly defined 

shoulders and minima. These spectral characteristics are consistent with a distribution of chlorine 

EFG environments arising from conformational heterogeneity and subtle variations in local 

packing. The broad NQR lines and smeared Zp-NQR envelopes therefore suggest inhomogeneous 

broadening arising from a continuum of closely related local EFG environments rather than fully 

discrete and independently resolved chlorine sites. These findings motivated a detailed structural 

analysis to look at the origin of the broadened Zp-NQR response. 

To investigate the structural origin of this behavior, 3D ED was employed directly on 

microcrystalline powder samples (Figures II.3.3-II.3.5). Measurements were performed using an 

ELDICO ED-1 diffractometer with a carbon-coated Cu TEM grid at ambient temperature (electron 

wavelength λ = 0.02851 Å). Approximately fifty nanocrystals were screened, of which sixteen 

crystals were selected and merged for structure solution and refinement, yielding a maximum 

resolution of 1.0 Å and full data completeness (100%). Crystal mapping of 325 particles showed 

that 196 could be indexed to a single consistent unit cell, with no evidence for additional crystalline 

phases. The structure was solved and refined within the kinematical approximation and revealed 

that KTZ crystallizes in the triclinic space group P-1 with conformational disorder arising from the 

superposition of both enantiomers at the same crystallographic position. The two independent 

refinements resolve the enantiomer-superimposed average structure into two discrete 

conformational models corresponding to the (2R,4S) and (2S,4R) enantiomers. 
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Figure 2.7.3. 35Cl NQR, Zp-NQR, and SSNMR spectra of KTZ powder, together with the 

molecular structures of the two cis-enantiomers and the corresponding 3D ED derived crystal 

structures. (a) Experimental zero-field 35Cl NQR spectra (filled solid red traces) and Zp-NQR 

spectra at 30 mT (brown traces) for the two spectroscopically distinct chlorine sites, with the 

corresponding QUEST simulated spectra shown in black above each experimental trace. The 

broadened NQR lines and featureless Zp-NQR envelopes reflect the inherent static conformational 

disorder. (b) ChemDraw representations of the (2R,4S) and (2S,4R) enantiomers (left and right, 

respectively) placed next to the ball-and-stick models extracted from the two independent 3D ED 

refinements, which resolve the enantiomer-superimposed average structure into the two discrete 

conformations. (c) 35Cl WURST-QCPMG SSNMR spectrum acquired at 21.1 T (bottom trace) 
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with the QUEST simulated fit shown above. Asterisks mark trace NaCl/NH4Cl impurities; daggers 

indicate radiofrequency interference or artefacts. (d) The NQR spectra of the tablet. 

To obtain further insights into the crystal packing of KTZ, GIPAW-DFT calculations were 

performed on the two structural models derived from 3D ED. From these calculations two sets of 

quadrupolar parameters (CQ and η) that are similar between the corresponding chlorine sites in 

each conformer (Table 2.7.2) are obtained. For the site1 a CQ value of 67.64 and 67.34 MHz and 

for site2 a CQ value of 66.99 and 66.98 MHz were obtained respectively for two structural model. 

The overlap of the peaks from the four different CQ results in the broad 35Cl NQR signal and 

smeared Zp-NQR spectra. In short, the experimentally observed resonances (Figure 2.7.3a) 

correspond to averaged distributions of closely related four EFG tensors arising from the 

superposition of the disorder components. In the current approach insights from the DFT 

calculations enable us to distinguish subtle disorder induced variations in local electronic structure. 

This interpretation is further supported by the 21.1 T 35Cl WURST-QCPMG spectra shown in 

Figure 2.7.3c, which also display substantial broadening characteristic of distributed quadrupolar 

environments. The NQR, Zp-NQR observations and the high-field 35Cl solid-state NMR 

measurements agree with the disorder-induced broadening in the KTZ.   
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Table 2.7.1. Experimental 35Cl NQR frequencies and quadrupolar parameters for KTZ and its 

commercial tablet formulation. NQR frequencies were measured under zero-field conditions, 

while quadrupolar coupling constants (CQ) and asymmetry parameters (η) for the pure KTZ 

powder were extracted from Zp-NQR spectra acquired at 30 mT.  

sample NQR frequency / MHz exp. CQ / MHz exp. η 

KTZ (ETEXAC01 a, site1) 35.39± 0.05 69.56 ± 0.12 0.10 ± 0.04 

KTZ (ETEXAC01, site 2) 34.89 ± 0.04 70.80 ± 0.14 0.12 ± 0.04 

KTZ (Tablet, site 1) 35.34 ± 0.04 _ _ 

KTZ (Tablet, site 2) 34.86 ± 0.04 _ _ 

a the CSD refcode for the ketoconazole molecule 

KTZ system highlights a unique advantage of the site-resolved chlorine spectroscopic 

methodology in cases where PXRD and high-field 35Cl solid-state NMR cannot unambiguously 

resolve local structural motifs, chlorine quadrupolar observables remain highly sensitive to subtle 

conformational and electronic heterogeneity directly from powdered materials. Here Zp-NQR 

guided us to use 3D ED to derive the two conformers, which will be applicable in many other 

crystal systems. 

One of the practical applications of 35Cl NQR spectroscopy is the development of method 

to detect the purity of the commercial tablet, and it is successfully demonstrated in the case of 

commercial ketoconazole tablet obtained from the pharmacy. The chlorine quadrupolar fingerprint 

is preserved upon pharmaceutical formulation (Figure 2.7.3.d) despite the presence of excipients 

and processing induced microstructural complexity. This observation underlines the important 

practical advantage of NQR for the ability to probe local structural motifs directly in formulated 

pharmaceutical solids without requiring single crystals, isotopic enrichment, or phase-pure 

recrystallization. The approach could be used for other chlorine-based tablet to find out the 

counterfeit and expired drug such as dimenhydrinate, efavirenz, lortadine and chlorpromazine. 
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Table 2.7.2. Calculated 35Cl quadrupolar parameters for KTZ obtained from GIPAW-DFT 

(CASTEP) calculations using crystallographic models derived from 3D ED and the reported CSD 

structure. The 3D ED models each contain two inequivalent chlorine environments, while the CSD 

structure generates four crystallographically distinct chlorine sites due to conformational disorder.  

structure site calc. CQ / MHz calc. η 

3D ED (2R,4S) site1 67.64 0.19 

3D ED (2R,4S) site2 66.99 0.13 

3D ED (2S,4R) site1 67.34 0.18 

3D ED (2S,4R) site2 66.98 0.14 

CSD structure58 site1 67.30 0.18 

CSD structure site2 66.91 0.14 

CSD structure site3 67.71 0.19 

CSD structure site4 66.88 0.13 

 

7.5.2 Degree of hydration in Chloramine-T  

CAT (sodium N-chloro-p-toluenesulfonamide) was selected as a candidate to understand 

the sensitivity of site-resolved chlorine spectroscopy toward hydration-dependent structural 

transformations.60 In contrast to the covalent aromatic C–Cl environments with conformational 

disorder in KTZ, CAT contains a highly polarized N–Cl functionality embedded within an ionic 

lattice containing Na+ counterions and an extended hydrogen-bonding network.33 The 

commercially available CAT (CSD refcode FABCOA) provides a well-defined structural 

reference for examining how dehydration perturbs the local electronic environment around 

chlorine. CAT crystalizes in the P-1 space group and in the crystal structure the water molecules 

participate directly in Na+ coordination. Even though the chlorine does not directly interact with 

H2O molecules, a change in water environment around sodium results in a change in packing as 

shown in the PXRD pattern (Figure II.3.2). 
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Zero-field 35Cl NQR measurements of the as-received CAT yielded a single, well-defined 

resonance at 44.59 MHz, confirming the presence of one crystallographically unique N–Cl 

environment and establishing a spectroscopic fingerprint for this trihydrate phase (Figure 2.7.4 

and Table 2.7.3). The Zp-NQR spectra were collected at 30 mT and were fitted using QUEST 

simulations to extract the corresponding quadrupolar parameters, yielding CQ = 88.95 MHz and η 

= 0.12. To further validate the observation, static 35Cl WURST-QCPMG NMR spectra acquired at 

21.1 T (Figure 2.7.4.b) and 11.7 T (Figure II.3.7) independently reproduced these parameters and 

confirmed the large quadrupolar interaction associated with the highly polarized N–Cl bond. The 

relatively large CQ value is consistent with a strongly anisotropic chlorine electron density 

distribution arising from the combined effects of the covalent N–Cl bond, electrostatic interaction 

with Na⁺, and the surrounding hydrogen-bonding network. 
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Figure 2.7.4. 35Cl NQR, Zp-NQR, and WURST-QCPMG SSNMR spectra of CAT before and 

after dehydration. (a) Experimental zero field 35Cl NQR spectra (solid purple traces), and Zp-NQR 

spectra recorded at 30 mT for the commercial trihydrate (blue) and the sample heated at 80 °C 

(green), with overlaid QUEST simulations (brown lines). (b) Corresponding static 35Cl WURST-

QCPMG spectra acquired at high magnetic field, with QUEST fits shown in brown. The shift in 

resonance frequency and change in spectral envelope upon heating demonstrate the high sensitivity 
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of the 35Cl quadrupolar parameters to the hydration state of the N–Cl moiety. Asterisks mark trace 

NaCl/NH4Cl impurities; daggers indicate radiofrequency interference or artefacts. 

To probe the sensitivity of the chlorine EFG to changes in hydration, a portion of the 

trihydrate sample was heated at 80 °C for 8 h. Following thermal treatment, the original 44.59 

MHz resonance disappeared completely and was replaced by a new sharp resonance at 44.72 MHz 

(Figure 2.7.4.a). This clean and quantitative spectral transformation demonstrates that 35Cl NQR 

can rapidly distinguish hydration states directly from powder samples without requiring single 

crystals or extensive diffraction analysis. The increase in NQR frequency after heating indicates 

an increase in the magnitude of the principal EFG tensor component (∣Vzz∣) at chlorine following 

dehydration. Correspondingly, the Zp-NQR and WURST-QCPMG line shapes also changed after 

heating, confirming that dehydration modifies not only the resonance frequency but the overall 

quadrupolar interaction tensor. 

The observed change in EFG tensor was further investigated using TGA (thermogravimetric 

analysis) and DSC (differential scanning calorimetry) measurements to establish the dehydration 

stoichiometry and correlate the thermal events with the observed quadrupolar tensor changes. As 

shown in Figure 2.7.5.a, the as-received chloramine-T trihydrate exhibits an initial mass-loss step 

of 12.4 % between approximately 25–75 °C, in close agreement with the theoretical loss of two 

H2O molecules (12.79 % calculated for C7H7ClNNaO2S·3H2O). This dehydration event is 

accompanied by a broad DSC endotherm centered at 80.0 °C with an integrated enthalpy of 190.7 

J g-1 (Figure 2.7.5.c). A second sharper endotherm centered at 115.15 °C (ΔH = 292.0 J g-1) 

corresponds to removal of the remaining water molecule. Between these two events, the TGA 

profile displays a stable plateau extending to approximately 158 °C, indicating formation of a 

discrete intermediate phase. 
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Figure 2.7.5. Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

thermograms of commercial CAT trihydrate and the sample pre-heated at 80 °C. (a) TGA weight 

percent curves recorded at a heating rate of 5 °C min⁻¹ under N2 for (a) the as received trihydrate 

in black and the 80 °C heated sample in maroon. (b,c) DSC traces showing endothermic 

dehydration events (b) CAT trihydrate exhibits two well-resolved peaks with integrated enthalpies 

of 190.7 J g⁻¹ (peak temperature 80.0 °C) and 292.0 J g⁻¹ (115.15 °C); (c) dehydrated CAT displays 

a single dominant endotherm of 289.7 J g⁻¹ at 110.26 °C (minor feature near 87 °C). 
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Consistent with this interpretation, the sample pre-heated at 80 °C exhibits a reduced first-

step mass loss of 10.11% together with a single dominant DSC endotherm at 110.26 °C (ΔH = 

289.7 J g-1), closely matching the second dehydration event observed for the original trihydrate 

(Figure 2.7.5). These data indicate that heating at 80 °C removes the two most labile water 

molecules and generates a distinct partially dehydrated phase. The dominant DSC endotherm at 

110.26 °C closely matches the second dehydration event of the parent trihydrate, suggesting that 

the heated material retains a monohydrate-like structural motif. However, the residual mass loss 

observed by TGA indicates that the hydration state of the heated phase may deviate from an ideal 

stoichiometric monohydrate. Importantly, the complete replacement of the original 35Cl NQR 

resonance by a new signal at 44.72 MHz demonstrates that dehydration produces a distinct chlorine 

environment associated with a well-defined structural transformation. 

To gain more insight into structural transformation during the dehydration, periodic DFT 

calculations of the EFG tensors were performed using GIPAW-DFT. The DFT calculations on the 

CAT (CSD refcode = FABCOA) give CQ = 87.27 MHz and η = 0.069, in reasonable agreement 

with the experimental values of 88.95 MHz61 and 0.12, respectively (Table 2.7.3). Among several 

plausible dehydration topologies, only one reproduced the experimentally observed increase in CQ 

and NQR frequency. The optimized crystal structure and packing arrangement associated with this 

model are shown in the Appendix II.3 (Figure II.3.6). In this optimized model, removal of the two 

water molecules reorganizes the Na+ coordination environment and modifies the surrounding 

hydrogen-bonding network, thereby redistributing the local electrostatic potential around the N–

Cl moiety. This redistribution increases the anisotropy of the chlorine electron density distribution 

and consequently enhances the principal EFG tensor component VZZ, consistent with the 

experimentally observed increase in NQR frequency. Simultaneously, the lower calculated 
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asymmetry parameter suggests partial restoration of local symmetry around the chlorine site 

following dehydration. Further studies on the proposed model will open the possibility of using 

NQR/Zp-NQR crystallography to predict the structure when it is challenging to achieve by 

SCXRD or 3D ED. 

Table 2.7.3. Experimental 35Cl quadrupolar parameters and NQR frequencies compared with 

GIPAW calculations for CAT and the CAT-dehydrated obtained by thermal dehydration. 

Chloramine 
T form 

Method / 
Source 

CQ 
(MHz) η  

35Cl NQR 
frequency 

(MHz) 
Comment 

CAT* Experiment (Zp-
NQR at 30 mT) 88.95 0.12  44.59 As-received commercial sample 

CAT CASTEP (CSD 
structure) 87.27 0.069  43.67 Reference calculation on experimental 

geometry 
CAT-

dehydrated** 
Experiment 

(NQR) 89.32 0.06  44.72 After 80 °C for 8 h; original resonance 
disappeared 

CAT-
dehydrated 

CASTEP (best 
optimized 

model) 
88.68 0.04  44.36 

Removal of two specific water 
molecules; best overall agreement with 

the experimental dehydrated 
quadrupolar parameters. 

*CAT represents the commercial chloramine-T which is the trihydrate form.  

**CAT-dehydrated is the commercial chloramine-T sample after heat treatment and in the proposed model 
it is monohydrate-like structural model 

Importantly, alternative water-removal geometries either lowered CQ or failed to reproduce 

the experimental η values, demonstrating that the quadrupolar observables are sensitive not only 

to the number of water molecules removed but also to their specific crystallographic positions 

within the hydrogen-bonding network. The agreement between experiment and the best-

performing monohydrate model therefore provides strong evidence that the experimentally 

observed NQR transformation originates from a specific dehydration topology rather than from 

nonspecific lattice collapse or amorphization. As shown in Figure 2.7.4, the Zp-NQR and high-

field SSNMR spectra of the heated sample are fully consistent with the monohydrate model. The 

quantitative agreement between experiment and the best-performing DFT model is summarized in 
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Table 2.7.3. The corresponding geometry optimized CIF file is provided in the Supporting 

Information. 

The agreement between experiment and the proposed monohydrate model therefore 

provides strong evidence that the experimentally observed NQR transformation originates from a 

specific dehydration topology rather than from nonspecific lattice collapse or amorphization.   

7.5.3 Packing Influence in Chlorzoxazone Cocrystal Series 

Chlorzoxazone (CHZ) contains a single aromatic C–Cl bond embedded in a rigid 

benzoxazolone framework.62,63 This structural rigidity makes CHZ an excellent model system for 

examining how intermolecular packing and hydrogen-bonding interactions modulate the 35Cl 

electric field gradient without complications arising from molecular conformational changes. CHZ 

readily forms cocrystals with pharmaceutically relevant coformers, generating a systematic series 

in which the covalent C–Cl motif remains constant while the local electrostatic environment of 

chlorine is varied in a controlled manner. The acceptors used are PA, 2,4-DHBA, CBZ, NAM and 

INA (Figure 2.7.2). In the case of CHZ⋅CBZ and CHZ⋅NAM, the size of the cocrystals is in the 

microcrystalline range and it was difficult to grow single crystals. DFT calculations were 

performed on the 3D ED derived structural models of the CHZ⋅CBZ and CHZ⋅NAM co-crystals 

to predict CQ values for crystallographically distinct chlorine sites. The calculated CQ values show 

close agreement with the experimental values for all four independent chlorine environments 

across these two cocrystals. The agreement highlights the value of using   CQ as a sensitive metric 

for assessing the local structural accuracy.64–66 The cocrystal series examined here includes two 

previously reported cocrystals and three novel cocrystals whose structures were determined from 

microcrystalline powders or single crystals. This chemical platform enables evaluation of how site-
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resolved Zp-NQR, high-field SSNMR, and 3D ED or SCXRD can be integrated to characterize 

chlorine environments in pharmaceutical solids. 

The zero-field NQR spectra of the CHZ, CHZ⋅PA, CHZ⋅2,4-DHBA, CHZ⋅CBZ, 

CHZ⋅NAM, and CHZ⋅INA (Figure 2.7.6a) appears within a small frequency window from 34.44 

to 35.24 MHz. NQR easily reveals the precise number of crystallographically distinct sites, 

including near degenerate pairs separated by 0.11–0.16 MHz. Zp-NQR spectra acquired at 30 mT, 

analyzed with QUEST fitting, provide accurate site specific CQ and η directly from powder 

samples (Figure 2.7.6b). 
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Figure 2.7.6. (a) Zero-field 35Cl NQR spectra of CHZ and cocrystals with PA, 2,4-DHBA, CBZ, 

NAM, and INA.  The NQR spectra are distributed from 34.44 to 35.24 MHz for the seven chlorine 

sites. The two independent sites in the CHZ⋅NAM and CHZ⋅INA cocrystals are labeled site1 and 

site2. (b) Experimental Zp-NQR spectra at 30 mT (bottom traces, brown) with QUEST simulated 

fits overlaid (top dotted traces, black).  

145



Static 35Cl WURST-QCPMG spectra were recorded at 21.1 T to validate the expected 

quadrupolar lineshapes (Figure 2.7.7). The experimental envelopes are well reproduced by 

simulations that employ the quadrupolar parameters obtained from Zp-NQR. However, even at 

this high magnetic field, the spectra do not reliably disclose the presence of multiple sites when 

the quadrupolar parameters are similar.67 The two chlorine sites in the CHZ+NAM cocrystal, for 

example, appear as a single broadened pattern, whereas zero-field NQR in Figure 2.7.6.b clearly 

resolves two distinct resonances separated by only 0.11 MHz. These observations highlight the 

complementary strengths of the techniques: Zp-NQR excels at site counting and precise parameter 

extraction, while high-field SSNMR provides valuable lineshape information once the number and 

approximate parameters of the sites are known. 
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Figure 2.7.7. The static 35Cl WURST-QCPMG solid-state NMR spectra of CHZ and its cocrystals 

with PA, 2,4-DHBA, CBZ, NAM and INA collected at 21.1 T. Experimental spectra are displayed 

with overlaid QUEST simulations (thick maroon lines). Spectra are shown with vertically offset 

for clarity. 

High-quality structural models are essential for interpreting the spectroscopic observables. 

The crystal structures of CHZ+CBZ and CHZ+NAM were solved from nanocrystalline powders 

using 3D ED, which directly provided unit-cell parameters, space-group assignments, molecular 

stoichiometry, and overall packing arrangements (see Appendix II.3 for crystallographic data). 

The structure of CHZ+INA was determined by single-crystal X-ray diffraction. Together with the 

previously reported structures of CHZ+PA68 and CHZ+2,4-DHBA 69, these models furnish a 

consistent structural framework for correlating local chlorine environments with the observed 
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quadrupolar parameters. Crystal packing diagrams of the CHZ cocrystal series showing the local 

coordination environment of each distinct chlorine site are presented in Figure 2.7.8. 

 
Figure 2.7.8. Crystal packing diagrams of the CHZ series illustrating the local coordination 

environment of each distinct chlorine site. Panels are presented in the same order as Table 2.7.4: 

(a) parent CHZ, (b) CHZ⋅PA, (c) CHZ⋅2,4-DHBA, (d) CHZ⋅CBZ, (e) CHZ⋅NAM, and (f) 

CHZ⋅INA. All structures are shown at identical scale. Short intermolecular contacts (< 3.8 Å) to 

each chlorine atom are highlighted by cyan dashed lines, with interatomic distances (Å) and C–

Cl⋯X angles (°) indicated. These local packing interactions (Cl⋯O, Cl⋯H–C, Cl⋯Cl, or 

complete Cl isolation) modulate the electric field gradient tensor at chlorine and directly account 
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for the variations in experimental 35Cl NQR frequencies, quadrupolar coupling constants CQ, and 

η reported in Table 2.7.4. 

Table 2.7.4 summarizes the experimental 35Cl NQR frequencies, CQ, and η values together 

with the dominant intermolecular contacts at each chlorine site. Two main structural factors govern 

the observed trends. Replacement of the parent Cl⋯O contact by weaker Cl⋯H interactions 

(CHZ⋅PA, CHZ⋅2,4-DHBA, and one site in CHZ⋅INA) reduces both the resonance frequency and 

CQ. Complete isolation of chlorine, accompanied by strengthened oxazolone N–H⋯coformer 

hydrogen bonding (CHZ⋅CBZ and one site in CHZ⋅INA), produces the lowest CQ values in the 

series. These results demonstrate that Zp-NQR not only resolves sites that are challenging to 

distinguish by SSNMR but also provides predictive insight into local structural features that can 

guide subsequent diffraction studies. 

 Table 2.7.4. Relationship between experimental 35Cl quadrupolar parameters and local chlorine 
environments in the CHZ family. 

Compound νNQR 
(MHz) 

CQ 
(MHz) η Structural Hypothesis 

from NQR/Zp-NQR 
Contacts Observed 
by SCXRD/3D ED 

Dominant Cl 
Environment 

CHZ 34.99 69.31 0.24 Mixed Cl···O / Cl···H 
environment 

Cl···O 3.239 Å, 
Cl···H 2.95 Å Cl···O + Cl···H 

CHZ·PA 34.91 69.46 0.18 Reduced Cl···O 
contribution Cl···H 2.94 Å Cl···H 

CHZ·2,4-
DHBA 34.63 68.98 0.16 Increased Cl···H 

interactions Cl···H 2.72, 2.89 Å Two Cl···H 
contacts 

CHZ·CBZ 34.45 68.26 0.20 Weakly interacting / 
isolated Cl site No short Cl contacts Isolated Cl 

CHZ·NAM 
S1 35.13 70.38 0.10 Enhanced local EFG 

anisotropy Cl···H 2.92 Å Cl···H + packing 
effects 

CHZ·NAM 
S2 35.24 70.02 0.14 Enhanced local EFG 

anisotropy 
Cl···Cl 3.46 Å + 

Cl···H 2.73 Å Cl···Cl + Cl···H 
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Compound νNQR 
(MHz) 

CQ 
(MHz) η Structural Hypothesis 

from NQR/Zp-NQR 
Contacts Observed 
by SCXRD/3D ED 

Dominant Cl 
Environment 

CHZ·INA S1 34.44 68.90 0.16 Weakly perturbed Cl 
environment No short Cl contacts Relatively isolated 

Cl 

CHZ·INA S2 34.60 68.82 0.15 Weakly perturbed Cl 
environment Cl···H 2.85 Å Cl···H 

Looking at NQR frequencies in Table 2.7.4, the CHZ+NAM cocrystal is a clear outlier. Both 

independent sites exhibit the highest resonance frequencies and the highest CQ values, 

accompanied by unusually low asymmetry parameters. This behavior arises from the presence of 

a Cl⋯Cl contact (3.464 Å) on one site together with modified hydrogen bonding involving the 

pyridine nitrogen. Notably, the Zp-NQR parameters correctly indicated the presence of a Cl⋯Cl 

interaction on one site prior to structure determination by 3D ED. Even the small frequency 

difference (0.11 MHz) between the two sites in CHZ⋅INA was sufficient to distinguish an isolated 

chlorine from one participating in a single Cl⋯H contact. These results demonstrate that Zp-NQR 

not only resolves sites that are difficult to distinguish by SSNMR but also provides predictive 

insight into local structural features that can guide subsequent diffraction studies. 

Periodic DFT calculations performed with full geometry optimization reproduce the 

experimental CQ trends across the CHZ series. As shown in the plots in Figure 2.7.9 when only 

the CHZ cocrystals are considered, a good linear correlation is obtained (R2=0.862) with an RMSD 

of 2.02 MHz for the CQ. Inclusion of the chemically distinct KTZ (conformationally disordered) 

and CAT (polarized N–Cl) systems, which together span a significantly wider range of CQ values, 

markedly improves the correlation to R2=0.998. This result demonstrates that the computational 

protocol reliably captures the electric field gradient across diverse chlorine environments when 

high-quality structural models are employed. These findings are consistent with our recent work 

on halogen-bonded cocrystals, where experimental CQ values obtained via Zp-NQR showed strong 
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linear correlations with both halogen bond distances and DFT computed interaction energies. 

Together, these studies indicate that the quadrupolar coupling constant serves as a sensitive and 

general experimental metric for non-covalent interaction strength in solids, whether arising from 

subtle packing effects or from directional halogen bonds. 

 
Figure 2.7.9. Correlation between experimental and GIPAW-DFT calculated 35Cl CQ obtained 

after full geometry optimization. (a) CHZ cocrystal series, (Cal CQ = 0.683 Exp CQ + 19.74, R2 = 

0.862). (b) All compounds studied in this work, encompassing the CHZ cocrystal family, 

ketoconazole, and chloramine-T. (Cal CQ = 1.023 Exp CQ - 3.847, R2 = 0.998). Experimental and 

DFT calculated quadrupolar parameters can be found in Table II.3.1 in Appendix II.3. 

To elucidate the electronic origin of the observed 35Cl NQR frequency and quadrupolar 

parameter trends, we performed Quantum Theory of Atoms in Molecules (QTAIM)52 and Non-

Covalent Interaction (NCI)53 analyses on representative systems selected to capture the main 

spectroscopic behaviors observed experimentally: the parent CHZ phase, CHZ⋅CBZ which 

exhibits one of the largest downward NQR shifts, and CHZ⋅NAM which behaves as an outlier and 

displays increased NQR frequency and CQ. Complementary NCI analysis was used to visualize 

the spatial distribution and cooperativity of weak intermolecular interactions. Representative 

QTAIM parameters are summarized in Appendix II.3. 
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Importantly, the intermolecular interactions identified by QTAIM and NCI are not merely 

crystallographic packing features; rather, they perturb the electronic environment surrounding the 

chlorine nuclei and modify the EFG tensor components. Since the quadrupolar parameters are 

directly related to the EFG tensor, changes in crystal packing can be directly linked to the 

experimentally observed NQR behavior. 

νNQR ∝
𝑒𝑒2𝑞𝑞𝑞𝑞
ℎ

𝐸𝐸𝐸𝐸. 7.1 

𝑒𝑒𝑒𝑒 = 𝑉𝑉𝑧𝑧𝑧𝑧 𝐸𝐸𝐸𝐸. 7.2 

𝐶𝐶𝑄𝑄 ∝ 𝑉𝑉𝑧𝑧𝑧𝑧 𝐸𝐸𝐸𝐸. 7.3 

Thus, a decrease in ∣VZZ∣ leads to lower NQR frequencies and CQ values, whereas an increase in 

∣VZZ∣ produces higher quadrupolar couplings. 
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Figure 2.7.10. NCI plots for CHZ and its cocrystals highlighting the local interaction environment around 

the chlorine atom. Green isosurfaces indicate attractive non-covalent interactions (van der Waals’ contacts, 

weak hydrogen bonds, and halogen bonds). (a) Parent CHZ; (b) CHZ⋅CBZ cocrystal; (c) CHZ⋅NAM 

cocrystal. The NCI surfaces reveal distinct changes in the supramolecular environment of the Cl atom upon 

cocrystallization. In particular, the CHZ⋅NAM cocrystal shows a localized Cl⋯Cl interaction that is absent 

in the parent compound and the CHZ⋅CBZ cocrystal, consistent with the observed increase in the 35Cl 

quadrupolar coupling constant.  

Shown in Figure 2.7.10 for the parent CHZ structure, the NCI analysis reveals relatively 

localized and weak intermolecular interactions involving primarily Cl···H, Cl···O, and π-

associated contacts. The green NCI iso-surfaces are sparse and isolated, consistent with weak 

dispersion-dominated intermolecular interactions. 
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The QTAIM analysis supports this interpretation, showing low electron density values at 

the intermolecular bond critical points together with positive Laplacian and positive total energy 

density values, characteristic of closed-shell noncovalent interactions (Figure II.3.1, Table II.3.7-

II.3.9). Consequently, the chlorine EFG in CHZ is only moderately perturbed by intermolecular 

interactions, and the observed NQR frequency (34.99 MHz) primarily reflects the intrinsic 

molecular electronic environment. 

Among the investigated cocrystals, CHZ⋅CBZ exhibits one of the lowest NQR frequencies 

(34.45 MHz). The NCI analysis shows significantly more extended and interconnected green iso-

surfaces compared with CHZ, indicating a highly cooperative intermolecular interaction network 

involving dispersion-assisted and π-associated contacts. 

The QTAIM analysis similarly reveals enhanced intermolecular electronic coupling 

together with the presence of weak Cl···Cl interactions. Although these interactions remain closed-

shell and noncovalent in nature, the overall crystal packing environment becomes substantially 

more electronically delocalized. 

Importantly, CHZ⋅CBZ exhibits the most diffuse and cooperative intermolecular interaction 

topology within the studied systems. This extensive intermolecular delocalization electronically 

averages the charge distribution surrounding the chlorine nuclei, reducing the anisotropy of the 

local electronic environment and thereby decreasing the magnitude of V33. Consequently, 

CHZ⋅CBZ displays one of the lowest experimentally observed NQR frequencies and CQ values in 

the series. 

In contrast, CHZ⋅NAM behaves as a distinct outlier and exhibits increased NQR frequencies 

and CQ values relative to the parent CHZ structure. The NCI analysis reveals a less delocalized 

and more localized interaction topology compared with CHZ⋅CBZ, with intermolecular 
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interactions concentrated around specific directional contacts rather than forming an extensively 

cooperative network. 

The QTAIM analysis reveals stabilizing Cl···H and Cl···Cl interactions in CHZ⋅NAM with 

higher electron densities at the bond critical points (0.0049–0.0059 and 0.0041 a.u., respectively) 

compared to CHZ⋅CBZ. In contrast to the cooperative, delocalized interaction network in 

CHZ⋅CBZ, the contacts in CHZ⋅NAM are more directional and localized around chlorine. 

Consequently, the crystal packing generates enhanced directional polarization and hence increases 

the anisotropy of the local environment at chlorine, leading to a larger | V33 | and thus higher 35Cl 

NQR frequencies and CQ values. 

7.6 Conclusions and Broader Perspective 

This chapter demonstrates that the integration of cryogen-free 35Cl Zp-NQR, zero-field 

NQR, ultra-wideline 35Cl SSNMR, 3D ED, and first-principles DFT calculations provides a 

comprehensive strategy for the site-resolved characterization of chlorine-containing 

pharmaceutical solids directly from powders. By combining complementary spectroscopic, 

crystallographic, and computational methods, quantitative EFG tensors were determined and 

correlated with local molecular structure, crystal packing, hydration, conformational disorder, and 

intermolecular interactions. 

The three pharmaceutical systems investigated highlight the versatility of this integrated 

methodology. In ketoconazole, Zp-NQR distinguished closely related chlorine environments 

arising from conformational disorder and guided the subsequent 3D ED analysis, while the 

successful detection of the active pharmaceutical ingredient directly within a commercial tablet 

demonstrated the potential of 35Cl NQR as a rapid, non-destructive analytical tool for 

pharmaceutical identification. In chloramine-T, combined NQR, Zp-NQR, diffraction, thermal 
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analysis, and DFT calculations enabled the characterization of hydration-dependent structural 

transformations and supported the structural assignment of the previously unknown dehydrated 

phase. The chlorzoxazone cocrystal series provided the most comprehensive demonstration of the 

methodology, where Zp-NQR resolved multiple crystallographically distinct chlorine sites that 

were difficult to distinguish by ultra-wideline 35Cl SSNMR alone. Integration with 3D ED and 

first-principles calculations further established direct relationships between experimentally 

determined quadrupolar parameters, crystal packing, and local electronic structure. These studies 

demonstrate that quadrupolar interactions serve as quantitative descriptors of the local electronic 

environment surrounding chlorine nuclei. 

Beyond the individual case studies, this work represents the culmination of the 

methodological developments presented throughout Part 2 of this thesis. The Zp-NQR 

methodology, isotope-selective resonance assignment, quantitative determination of EFG tensors, 

and integration with complementary crystallographic and computational techniques have been 

unified into a practical workflow for the structural characterization of complex molecular solids. 

Importantly, this work demonstrates that Zp-NQR alone can provide sufficient experimental 

information to determine complete EFG tensors for spin-3/2 nuclei, while complementary 

techniques such as 3D ED, SSNMR, and DFT provide additional structural validation and 

chemical interpretation. 

More broadly, the methodology developed here extends beyond the pharmaceutical systems 

investigated. Chlorine is present in approximately 20% of marketed pharmaceuticals and plays an 

important role in molecular conformation, crystal packing, polymorphism, chemical stability, and 

biological activity. The sensitivity of chlorine quadrupolar interactions to these structural features 

makes Zp-NQR a promising tool for pharmaceutical solid-form screening, polymorph 
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identification, cocrystal characterization, degradation studies, quality control, and drug 

authentication, particularly for materials available only as microcrystalline powders. Furthermore, 

the experimental and computational framework established in this work is readily applicable to 

other quadrupolar nuclei, including bromine, iodine, antimony, and nitrogen, as well as a wide 

range of molecular and inorganic materials. 

Finally, the combination of cryogen-free quadrupolar spectroscopy with emerging 

crystallographic methods such as 3D ED establishes a framework for NQR-assisted 

crystallography, in which experimentally determined EFG tensors provide independent local 

structural constraints that complement diffraction-derived models. This chapter reinforces one of 

the central themes of this dissertation: quadrupolar interactions are not merely spectroscopic 

observables, but quantitative probes of local molecular structure and intermolecular interactions. 

By integrating accessible instrumentation, exact Hamiltonian simulations, complementary 

diffraction techniques, and first-principles electronic structure calculations, the methodology 

developed throughout this thesis establishes Zp-NQR as a practical, versatile, and sustainable 

platform for the atomistic characterization of complex molecular solids. 
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Summary of Part 2 

Part 2 presented the development and application of cryogen-free Zp-NQR spectroscopy as 

a quantitative methodology for the characterization of quadrupolar nuclei in molecular solids. 

Beginning with the establishment of a practical laboratory workflow using an adjustable 

electromagnet and exact Hamiltonian simulations, the methodology was subsequently expanded 

to enable direct isotopic identification in complex spectra, quantitative evaluation of halogen-bond 

strength through experimentally determined quadrupolar interaction parameters, and integrated 

structural characterization of chlorine-containing pharmaceutical materials using complementary 

spectroscopic, crystallographic, and computational techniques. 

These studies demonstrate the versatility of Zp-NQR as a modern approach for probing the 

local electronic environments of quadrupolar nuclei and illustrate how advances in 

instrumentation, computation, and multimodal characterization can significantly expand the scope 

of nuclear quadrupole resonance spectroscopy. The following parts of this thesis present 

complementary investigations of molecular solids using alternative experimental and 

computational methodologies, further highlighting the range of approaches employed throughout 

this research to understand structure, bonding, and materials properties. 
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Part 3 – Complementary Solid-State Characterization by Solid-State 

NMR and First-Principles Calculations 

Chapter 8 – Unraveling the Amphiphilic Nature of Selenium in Non-Covalent 

Interactions: Combined 77Se MAS SSNMR and Quantum Chemical Analysis of 

Se–I Halogen and Chalcogen Bonds 

Based on: Nari, A.; Thomas, S. P.; Bryce, D. L.; Thomas, B. Understanding Non-Covalent 

Interactions in Diphenyldiselenide and Diphenylselenide Cocrystals Using a Combined 77Se 

Magic-Angle Spinning Solid-State NMR and Quantum Chemical Analysis Approach. J. Phys. 

Chem. C 2025, 129, 13299–13311. 

8.1 Chapter Overview and Thesis Context 

Although the primary focus of this thesis is the development and application of Zp-NQR 

spectroscopy for the characterization of molecular solids, the research undertaken during this 

doctoral work also includes complementary investigations using alternative spectroscopic and 

computational methodologies. This chapter presents one such study, employing 77Se magic-angle 

spinning (MAS) SSNMR spectroscopy together with first-principles quantum chemical 

calculations to investigate the electronic structure of selenium-containing molecular solids. While 

independent of the Zp-NQR studies presented in Part 2, this work addresses the same overarching 

scientific objective of relating experimentally measurable spectroscopic parameters to local 

electronic structure and intermolecular interactions. 

Selenium occupies a unique position among the chalcogen elements owing to its 

amphiphilic electronic character, allowing it to function either as an electron donor or as an 
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electron acceptor depending on its local chemical environment. Consequently, selenium can 

participate in both halogen bonding and chalcogen bonding, two highly directional σ-hole 

interactions that have become increasingly important in supramolecular chemistry, crystal 

engineering, and functional materials design. Despite their growing importance, the electronic 

factors governing selenium-centered non-covalent interactions remain comparatively less 

understood than those associated with hydrogen- and halogen-bonded systems. 

An important advantage of 77Se NMR spectroscopy is its exceptional sensitivity to the local 

electronic environment. The 77Se nucleus possesses a chemical shift range exceeding 3000 ppm, 

making it particularly responsive to subtle variations in oxidation state, coordination geometry, 

intermolecular interactions, and crystal packing. As a result, even relatively small changes in 

selenium's electronic environment arising from halogen bonding or chalcogen bonding can 

produce measurable changes in the 77Se chemical shift tensor, providing a powerful experimental 

probe of selenium-centered non-covalent interactions. 

The work presented in this chapter investigates a family of selenium-containing cocrystals 

prepared from diphenyldiselenide and diphenylselenide with iodine and 1,4-

diiodotetrafluorobenzene as halogen-bond donors. Experimental 77Se MAS SSNMR spectroscopy 

is integrated with single-crystal X-ray diffraction and periodic GIPAW-DFT calculations, together 

with complementary electronic structure analyses including electrostatic potential mapping (ESP), 

the Quantum Theory of Atoms in Molecules (QTAIM), Non-Covalent Interaction (NCI) analysis, 

Extended Transition State–Natural Orbitals for Chemical Valence (ETS-NOCV), and Interacting 

Quantum Atoms (IQA) energy decomposition. These complementary methods establish direct 

relationships between experimentally observed 77Se NMR parameters, electron density 

redistribution, and the nature of selenium-centered halogen and chalcogen bonding. 
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Understanding Non-Covalent Interactions in Diphenyldiselenide
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ABSTRACT: Chalcogen bonds are σ-hole interactions that arise
from the net attractive forces between an electron-deficient
chalcogen atom (such as selenium) and a Lewis base. In recent
years, chalcogen bonds have become important noncovalent
interactions, playing a key role in building supramolecular
structures and functional materials. Given their significance, there
is a continuous interest in gaining a deeper understanding of
chalcogen interactions. In this study, we examined systems
involving Se−I interactions, where diphenyldiselenide and
diphenylselenide serve as selenium sources, while molecular iodine
and 1,4-diiodotetrafluorobenzene act as iodine donors. We explore
the intricate interplay between selenium’s chemical environment
and its role in noncovalent interactions, with a focus on Se···I
chalcogen bonds and halogen bonds. An interdisciplinary approach combining solid-state NMR, single-crystal X-ray diffraction, and
advanced quantum chemical analyses, such as the Quantum Theory of Atoms in Molecules (QTAIM), Non-Covalent Interactions
analysis (NCI), the Extended Transition-State Method with Natural Orbitals for Chemical Valence (ETS-NOCV), and Interactive
Quantum Atoms (IQA), were used to investigate the electronic and structural factors influencing selenium’s behavior. By analyzing
the chemical shift tensors, we demonstrate how they are influenced by both halogen and chalcogen bonding roles, in addition to the
effects of crystal packing and weak interactions.

■ INTRODUCTION
The adaptability of selenium, enabled by its wide range of
accessible oxidation states from −2 to +6, makes it a versatile
element in both covalent and noncovalent interactions.1,2 This
chemical flexibility enables its crucial roles across a range of
areas, including synthetic chemistry, medicinal chemistry, and
materials science.3−7 Selenium is not only central to bioactive
compounds but also emerges as a key player in noncovalent
interactions, such as selenium-halogen (Se···X) (X: Cl, Br, I)
interactions, which are integral to supramolecular and materials
chemistry.3−7 These interactions exhibit unique versatility: in
some cases, halogen atoms (X) function as σ-hole donors with
selenium as the halogen bond (XB) acceptor, while in other
instances, selenium itself can function as a σ-hole donor,
forming chalcogen bonds (ChBs) with halogen acceptors.8,9

The broad chemical shift range of 77Se NMR provides a
powerful tool for discerning subtle variations in bonding and
geometry, enabling precise characterization of selenium-
containing cocrystals. By examining chemical shift tensors, it
is possible to reveal the dependence on halogen and chalcogen
bonding roles, as well as the influence of crystal packing and

weak interactions. The interaction between selenium and N-
heterocyclic carbene ligands provides valuable insights into the
electronic properties of these ligands, often probed through
selenium solution state NMR chemical shifts.10−12

A XB is a directional, noncovalent interaction involving an
attractive force between a halogen atom and a nucleophile.
This interaction is driven by electrostatic attraction between
the nucleophile and a region of elevated electrostatic potential
(σ-hole) on the halogen, oftentimes alongside a charge-transfer
from the nucleophilic lone pair to the antibonding σ* orbital of
the halogen.7−11 Halogen bonding closely parallels hydrogen
bonding in many respects. The σ-hole in halogen bonds
functions similarly to the proton in hydrogen bonds (HBs),
enabling precise and tunable noncovalent interactions.12,13
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Well-known XB acceptors include nitrogen, oxygen, sulfur,
and halogens themselves,14−21 along with some less common
acceptors like phosphorus22 and halide anions. Selenium,
however, is among the less-studied XB acceptors.23 Belonging
to Group 16, known as the chalcogens, selenium can exhibit
amphiphilic Lewis character, playing a dual role in the
noncovalent interaction world as both a Lewis acid and a
Lewis base when interacting with halogen atoms.24,25 In ChB,
the σ-hole is positioned along the extension of the R−Se
covalent bond.26 This property can be a powerful tool in the
design of (supra)molecular materials, bearing specific proper-
ties similar to other well-known σ-hole interactions like HB
and XB. The presence of electron withdrawing groups (EWGs)
on potential σ-hole donors plays a crucial role in defining the
interaction characteristics, determining which component acts
as the Lewis acid and which as the Lewis base, considering the
amphiphilic nature of both halogen and chalcogen atoms.27,28

Selenium−halogen (Se···X) noncovalent interactions cover a
broad range of applications in supramolecular design,
biochemistry, catalysis, and optoelectronics, where selenium
can act as either a σ-hole donor or acceptor.24,29 Certain
chalcogen-containing compounds, such as 1,2,5-chalcogena-
diazoles (Ch = S, Se, Te), are especially recognized as robust
and versatile Lewis bases; substituent variations allow fine-
tuning of σ-hole strength and, consequently, the strength of
ChB interactions.30−34 Gaining a deeper understanding of the
Se−I interaction is therefore crucial for advancing knowledge
across various domains. Herein, we investigate the Se−I
interaction in a series of molecular systems, as depicted in
Scheme 1. Specifically, diphenyldiselenide (1) and diphenylse-
lenide (2) serve as selenium sources, while iodine (a) and 1,4-
diiodotetrafluorobenzene (p-DITFB) (b) act as iodine sources.
Through a combination of experimental solid-state NMR
(SSNMR), single-crystal X-ray diffraction (SCXRD), and
advanced quantum chemical analyses such as the Quantum
Theory of Atoms in Molecules (QTAIM), noncovalent
interaction (NCI) analyses, and Extended Transition State−
Natural Orbitals for Chemical Valence (ETS-NOCV) analyses,
we investigate the electronic and structural factors influencing
selenium’s behavior and its role in Se···I chalcogen bonding
and halogen bonding. This work highlights the dual role of
selenium as a ChB donor and XB acceptor, as well as shedding
light on Se−Se and Se−Ph interactions, enhancing our
understanding of selenium’s reactivity and its significance in
noncovalent chemistry.

■ RESULTS AND DISCUSSION
X-ray Diffraction and Structural Features. Cocrystals

1a, 1b, and 2b were synthesized via mechanochemical methods
and subsequently characterized to confirm their phase purity
and crystallographic integrity. Specifically, 1a is a cocrystal
formed from diphenyldiselenide (1) and iodine (a) in a 1:1
ratio, 1b is a cocrystal of diphenyldiselenide (1) and p-DITFB
(b) in a 1:2 ratio, and 2b consists of diphenylselenide (2) and
p-DITFB (b) in a 1:1.5 ratio.
As shown in Figure 1, the experimental powder X-ray

diffraction (PXRD) patterns of the bulk samples closely match
the simulated patterns derived from SCXRD data, confirming
that the synthesized samples retained the expected crystallo-
graphic structure. This detailed comparison ensures the
absence of significant impurities or secondary phases and

Scheme 1. Molecular Structures of the Donors and Acceptors Used in This Study

Figure 1. Comparison between experimental PXRD patterns of
cocrystals prepared in this work (red) and their corresponding
simulated diffractograms (blue).
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verifies that the observed structural and interaction data,
including those involving selenium and iodine, are intrinsic to
the intended crystalline form.
In the cocrystal of diphenyldiselenide and molecular iodine

(1a), a previously reported structure,35 distinct Se···I
interactions illustrate the versatile donor−acceptor roles of
selenium and iodine. In this structure, one selenium atom (Se1
or Se5, Figure 2a) acts as an electron donor to an iodine atom
within the diiodine molecule, engaging in a XB interaction.
This interaction involves selenium providing electron density
toward the σ-hole of iodine, stabilizing the noncovalent
bonding. Simultaneously, the other selenium atom in 1 plays
an acceptor role by interacting with an iodine atom of a
neighboring diphenyldiselenide moiety, here participating in a
ChB. In this second interaction, selenium accepts electron
density from the electron-rich region of the iodine atom,
facilitated by the linear I···Se�Se and Se···I�I arrangements
characteristic of hypervalent bonding, as discussed further in
the QTAIM analysis section (vide infra). These dual donor−
acceptor interactions exemplify selenium’s amphiphilic nature
and underscore the importance of selenium−iodine non-
covalent bonding in supramolecular assembly.
In cocrystal 1b, two selenium atoms are present: one (Se1,

Figure 2b) is bonded to the phenyl ring involved in a XB with
p-DITFB, while the other Se, (Se2) is attached to a phenyl ring
with no halogen bond interaction. The electronic environment
of these two Se atoms, influenced by their respective phenyl
rings, warrants further investigation to elucidate their roles.
This analysis is crucial for determining whether each Se atom
acts as a ChB σ-hole donor or a ChB acceptor in interactions
with adjacent diphenyldiselenide molecules. This will be
further analyzed in the upcoming sections.
Table 2 summarizes critical bond distances, interaction

angles, and interaction types for compounds 1, 1a, 1b, and 2b,
illustrating the influence of various cocrystallized molecules on
the Se−Se covalent bond in 1, diphenyldiselenide. In 1, the
Se−Se bond distance is 2.307 Å, reflecting a typical value for a
diselenide. Upon cocrystallization with iodine (cocrystal 1a),
this distance increases to 2.347 Å. This elongation can be
rationalized by considering orbital interactions and charge-
transfer effects: the selenium lone pair orbitals donate electron
density into the electrophilic region of the iodine moiety, likely
involving the σ* orbitals of the I−I bond or other vacant
orbitals on iodine. This electron donation depletes electron
density from the Se−Se bond, weakening and lengthening it.
The ETS-NOCV analysis quantifies these interactions,
revealing significant orbital contributions in 1a: ΔEσ1=
−23.99 kcal/mol, ΔEσ2 = −3.85 kcal/mol, and ΔEπ1 =

−1.75 kcal/mol (see Figure S1(i) in the Electronic Supporting
Information, ESI). The dominant ΔEσ1 term reflects a strong
σ-type charge-transfer interaction, consistent with the observed
XB and ChB (at 2.99 and 3.59 Å), which redistributes electron
density away from the Se−Se bond. This is shown in Figure
S1(i), where the NOCV orbital pairs show significant electron
depletion (blue lobes) around the Se−Se bond and
accumulation (red lobes) toward the iodine acceptor, directly
corroborating the bond elongation from 2.307 to 2.347 Å. In
1a, the partial redistribution of electron density associated with
these interactions reduces the electron density localized in the
Se−Se bond, subtly weakening and elongating it, as reflected
by its length of 2.35 Å in Table 2, which is longer than in 1 and
1b.
In contrast, for the 1b cocrystal with p-DITFB, no direct

Se···I short contacts are observed. Instead, the halogen bond
interacts with the π-system of the phenyl ring. Although
electron redistribution still occurs, the electrophilic demand
from the π-system is lower than that from I2, resulting in a
minimal increase in the Se−Se bond distance to 2.313 Å, only
slightly longer than in pure 1. The ETS-NOCV analysis for 1b
supports this weaker interaction, with ΔEσ1 = −1.25 kcal/mol,
ΔEσ2 = −0.46 kcal/mol, and ΔEπ1 = −0.72 kcal/mol (see
Figure S1(ii)). These smaller ΔE values indicate less significant
charge transfer compared to 1a, consistent with the reduced
impact on the Se−Se bond. Figure S1(ii) further illustrates
this, showing less pronounced electron depletion around the
Se−Se bond compared to 1a, aligning with the weaker
influence of the π-system interaction.
The crystal structure of cocrystal 2b, reported here for the

first time (Figure 2c) was solved in the monoclinic space group
P21/n with cell dimensions a = 13.011 Å, b = 6.148 Å, c =
18.166 Å and a cell volume of 1422.46 Å3 (Table 1). The
structure reveals notable selenium−iodine (Se···I) and
selenium−hydrogen (Se···H) interactions. The Se···I inter-
action, with a distance of 3.551 Å, falls within the range typical
of XB, where iodine acts as a σ-hole donor and selenium serves
as a XB acceptor. Additionally, the selenium atom forms a
secondary interaction with a hydrogen atom from a
neighboring diphenylselenide molecule, with a Se···H distance
of 3.053 Å, indicating a weak hydrogen bond. These dual
interactions � Se···I as a halogen bond and Se···H as a weak
hydrogen bond (Figure 2c)� highlight selenium’s amphiphilic
nature, allowing it to participate in both chalcogen bonds and
hydrogen bonding-like interactions (vide infra), which
collectively enhance the stability of the cocrystal structure.
Solid-State NMR Spectroscopy. Selenium-77 (77Se)

stands out among selenium isotopes as NMR-active (I = 1/

Figure 2. Crystal structures of (a) 1a, (b) 1b, and (c) 2b, with selected atoms labeled, highlighting the diversity of bonding environments observed
for selenium.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c01979
J. Phys. Chem. C 2025, 129, 13299−13311

13301

174

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c01979/suppl_file/jp5c01979_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c01979/suppl_file/jp5c01979_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c01979/suppl_file/jp5c01979_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c01979/suppl_file/jp5c01979_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c01979/suppl_file/jp5c01979_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c01979/suppl_file/jp5c01979_si_002.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01979?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01979?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01979?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01979?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2) and naturally abundant at 7.58%. Notably, its NMR
receptivity relative to 13C is approximately 2.9, making 77Se
nearly three times more sensitive than 13C. This heightened
sensitivity, combined with its broad chemical shift range of
over 3000 ppm,39,40 renders 77Se NMR an invaluable tool for
probing noncovalent interactions involving selenium. Such an
extensive range allows for precise detection of subtle variations
in oxidation states, coordination geometries, and ChB
environments. Consequently, 77Se SSNMR is exceptionally
well-suited for distinguishing nuanced electronic differences in
organoselenium compounds. The sensitivity of 77Se chemical
shifts to variations in local geometry and intermolecular
interactions makes it challenging to assign 77Se solid-state
NMR spectra based solely on chemical or molecular structure.
To address this complexity, computational methods for
calculating 77Se NMR parameters offer valuable insights for
interpreting experimental data. In this study, density functional
theory (DFT) calculations of 77Se magnetic shielding tensors
were performed for all the compounds. A comparison of
experimental and calculated selenium chemical shifts is
presented in Table 4. Due to the presence of different short
contacts in each molecule and the high sensitivity of 77Se
chemical shifts to the local environment, a degree of scatter is
observed between experimental and calculated values. Notably,
a significant shift in the δ22 component of the chemical shift
tensor is attributed to the short Se···I distance, with this
contribution diminishing as the Se···I distance decreases. The
1H → 77Se cross-polarization magic-angle spinning NMR
spectra for 1, 1a, 1b, and 2b are shown in Figure 3 (see also
Figures S2 and S3). Diphenylselenide (2) was not included in
Figure 3 as it is a liquid. The 77Se chemical shifts were

referenced to solid (NH4)2SeO4 at δiso = 1040.2 ppm and are
listed in Table 3.
In the spectra of compounds 1, 1a, and 1b, two distinct

selenium sites are observed, indicating the presence of two
crystallographically unique selenium environments. This differ-
entiation is further supported by DFT calculations, which assist
in assigning the two selenium sites in these compounds (vide
infra).
In the parent compound, diphenyldiselenide (1), two

distinct crystallographic selenium sites are observed due to
intermolecular ChB interactions. One selenium atom (Site 1)
acts as a σ-hole donor in the ChB interaction, exhibiting a
higher chemical shift (424.5 ppm), while the other selenium
atom (Site 2) acts as a ChB acceptor (electron density donor)
and shows a lower chemical shift (349.6 ppm). Initially, this
chemical shift difference highlights the role of subtle structural

Table 1. Crystallographic Data for 2b

compound 2b

chemical formula C30H20F4I2Se2
CCDC number 2416743
FW/g mol 868.18
crystal color clear
crystal system monoclinic
crystal space group P21/n
temperature/K 100
a, b, c/A° 13.0111(5), 6.1482(2), 18.1659(6)
α, β, γ/° 90, 101.802(2), 90
V/A°3 1422.46 (9)
Z 2
R1 (final) 0.0258
wR2 (final) 0.0534

Table 2. Selected Non-Covalent Interaction Distances to Se, Se−Se Covalent Bond Lengths (in Å), and Interaction Angles (in
Degrees) for Compounds, 1, 1a, 1b, and 2b

compound/CSD refcode Se−Se covalent bond length noncovalent interaction distance/interacting atom noncovalent interaction angle

1/DPHDSE0236 2.307(1) 3.778/Se 122.66[C−Se···Se]
3.664/Se 172.35[C−Se···Se]

1a / GIHZIG37 2.347(2) 2.992/I 174.21[I−I···Se]
3.588/I 176.50 [Se−Se···I]

1b/POGZOD38 2.313(1) 3.606/Se 94.76[C−Se···Se]
3.752/Se 171.85[C−Se···Se]

2b/This worka 3.551/I 167.86[C−I···Se]

aCSD deposition number 2416743.

Figure 3. Experimental 1H → 77Se CP/MAS NMR spectra of
diphenyldiselenide (1) and the studied cocrystals, collected at a
spinning speed of 5 kHz (top, red), overlaid on their corresponding
SOLA-simulated spectra (bottom, blue). The molecular structures of
the selenium-containing species and each iodinated counterpart are
shown above their respective spectra. Isotropic peaks are indicated
with asterisks.
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features and directional electron-density flow induced by ChB
interactions in influencing shielding and deshielding effects at
the selenium centers.
To further clarify the relative contributions of intrinsic

molecular geometry and intermolecular interactions (XB/
ChB), additional gauge-including projector-augmented wave
(GIPAW)-DFT calculations were performed on both the
isolated molecule and its crystalline geometry. Calculated shifts
for the isolated molecule (423.3 ppm for Se1 and 343.2 ppm
for Se2) and for the crystalline geometry (439.9 ppm for Se1
and 339.5 ppm for Se2) revealed a relatively modest difference
of approximately 16.6 ppm for Se1 and −3.7 ppm for Se2. This
indicates that the intrinsic molecular geometry�particularly
internal torsion angles and electron distribution�primarily
dictates the selenium chemical shifts, while the intermolecular
ChB interactions present in the crystal packing contribute in a
subtle, yet discernible manner. Thus, the distinct chemical shift
environments observed experimentally in the solid-state 77Se
CP/MAS NMR spectrum predominantly reflect intrinsic
molecular conformations, with intermolecular interactions
serving as secondary contributors.
Upon cocrystallization with iodine (a) to form 1a, these

selenium environments are further modulated by the
introduction of strong Se···I halogen bonding and accompany-
ing chalcogen bonding. In 1a, both selenium sites experience
significant deshielding, with their chemical shifts increasing to
548.1 ppm (Site 1 or Se1 in Figure 2a) and 521.9 ppm (Site 2
or Se2 in Figure 2a). Here, Se1 donates electron density to
iodine atom, reinforcing the XB interaction, while Se2
maintains its role as a ChB donor (σ-hole donor) in the
altered crystal environment. This trend deviates from the
observations in 1, where the σ-hole acceptor site (electron
density donor) exhibited a lower chemical shift. A possible
explanation is that, despite Se1 acting as an electron density
donor in the XB interaction, its close proximity to iodine (2.99
Å) and the strong electronic influence of the iodine atom led
to a higher chemical shift compared to Se2. The pronounced
shift in both selenium sites underscore the significant impact of
σ-hole interactions on the local electronic and magnetic
environments, effectively enhancing polarization and reducing
electron density around the selenium nuclei.
In contrast, cocrystallization with p-DITFB to form 1b

introduces weaker interactions that do not involve direct Se···I
contacts. Although the selenium environments are still
influenced by ChB interactions, the overall effect is less
pronounced. The chemical shifts change from 424.5 and 349.6
ppm in 1 to approximately 412.2 (Site 1 or Se1 in Figure 2b)
and 402.9 (Site2 or Se2 in Figure 2b) ppm in 1b. Although
both selenium sites are affected, the absence of a strong direct

XB interaction leads to comparatively smaller deshielding
effects.
In this case, Se1 acts as a σ-hole donor and Se2 as a σ-hole

acceptor in ChB interactions within the unit cell with other
selenium atoms. This trend aligns with the observations in 1,
where only Se···Se ChB interactions are present, and the
electron density acceptor (σ-hole donor) site exhibits a higher
chemical shift. Notably, in the absence of interactions with
high-electron-density species�such as the iodine-mediated
interaction observed in 1a�this trend holds: the σ-hole donor
site, which accepts electron density, consistently exhibits a
higher chemical shift compared to the electron density donor
Se site.
A notable observation is that the solid-state 77Se CP/MAS

NMR spectrum of 1 (Figure 3a) exhibits two distinct
resonances at δiso = 424.5 and 349.6 ppm, whereas only a
single signal at δ = 463 ppm is observed in solution.41 This
discrepancy highlights the influence of the solid-state environ-
ment, where intermolecular noncovalent interactions (such as
XB and ChB) and crystal packing result in distinct selenium
sites, each characterized by a unique local electronic environ-
ment. To clarify the relative contributions of intrinsic
molecular geometry and intermolecular interactions, additional
GIPAW-DFT calculations were conducted on both the isolated
molecule and its crystalline geometry. The calculated shifts for
the isolated molecule (423.3 ppm for Se1 and 343.2 ppm for
Se2) and the crystalline geometry (439.9 ppm for Se1 and
339.5 ppm for Se2) showed relatively modest differences of
approximately 16.6 ppm and−3.7 ppm, respectively. This
indicates that intrinsic molecular geometry�specifically
internal torsion angles and electron distribution�predom-
inantly determines the observed chemical shifts, while
intermolecular ChB interactions in the crystal structure have
a subtle yet detectable influence. Therefore, the significant 75
ppm chemical shift difference between solid-state and solution
spectra primarily arises from conformational changes upon
crystallization, further underscoring the exceptional analytical
power of 77Se SSNMR to probe subtle structural and electronic
variations in selenium-containing solids.
13C SSNMR spectroscopy (Figures S5 and S6) has proven

to be an effective indirect probe for investigating noncovalent
interactions, with chemical shift changes providing evidence of
cocrystallization through interactions such as XB and
ChB.42−44 This technique allows us to gain insights into the
changes in the crystallographic and electronic environment
surrounding carbon atoms, particularly those covalently
bonded to selenium (C−Se) in the acceptor moieties.
Although the 13C nucleus is indirectly involved in each XB
or ChB (one bond removed), it is still sensitive to subtle
alterations in the electronic and crystallographic environment

Table 3. Experimental Isotropic Chemical Shifts (δiso) and Chemical Shift Tensorsa for Diphenyldiselenide (1), and the
Cocrystals Studied Herein. All shift values are in ppm

compound Se site δisoa δCSAb δ11 δ22 δ33 ηc

1 1 424.5(0.2) −239(5.8) 577(6) 511(4) 185.2(4) 0.28(0.03)
1 2 349.6(0.2) −350(9.9) 526(10) 523(8) −0.4(7) 0.01(0.04)
1a 1 548.1(0.2) 281(2) 829(2) 521(1) 294(1) 0.81(0.01)
1a 2 521.9(0.3) −151(4) 660(2) 534(1) 371(1) 0.84(0.01)
1b 1 412.2(0.1) −275.3(2) 566(2) 534(2) 137(1) 0.12(0.01)
1b 2 402.9(0.1) −289.1(2) 550(2) 545(2) 114(1) 0.02(0.01)
2b 414.1(0.1) −312(5) 720(3) 420(3) 102(2) 0.96(0.01)

aδ11 ≥ δ22 ≥ δ33; δiso = (δ11 + δ22 + δ33)/3. bChemical shift anisotropy. cAsymmetry parameter
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induced by cocrystallization. These interactions result in
observable shifts in the 13C NMR spectra, as demonstrated
in Figure S5 for compound 1 and cocrystals (Figures S4−S6).
Note that compound 2 was not included, as it is a liquid. The
13C SSNMR spectra show distinct chemical shifts for the
starting materials compared to the cocrystals, reflecting
differences in the local electronic environment and confirming
the formation of new noncovalent interactions.
Computational Studies. ESP MAP. To understand the σ-

hole interactions, electrostatic potential (ESP) maps45,46 are
frequently used in conjunction with 77Se NMR spectroscopy
(Figure 4).47 The ESP analysis allows one to visualize charge

distribution within a molecule, highlighting potential electro-
philic or nucleophilic sites. By mapping the electrostatic
potential around a molecule, it is possible to pinpoint areas

likely to engage in ChBs, offering a visual representation of
interaction sites. These maps are particularly valuable for
interpreting NMR data, as they correlate observed chemical
shifts with specific regions of charge density and potential ChB
formation. The integration of 77Se NMR spectroscopy and ESP
maps provide a comprehensive approach to studying ChBs,
providing both experimental and theoretical insights into the
chemical and electronic structures of selenium-containing
compounds.
In the case of diphenyldiselenide, the chemical shift of

selenium appears at 424.5 ppm for the σ-hole donor and 349.6
ppm for the σ-hole acceptor, which is evident from the ESP
map of 1. In the case of cocrystal 1b, the σ-hole donor appears
at 412.2 ppm and the acceptor appears at 349.6 ppm. In the
case of cocrystal 1a the σ-hole acceptor comes at 548.1 ppm,
which is more deshielded and is engaged in the halogen bond.
In the case of 2b, the σ-hole acceptor appears at 414.1 ppm,
showing a moderated deshielding due to the weaker halogen
interaction.
The GIPAW-DFT calculations exhibit a linear correlation

between the experimental 77Se isotropic chemical shifts (δiso)
and the calculated isotropic shielding constants (σiso), as
illustrated in Figure 5. For the fully optimized structures
(Figure 5a), the correlation is particularly robust, yielding an
R2 value of 0.982 and demonstrating excellent agreement
between the computed and experimental data. The resulting
regression equation, Cal. σiso = −1.188 Exp. δiso + 1.692 × 103,
underscores the method’s predictive capabilities. The calcu-
lated chemical shift components derived from the regression
equation based on fully optimized structures are summarized
in Table 4.
The differences between calculated and experimental

chemical shifts are generally small in Table 4. For example,
1a(1) and 1a(2) exhibit deviations of only 2.6 and −10.2 ppm,
respectively. While a larger discrepancy of 56.9 ppm is
observed for 2b, this may reflect the influence of specific
intermolecular interactions or structural constraints not fully
captured in the model. Further, this difference represents only
1% of the total 77Se chemical shift range. Overall, the GIPAW
approach employed here is sufficiently accurate for computing
77Se NMR parameters in the studied systems. These results are
consistent with previous work using GIPAW and (Zeroth

Figure 4. ESP maps of (a) diphenyldiselenide (1), (b) its cocrystal
with iodine (1a), (c) its cocrystal with p-DITFB (1b), and (d) the
cocrystal of diphenylselenide (2) with p-DITFB (2b). The maps
illustrate the charge distribution across the molecular surfaces,
highlighting regions of electron density (blue) and electron deficiency
(red), which correspond to nucleophilic and electrophilic sites,
respectively.

Figure 5. Correlation plots comparing calculated and experimental 77Se NMR parameters: (a) isotropic chemical shielding constants (σiso) vs
experimental isotropic chemical shifts (δiso) for fully optimized structures. The linear regression excluding the outlier (2b, shown as an orange dot)
yields Cal. σiso = −1.188 Exp. δiso + 1.692 × 103 (R2 = 0.982), while including the outlier gives Cal. σiso = −1.260 Exp. δiso + 1.737 × 103 (R2 =
0.872). (b) σiso vs δiso for hydrogen-optimized structures. Excluding the outlier (2b), the regression is Cal. σiso = −1.108 Exp. δiso + 1.674 × 103 (R2
= 0.929); including it: Cal. σiso = −1.162 Exp. δiso + 1.707 × 103 (R2 = 0.866). (c) Calculated δ33 vs experimental δ33 for all selenium sites: Cal. δ33 =
0.873 Exp. δ33 + 7.470 (R2 = 0.672).
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Order Regular Approximation) ZORA-DFT methods to
accurately predict 77Se NMR parameters,48,49 confirming the
reliability and transferability of such computational strategies.
The GIPAW algorithm,50 which reconstructs the all-electron

wave function in the presence of a magnetic field, has proven
to be an accurate and reliable method for simulating the 77Se
chemical shift. The principal components of the chemical shift
tensor, δ11, δ22, and δ33, are reported following the Maryland
convention,51 where they are arranged in descending order
such that δ11 > δ22 > δ33. The δiso, is calculated as the average of
the three principal components:

3iso
11 22 33=

+ +
(i)

A strong agreement between the experimental and calculated
values across a wide chemical shift range enables the precise
assignment of experimental 77Se NMR spectra for compounds
containing multiple crystallographically distinct Se sites. The
calculated 77Se NMR parameters effectively differentiate these
selenium sites, as demonstrated in compounds, and 1b (Figure
S7), where clear variations in the calculated chemical shifts
correlate well with experimental results.
For example, in cocrystal 1a, two distinct selenium sites

exhibit different roles within the XB and ChB interactions.
Selenium site 1 (Se1), which participates as a Lewis base in a
XB by donating electron density to iodine, exhibits a higher
experimental chemical shift of 548.1 ppm, consistent with the
calculated GIPAW-DFT value of 550.7 ppm. Conversely, site 2
(Se2), which acts as a Lewis acid in a ChB by interacting with
iodine, shows a lower chemical shift in both experimental and
calculated values, reflecting its role as an electron density
acceptor (vide infra, Figure 6a). A similar trend is observed for
compounds 1 and 1b, where distinct selenium sites are clearly
resolved due to their differing bonding roles and electronic
environments.
QTAIM and NCI Analysis. The nature of intermolecular

interactions within the studied systems was investigated using
the The Quantum Theory of Atoms in Molecules (QTAIM).
QTAIM provides a powerful framework for analyzing non-
covalent interactions, such as XB and ChB, as well as covalent
bonds, by evaluating key topological parameters at the bond
critical point (BCP). Key descriptors include the electron
density (ρBCP) and the Laplacian of electron density (∇2ρBCP),
which indicate interaction strength and bonding type. A
positive ∇2ρ typically signifies closed-shell interactions (e.g.,
hydrogen or ionic bonds), while a negative value is associated
with shared-shell, covalent interactions. The electron density
(ρBCP) and the Laplacian of electron density (∇2ρBCP) are
particularly informative, as they allow for the characterization
of bond strength and bonding type.52,53 These data,

Table 4. Experimental Isotropic Chemical Shifts (δiso) and GIPAW-DFT (Fully Optimized Structure) Calculated 77Se SSNMR
Parameters for the Compounds Studied Hereina. All values are in ppm

compound Se site δiso,expt σiso,calc δiso,calc δ11,calc δ22,calc δ33,calc δiso,calc−δiso,expt
1 1 424.5 1170.0 439.9 650.3 497.1 172.2 15.3
1 2 349.6 1289.3 339.5 622.4 401.7 −5.6 −10.1
1a 1 548.1 1038.3 550.7 705.1 528.9 418.2 2.6
1a 2 521.9 1084.6 511.7 859.6 442.8 232.8 −10.2
1b 1 412.2 1208.3 407.6 669.6 464.5 88.8 −4.6
1b 2 402.9 1205.6 409.9 686.4 422.8 120.7 7.0
2b _ 414.1 1286.3 357.2 625.6 360.5 85.6 −56.9

aCal.σiso = −1.188 Exp. δiso + 1.692 × 103

Figure 6. QTAIM and NCI graphs illustrating the selected
interactions in the cocrystals of 1a (a), 1b (b), and 2b (c). The
NCI graphs are displayed as insets within each QTAIM plot,
highlighting the regions of noncovalent interactions. In the NCI plots,
green isosurfaces represent weakly attractive interactions (e.g., van der
Waals forces, XB, and ChB), red regions indicate repulsive
interactions, and blue regions denote strong attractive interactions.
The values of electron density at the BCPs are provided in atomic
units (a.u.) at selected BCPs, corresponding to data in Table 5.
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summarized in Table 5 and illustrated in Figure 6, provide
insight into bonding characteristics across the studied systems.

To more accurately describe weak chalcogen-bonding
interactions, dispersion effects were explicitly included in our
QTAIM and NCI analyses using Grimme’s D3-BJ correction
scheme. Dispersion interactions are now well-established as
essential contributors to chalcogen bonding, particularly in
systems involving heavy atoms, as demonstrated in theoretical
studies by Bleiholder et. al54 and by Huber and co-workers.55

In cocrystal 1a, the bonding environment is multifaceted,
involving both covalent and noncovalent interactions. Specif-
ically, Se1 and Se2 are covalently bonded, while Se1 also
participates in a XB with iodine, and Se4 forms a ChB with a
different iodine moiety. The I−I bond represents the covalent
linkage between the iodine atoms within the halogen bond
donor. The inclusion of dispersion corrections in the QTAIM
analysis slightly altered the electron density parameters,
providing a more accurate picture of these interactions.
The Se1−Se2 covalent bond shows the highest electron

density at the bond critical point (BCP), with ρ = 0.0585 au,
∇2ρ = 0.0478 au, and H(r) = −0.0121 au, confirming its
covalent character. This is consistent with expectations for a
typical Se−Se bond, where the negative energy density (H(r))
reflects strong electron sharing. The I−I covalent bond exhibits
an electron density of ρ = 0.0340 au, with a Laplacian of ∇2ρ =
0.0514 au, and H(r) = −0.0025 au The positive Laplacian
coupled with a small negative H(r) suggests a closed-shell
covalent interaction, common for halogen−halogen bonds.
The I···Se1 halogen bond has a slightly lower electron

density at the BCP (ρ = 0.0336 au) but still shows a
comparable Laplacian (∇2ρ = 0.0603 au) and H(r) = −0.0020
au These parameters support the partially covalent nature of
the halogen bond, with meaningful charge accumulation and
some degree of electron sharing between the iodine and
selenium atoms.
Finally, the Se···I2 chalcogen bond is characterized by the

weakest interaction, with ρ = 0.0115 au, ∇2ρ = 0.0297 au, and
a positive energy density (H(r) = +0.0010 au). The positive
H(r) and lower ρ values confirm that this is a typical
noncovalent chalcogen bond, dominated by electrostatic
attraction and polarization rather than electron sharing.
In cocrystal 1b, the I1···π(C) interaction (ρ = 0.0075 au,

∇2ρ = +0.2586 au, H(r) = +0.0142 au) reflects a typical weak
halogen bond, dominated by electrostatic interactions,
consistent with the characteristics of halogen−π interactions.

Despite the low electron density, the positive Laplacian and
Hamiltonian energy density confirm its noncovalent, closed-
shell nature.
The Se1−Se2 covalent bond shows a significant electron

density (ρ = 0.0716 au, ∇2ρ = +0.2819 au, H(r) = −0.0204
au), demonstrating a shared-shell interaction with weak
covalent character. Compared to 1a, the slightly lower ρ and
more positive ∇2ρ suggest a marginally more polarized Se−Se
bond in 1b, reflecting a subtle difference in selenium’s bonding
environment.
The Se1···Se4 chalcogen bond (ρ = 0.0089 au, ∇2ρ =

+0.2428 au, H(r) = +0.0009 au) lies within the weak, closed-
shell interaction regime. The presence of a bond path and a
BCP confirms the interaction, with the positive Laplacian
indicating a net depletion of electron density at the BCP. Se1
again acts as a σ-hole donor, evidenced by angular
directionality and its dual role in XB and ChB interactions.
Geometrical and topological data further distinguish the

bonding roles of selenium centers: Se1 participates in both
halogen and chalcogen bonding as a σ-hole donor, while Se2
primarily serves as an electron donor. The directional Se1···Se4
interaction (C−Se1−Se4 = 87°) and the relative location of
the BCP reinforce Se1’s electrophilic nature, while Se2’s
interactions remain more nucleophilic. Altogether, these
features support selenium’s adaptable bonding behavior across
different interaction types in 1b.
From the QTAIM data (Figure 6c and Table 5), the I···Se

interaction in the 2b cocrystal exhibits features consistent with
a halogen bond. The electron density at the bond critical point
(ρBCP = 0.0135 au) is above the typical threshold for
noncovalent interactions, indicating a significant interaction
between the iodine and selenium atoms. The positive
Laplacian (∇2ρBCP = +0.0349 au) reflects electron density
depletion in the bonding region, which is characteristic of
closed-shell interactions such as halogen bonds. Importantly,
the total energy density (H(r) = +0.0011 au) is slightly
positive, suggesting that although the interaction is stabilizing,
it lacks significant covalent character and remains within the
regime of noncovalent, electrostatic-dominated bonding.
The Se···H interaction also presents a detectable electron

density (ρBCP = 0.0060 au) and a positive Laplacian (∇2ρBCP =
+0.0226 au), consistent with weak hydrogen bonding. Its H(r)
= +0.0015 au, again slightly positive, indicates a weakly
stabilizing, closed-shell interaction, likely contributing mod-
estly to the crystal packing.
Taken together, these QTAIM parameters confirm that the

I···Se interaction is the more prominent noncovalent force in
cocrystal 2b, while the Se···H interaction provides secondary
stabilization. The positive total energy densities in both cases
indicate noncovalent but energetically favorable interactions,
dominated by electrostatics rather than covalency.
The Non-Covalent Interaction (NCI) analysis56,57 provides

complementary insights into the nature of the interactions
within the cocrystals beyond what is revealed by QTAIM. As
shown in the insets of Figure 6, NCI plots visualize weak
noncovalent interactions, such as van der Waals forces, XB, and
ChB, by highlighting regions of low electron density and low
reduced density gradient (RDG). The green isosurfaces in the
NCI plots represent weakly attractive interactions, while the
red and blue regions indicate repulsive and strong attractive
interactions, respectively. For example, in 1a, the NCI analysis
captures the weak dispersive interactions between neighboring
phenyl rings, which play a key role in stabilizing the crystal

Table 5. QTAIM Analysis of the Selected Interactions at the
BCPs in the Cocrystals Studied, Highlighting Electron
Density (ρ), Laplacian of Electron Density (∇2ρ), and Total
Energy Density (H(r)) Values

cocrystal interaction (BCP) ρ (a.u.) ∇2ρ (a.u.) H(r) (a.u.)

1a Se1−Se2 (covalent) 0.0585 0.0478 −0.0121
I−I (Covalent) 0.0340 0.0514 −0.0025
I1···Se1 (XB) 0.0336 0.0603 −0.0020
Se4···I2 (ChB) 0.0115 0.0297 0.0010

1b Se1−Se2 (covalent) 0.0716 0.0282 −0.0204
I1···π(C) (XB) 0.0075 0.0259 0.0142
Se1···Se4 (ChB) 0.0089 0.0243 0.0009
Se1···Se6 (ChB) 0.0123 0.0330 0.0011

2b I···Se (XB) 0.0135 0.0349 0.0011
Se···H (HB) 0.0060 0.0226 0.0015
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packing. Similarly, in 1b, the NCI plots reveal the dispersion
interactions in the Se···π and Se···Se contacts, aligning with the
QTAIM-detected bond critical points. In 2b, the isosurfaces
emphasize the strong XB interactions between iodine and
selenium atoms, further corroborating the QTAIM findings.
These visualizations illustrate the spatial extent and distribu-
tion of noncovalent interactions, offering a qualitative
perspective that complements the quantitative parameters
obtained from QTAIM analysis.
IQA Analysis. To complement the QTAIM and NCI

findings, the Interacting Quantum Atoms (IQA)58,59 approach
was employed to decompose the total interaction energy
between atomic basins into classical electrostatic and quantum
mechanical exchange-correlation components. This method
provides a quantitative measure of the stabilizing (or
destabilizing) contributions to bonding, particularly valuable
for noncovalent interactions where electron density-based
descriptors may be ambiguous. The results are summarized in
Table S1 of the Supporting Information, and are discussed
below.
The IQA analysis of cocrystal 1a provides further insight

into the nature of bonding interactions involving selenium and
iodine, complementing the QTAIM and NCI findings. For the
Se1−Se2 bond in diphenyldiselenide, the IQA-derived total
interaction energy (−129.37 kcal/mol) confirms a stabilizing
interaction, with the covalent contribution (−144.94 kcal/
mol) overwhelmingly dominating (112%), and a small
destabilizing noncovalent component (+15.56 kcal/mol),
consistent with the QTAIM description of weak covalent
character and significant electrostatic influence due to diffuse
selenium orbitals. The I1···Se1 halogen bond, identified as
moderate by QTAIM, also shows a predominantly covalent
character (98.4%) with an interaction energy of−52.87 kcal/
mol, reinforcing its partially covalent and stabilizing nature
despite low electron density at the bond critical point. In
contrast, the Se4···I2 interaction, suspected to be a chalcogen
bond, exhibits a much weaker interaction energy (−13.56 kcal/
mol) with a nearly pure covalent contribution (100.5%), yet
the overall weak and slightly destabilizing nature observed in
QTAIM (positive H(r)) suggests that the IQA “covalency”
arises from minimal orbital interactions rather than strong
electron sharing. Taken together, these IQA metrics align with
the QTAIM interpretation: both Se−Se and I−I are weak
covalent bonds with substantial electrostatic contributions,
while the I···Se and Se···I contacts show gradations in bond
strength and covalency, reflecting their classification as halogen
and chalcogen bonds respectively, and illustrating the nuanced
bonding behaviors typical of heavy element systems.
The IQA results for the 1b cocrystal offer quantitative

support for the nature and relative strengths of the noncovalent
and covalent interactions identified via QTAIM and NCI
analysis. The Se1−Se2 interaction, with a total interaction
energy of −138.65 kcal/mol and a dominant covalent
contribution (112.1%), aligns with the QTAIM indication of
a weak covalent bond, reinforcing the conclusion that this is a
genuine covalent Se−Se bond with some delocalization due to
selenium’s diffuse orbitals. In contrast, the Se1···Se4 chalcogen
bond, with an interaction energy of only −5.78 kcal/mol and a
similarly dominant covalent contribution (110.7%), is much
weaker but still shows signs of orbital overlap, supporting its
classification as a directional, σ-hole-driven interaction. Finally,
the I···π halogen bond between iodine and the aromatic carbon
C9 shows a modest interaction energy of −11.24 kcal/mol,

with a larger electrostatic (noncovalent) component (63.7%)
compared to the covalent part (36.3%). This energetic profile
is consistent with the QTAIM and NCI evidence pointing to a
closed-shell, electrostatically dominated halogen bond. Overall,
the IQA data corroborate the dual role of selenium as both a σ-
hole donor and electron donor in the crystal and reinforce the
complementary nature of electrostatics and covalency in
stabilizing the halogen and chalcogen bonding motifs in 1b.
For 2b cocrystal, IQA analysis quantifies the Se···I

interaction energy at−13.90 kcal/mol, with a notably high
covalent contribution (−16.90 kcal/mol, 121.6%), partially
offset by a small destabilizing noncovalent component (+3.00
kcal/mol, −21.6%), further underscoring the strongly polar-
ized, partially covalent nature of this halogen bond. A
secondary interaction between selenium and a neighboring
hydrogen atom (Se···H = 3.05 Å) was also detected. Though
weaker (−5.32 kcal/mol), this contact is still significant and
shows a covalent contribution of 62.6%, suggesting a stabilizing
influence through a directional Se···H hydrogen-type contact.
Collectively, these results confirm the Se···I halogen bond as
the primary interaction driving the cocrystal formation in 2b,
with additional stabilization provided by weaker intermolecular
contacts.

■ CONCLUSIONS
This study offers a detailed and multifaceted understanding of
noncovalent interactions in diphenyldiselenide and diphenyl-
selenide cocrystals formed with iodine-based halogen bond
donors (I2 and p-DITFB). Using a combination of
experimental SSNMR, X-ray diffraction, and advanced
quantum chemical analyses�including GIPAW-DFT,
QTAIM, NCI, ETS-NOCV, and IQA energy decomposi-
tion�we examined in detail the interplay of halogen and
chalcogen bonding in the 1, 1a, 1b and 2b systems.
The 77Se SSNMR chemical shifts provide significant

evidence of selenium’s amphiphilic character, revealing a
tunable balance between its σ-hole donor and acceptor roles.
In diphenyldiselenide (1), the σ-hole donor (ChB, δiso = 424.5
ppm) is significantly more deshielded than the σ-hole acceptor
(ChB, δiso = 349.6 ppm), a 74.9 ppm difference. This trend
persists in cocrystal 1b (with p-DITFB), where the σ-hole
donor (δiso = 412.2 ppm) remains more deshielded than the
acceptor (δiso = 402.9 ppm) by 9.3 ppm. In contrast, cocrystal
1a (with I2) exhibits an inversion: the σ-hole acceptor site
engaged in a halogen bond (XB, δiso = 548.1 ppm) is more
deshielded than the donor site (ChB, δiso = 521.9 ppm) by
26.2 ppm. In 2b, the lone σ-hole acceptor site (XB, δiso = 414.1
ppm) shows moderate deshielding, consistent with a weaker
XB interaction. GIPAW-DFT chemical shift calculations
incorporating dispersion correction (PBE0-D3(BJ)) closely
track experimental values (R2 = 0.901), confirming the
accuracy of the electronic structure modeling.
The QTAIM analysis corroborates these spectroscopic

trends, revealing both the partially covalent nature of Se−Se
bonding (e.g., ρ = 0.0839 au, ∇2ρ = +0.0264 au in 1a) and the
moderate strength of Se···I halogen bonds (e.g., ρ = 0.0323 au
in 1a). The NCI plot visualizations further highlight the role of
stabilizing dispersive interactions, including Se···I contacts and
π···π stacking between phenyl rings.
Notably, the implementation of IQA energy decomposition

allowed us to understand the interatomic interaction energies
into covalent and noncovalent components, enabling quanti-
tative benchmarking of interaction types. For example, Se···I
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halogen bonds were shown to possess non-negligible covalent
contributions (up to ∼30% covalency), while Se···H−C and
π−π interactions were dominated by electrostatics and
dispersion. These insights underscore how even ostensibly
weak interactions contribute significantly to crystal stability
and supramolecular organization.
Together, these findings demonstrate that subtle variations

in XB or ChB partners profoundly influence the selenium
chemical environment, which is sensitively captured by 77Se
SSNMR. The comprehensive integration of experimental and
computational approaches�augmented by dispersion-cor-
rected DFT and quantitative IQA analysis�provides a robust
framework for understanding and rationally tuning selenium-
based noncovalent interactions. This work lays the groundwork
for the deliberate design of supramolecular materials leveraging
selenium’s dual σ-hole behavior in diverse applications, from
molecular electronics to functional crystalline materials.

■ EXPERIMENTAL SECTION
Materials. Diphenyldiselenide, 1 and diphenylselenide, 2

were purchased from Alfa Aesar. 1,4-diiodotetrafluorobenzene
(p-DITFB), b, and iodine, a, were obtained from Sigma-
Aldrich. All compounds were used as received without further
purification. Reagent-grade solvents and doubly distilled water
were used.
Sample Preparation. Powder crystalline samples of

compounds 1a, 1b, and 2b were prepared mechanochemically
using a benchtop ball mill (Retsch MM 400). Equimolar
amounts of starting materials were used for the cocrystalliza-
tion process. For the liquid-assisted grinding (LAG) method,
small amounts of liquid were added: 0.05 μL/mg of CH2Cl2
for 1a and CHCl3 for 1b, while 2b was prepared without any
liquid additive. The ball milling process was conducted at
room temperature with a milling frequency of 30 Hz for 40
min, utilizing a 10 mL grinding jar and two stainless steel balls
(5 mm outer diameter).
A single crystal of 2b suitable for SCXRD analysis was

obtained by slowly adding a solution of b (0.4 mmol) in 2 mL
of chloroform to a solution of 2 (0.4 mmol) in chloroform,
dropwise. The solvent was allowed to evaporate gradually at
room temperature, resulting in the formation of bright white to
colorless crystals.
Powder X-ray Diffraction. PXRD data were acquired

using a Bruker D8 Endeavor instrument equipped with a 1 kW
Cu Kα radiation source (λ = 1.54056 Å) and a LynxEye XE-T
high-speed detector. The measurements were performed at
room temperature. Samples were placed securely in a well plate
and rotated at a speed of 15 rpm during data collection to
ensure even exposure.
Single-Crystal X-ray Diffraction. A single crystal of

compound 2b was mounted on a thin glass fiber using Parabar
oil. SCXRD analysis was carried out on a Bruker AXS SMART
diffractometer, which used a Mo Kα radiation source (λ =
0.71073 Å) from a sealed tube. The measurements were
conducted at a temperature of 213 K. Raw data were collected
and processed using the Bruker ApexIII software.60 Unit cell
parameters were determined from 36 frames obtained via
specific ω scans, with semiempirical absorption corrections
applied based on equivalent reflections. The systematic
absences and unit cell parameters confirmed the assigned
space group. Initial structural solutions were obtained using
ShelxT direct methods,61 and the structures were refined
through full-matrix least-squares techniques using F2, aided by

ShelXL and ShelXle software.62 Hydrogen atoms were
positioned geometrically and refined using a riding model.
Solid-State NMR Spectroscopy. Experiments at 60 kHz

MAS Rate. Solid-state NMR spectra were measured with a
Bruker Avance HD 600 WB NMR spectrometer at B0 = 14.1 T
(ν0(1H) = 600 MHz) with a triple resonance 1.3 mm MAS
NMR probe. Samples were gently ground into fine powders
and packed in 1.3 mm o.d. zirconium oxide rotors prior to data
collection. The 1H and 13C chemical shifts are quoted relative
to neat tetramethylsilane (TMS) using adamantane as a
secondary chemical shift standard. Single-pulse 1H NMR
spectra were recorded using 90° rf pulses operating at the 1H
nutation frequency νH ≈ 185 kHz, 16 accumulated NMR-
signal transients, and relaxation delays of 2.0 s. The 13C NMR
spectra were recorded using 1H → 13C CP at the double
quantum Hartmann−Hahn condition,63 νH + νC = νr, which
involved ramped CP of νH = 20 ± 5 kHz for 1H (νC = 40 kHz),
a 1.5 μs 90° 1H pulse, and spinal-64 1H decoupling64 at νH =
150 kHz.

Experiments at 10 kHz MAS Rate. A Bruker Avance III
spectrometer operating at B0 = 9.4 T [ν(1H) = 400 MHz] with
a triple resonance 4 mm MAS NMR probe was used for the
77Se NMR experiments. 77Se SSNMR chemical shifts were
referenced to solid (NH4)2SeO4, (δiso = 1040.2 ppm). Samples
were gently ground into fine powders and packed in 4 mm o.d.
zirconium oxide rotors prior to data collection. The spectra
were generally obtained at room temperature. A standard 1H
→ 77Se CP pulse sequence with proton decoupling was
employed. The π/2 pulse length was optimized to be 3.70 μs,
and the CP contact time used was 5000 μs. The recycle delay
varied from 10 to 60 s. All solid-state NMR spectra were
processed using the TopSpin (version 4.3.0) software package
developed by Bruker BioSpin GmbH. Chemical shift tensor
components were obtained from 77Se SSNMR spectra
simulated via the Sola module in Topspin (version 4.3.0).
The 77Se chemical shift parameters, including the isotropic

chemical shift (δiso), the chemical shift anisotropy parameters
based on the Maryland convention, and the principal
components of the chemical shift tensor (δ11, δ22, and δ33),
were obtained by fitting the spinning sideband patterns using
the Solid Lineshape Analysis (SOLA) module within TopSpin
and the HBA 1.8.1 software.40

Computational Chemistry. Molecular electrostatic po-
tential (ESP) maps were computed using the B3LYP/
LANL2DZ level of theory with Gaussian 03, Revision
C.02.65 The Cartesian coordinates of the individual ChB
donor molecules were derived from their crystallographic
information files and used as input data. Electrostatic surface
potentials were plotted with isovalues set at MO = 0.02 au and
density = 0.0004 au, allowing for the determination of maxima
and minima at specific points on the molecule.
DFT calculations were performed to determine the 77Se

magnetic shielding tensors using periodic boundary conditions
as implemented in the CASTEP package (version 20.11).66−68

Input files were generated using Materials Studio 5.0.
Geometry optimizations and NMR calculations employed the
PBE exchange-correlation (XC) functional within the gener-
alized gradient approximation (GGA) framework, augmented
with the Grimme D3(BJ) dispersion correction to account for
long-range dispersion interactions.54,55,69−71 On the fly
pseudopotentials were used in all simulations. Two types of
geometry optimizations were performed: (i) full atomic
relaxation and (ii) hydrogen-only relaxation, both carried out
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while keeping the unit cell parameters fixed to the experimental
values. The resulting geometries were then used to compute
and compare NMR parameters. All CASTEP-based DFT
calculations were performed using the ZORA scalar relativistic
approach to account for relativistic effects.
Plane-wave cutoff energies and k-point meshes were chosen

based on system-specific convergence tests. A cutoff of 600 eV
was used for geometry optimization, and 700 eV for NMR
shielding calculations. The following Monkhorst−Pack k-point
grids were employed:

• Compound 1: 13 × 9 × 3 grid (70 total points)
• Cocrystal 1a: 8 × 9 × 8 grid (288 total points)
• Cocrystal 1b: 8 × 14 × 3 grid (84 total points)
• Cocrystal 2b: 7 × 14 × 5 grid (126 total points)

All initial crystal structures were obtained from SCXRD
data. Calculated GIPAW shielding values were converted to
chemical shifts (δ) by linear regression using the best-fit line
between experimental δ(77Se) values and computed σ(77Se)
values across the data set. This calibration accounts for
systematic deviations and ensures accurate prediction of
chemical shifts. The optimized CIF files, along with the
corresponding CASTEP input files and selected output data,
are provided in the data repository referenced in the data
availability section.
The Energy Decomposition Analysis, including ETS-NOCV

and IQA analyses, was performed using the Amsterdam
Density Functional (ADF) 2019 software package.72 All
calculations employed the PBE0 hybrid functional with the
triple-ζ doubly polarized (TZ2P) basis set and included
Grimme’s D3-BJ dispersion correction to accurately account
for long-range van der Waals interactions. Scalar relativistic
effects were treated using the ZORA (Zero-Order Regular
Approximation) method. The ETS-NOCV analysis provided
insights into the orbital and electrostatic components of Se···
Se, Se···I, Se···H, and π···π interactions, while the IQA analysis,
extracted from the “Interatomic Contributions” section of the
output file, enabled quantitative decomposition of the
interaction energy into electrostatic, exchange−correlation
(covalent), and dispersion terms. Orbital and energy visual-
izations were rendered using (Amsterdam Modeling Suite)
AMS-View within the AMS-GUI interface.73

QTAIM and NCI-RDG analyses were carried out using the
Gaussian 09 software package.74 Geometry optimizations were
performed without symmetry constraints using the B3LYP
functional in conjunction with Grimme’s D3-BJ dispersion
correction to account for long-range van der Waals
interactions. The LANL2DZ basis set was used for heavy
atoms (Se and I). The optimized wave functions were
subsequently analyzed using the QTAIM to identify bond
critical points (BCPs), electron densities (ρ), and to visualize
dispersive and noncovalent interactions, including halogen and
chalcogen bonding. The resulting isosurfaces were rendered
using VMD software.75
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in the Zenodo repository at: 10.5281/zenodo.15620208. All
experimental/computational data and procedures are available
in the ESI.

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01979.

Additional solid-state NMR spectra; additional visual-
izations of orbital interactions; and additional X-ray
crystallographic details (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
David L. Bryce − Department of Chemistry and Biomolecular
Sciences, Centre for Catalysis Research and Innovation, and
Nexus for Quantum Technologies, University of Ottawa,
Ottawa, Ontario KIN6N5, Canada; orcid.org/0000-
0001-9989-796X; Phone: 613-562-5800; Email: dbryce@
uottawa.ca

Brijith Thomas − Chemistry Program, Science Division and
Mubadala Arabian Center for Climate and Environmental
Sciences, New York University Abu Dhabi, Abu Dhabi
129188, United Arab Emirates; orcid.org/0000-0003-
3590-0992; Phone: 971-2628-4238;
Email: brijiththomas@nyu.edu

Authors
Alireza Nari − Department of Chemistry and Biomolecular
Sciences, Centre for Catalysis Research and Innovation, and
Nexus for Quantum Technologies, University of Ottawa,
Ottawa, Ontario KIN6N5, Canada

Sajesh P. Thomas − Department of Chemistry, Indian
Institute of Technology Delhi, New Delhi 110016, India;
orcid.org/0000-0003-3552-8625

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.5c01979

Author Contributions
A.N. prepared compounds, conducted the SCXRD and data
analysis, carried out solid-state NMR measurements, per-
formed quantum chemical and NMR parameters calculations,
cowrote the first draft of the manuscript, and contributed to its
subsequent editing. S.P.T. provided input on the nature of
bonding during project discussion. B.T. cowrote the first draft
of the manuscript, carried out solid-state NMR measurements,
performed data analysis and contributed to its subsequent
editing. D.L.B. supervised the project and edited the
manuscript. All authors have given approval to the final
version of the manuscript.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The research was funded by New York University Abu Dhabi
(NYUAD, UAE) by Tamkeen. The research was partially
carried out using the Core Technology Platforms at New York
University Abu Dhabi. Part of the computer simulations were
carried out on the High-Performance Computing Resources at
New York University, Abu Dhabi. DLB thanks the Natural
Sciences of Engineering Research Council of Canada for
funding. We thank Dr. Jeffrey Ovens for technical support on
SCXRD analysis.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c01979
J. Phys. Chem. C 2025, 129, 13299−13311

13309

182

https://doi.org/10.5281/zenodo.15620208
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01979?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c01979/suppl_file/jp5c01979_si_002.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+L.+Bryce"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9989-796X
https://orcid.org/0000-0001-9989-796X
mailto:dbryce@uottawa.ca
mailto:dbryce@uottawa.ca
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brijith+Thomas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3590-0992
https://orcid.org/0000-0003-3590-0992
mailto:brijiththomas@nyu.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alireza+Nari"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sajesh+P.+Thomas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3552-8625
https://orcid.org/0000-0003-3552-8625
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c01979?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c01979?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Rocha, J. B.; Piccoli, B. C.; Oliveira, C. S. Biological and
Chemical Interest in Selenium: A Brief Historical Account. ARKIVOC
2017, 2017 (2), 457−491.
(2) Bleiholder, C.; Werz, D. B.; Köppel, H.; Gleiter, R. Theoretical
Investigations on Chalcogen−Chalcogen Interactions: What Makes
These Nonbonded Interactions Bonding? J. Am. Chem. Soc. 2006, 128
(8), 2666−2674.
(3) Hu, Y. X.; Miao, J.; Hua, T.; Huang, Z.; Qi, Y.; Zou, Y.; Qiu, Y.;
Xia, H.; Liu, H.; Cao, X.; Yang, C. Efficient Selenium-Integrated
TADF OLEDs with Reduced Roll-Off. Nat. Photo. 2022, 16 (11),
803−810.
(4) Chen, S.; Fan, C.; Xu, Z.; Pei, M.; Wang, J.; Zhang, J.; Zhang, Y.;
Li, J.; Lu, J.; Peng, C.; Wei, X. Mechanochemical Synthesis of
Organoselenium Compounds. Nat. Commun. 2024, 15 (1), 769.
(5) Rayman, M. P. Selenium and Human Health. Lancet 2012, 379
(9822), 1256−1268.
(6) Fan, B.; Lin, F.; Wu, X.; Zhu, Z.; Jen, A. K.-Y. Selenium-
Containing Organic Photovoltaic Materials. Acc. Chem. Res. 2021, 54
(20), 3906−3916.
(7) Hoover, G. C.; Seferos, D. S. Photoactivity and Optical
Applications of Organic Materials Containing Selenium and
Tellurium. Chem. Sci. 2019, 10 (40), 9182−9188.
(8) Aakeroy, C. B.; Bryce, D. L.; Desiraju, G. R.; Frontera, A.; Legon,
A. C.; Nicotra, F.; Rissanen, K.; Scheiner, S.; Terraneo, G.;
Metrangolo, P.; Resnati, G. Definition of the Chalcogen Bond
(IUPAC Recommendations 2019). Pure Appl. Chem. 2019, 91 (11),
1889−1892.
(9) Desiraju, G. R.; Ho, P. S.; Kloo, L.; Legon, A. C.; Marquardt, R.;
Metrangolo, P.; Politzer, P.; Resnati, G.; Rissanen, K. Definition of the
Halogen Bond (IUPAC Recommendations 2013). Pure Appl. Chem.
2013, 85 (8), 1711−1713.
(10) Mames, A.; Pietrzak, M.; Bernatowicz, P.; Kubas, A.;
Luboradzki, R.; Ratajczyk, T. NMR Crystallography Enhanced by
Quantum Chemical Calculations and Liquid State NMR Spectrosco-
py for the Investigation of Se-NHC Adducts. Chem.�Eur. J. 2021, 27
(66), 16477−16487.
(11) Vummaleti, S. V. C.; Nelson, D. J.; Poater, A.; Gómez-Suárez,
A.; Cordes, D. B.; Slawin, A. M. Z.; Nolan, S. P.; Cavallo, L. What Can
NMR Spectroscopy of Selenoureas and Phosphinidenes Teach Us
about the π-Accepting Abilities of N-Heterocyclic Carbenes? Chem.
Sci. 2015, 6 (3), 1895−1904.
(12) Pruschinski, L.; Kahnert, S. R.; Herzberger, C.; Namyslo, J. C.;
Schmidt, A. Studies on the Effect of Positive and Negative Charges on
the 77Se NMR Shifts of Selenones and Selenenyls of N-Heterocyclic
Carbenes of Imidazolium-4,5-Dicarboxylates. J. Org. Chem. 2025, 90
(6), 2201−2213.
(13) Clark, T.; Hennemann, M.; Murray, J. S.; Politzer, P. Halogen
Bonding: The σ-Hole. J. Mol. Mod. 2007, 13 (2), 291−296.
(14) Metrangolo, P.; Meyer, F.; Pilati, T.; Resnati, G.; Terraneo, G.
Halogen Bonding in Supramolecular Chemistry. Angew. Chem., Int.
Ed. 2008, 47 (33), 6114−6127.
(15) Cavallo, G.; Metrangolo, P.; Milani, R.; Pilati, T.; Priimagi, A.;
Resnati, G.; Terraneo, G. The Halogen Bond. Chem. Rev. 2016, 116
(4), 2478−2601.
(16) Politzer, P.; Murray, J. S.; Clark, T. Halogen Bonding and
Other σ-Hole Interactions: A Perspective. Phys. Chem. Chem. Phys.
2013, 15 (27), 11178−11189.
(17) Gilday, L. C.; Robinson, S. W.; Barendt, T. A.; Langton, M. J.;
Mullaney, B. R.; Beer, P. D. Halogen Bonding in Supramolecular
Chemistry. Chem. Rev. 2015, 115 (15), 7118−7195.
(18) Terao, H.; Hashimoto, M.; Hashimoto, S.; Furukawa, Y.
Studies of Structure and Phase Transition in [C(NH2)3]HgBr3 and
[C(NH2)3]HgI3 by Means of Halogen NQR, 1H NMR, and Single
Crystal X-Ray Diffraction. Z. Naturforsch. 2000, 55 (1−2), 230−236.
(19) Metrangolo, P.; Neukirch, H.; Pilati, T.; Resnati, G. Halogen
Bonding Based Recognition Processes: A World Parallel to Hydrogen
Bonding. Acc. Chem. Res. 2005, 38 (5), 386−395.

(20) Ford, M. C.; Saxton, M.; Ho, P. S. Sulfur as an Acceptor to
Bromine in Biomolecular Halogen Bonds. J. Phys. Chem. Lett. 2017, 8
(17), 4246−4252.
(21) Costa, P. J. The Halogen Bond: Nature and Applications. Phys.
Sci. Rev. 2017, 2 (11), 136.
(22) Xu, Y.; Huang, J.; Gabidullin, B.; Bryce, D. L. A Rare Example
of a Phosphine as a Halogen Bond Acceptor. Chem. Commun. 2018,
54 (78), 11041−11043.
(23) Arman, H. D.; Rafferty, E. R.; Bayse, C. A.; Pennington, W. T.
Complementary Selenium···Iodine Halogen Bonding and Phenyl
Embraces: Cocrystals of Triphenylphosphine Selenide with Organo-
iodides. Cryst. Grow. Desi. 2012, 12 (9), 4315−4323.
(24) Kumar, V.; Triglav, M.; Morin, V. M.; Bryce, D. L.
Predictability of Chalcogen-Bond-Driven Crystal Engineering: An
X-Ray Diffraction and Selenium-77 Solid-State NMR Investigation of
Benzylic Selenocyanate Cocrystals. ACS Org. Inorg. Au 2022, 2 (3),
252−260.
(25) Chernysheva, M. V.; Haukka, M. The S ··· Hal and Se ··· Hal
Chalcogen Bonding in a Series of Thiourea, Selenourea and Their
Derivatives. J. Solid State Chem. 2021, 293, No. 121759.
(26) Resnati, G.; Bryce, D. L.; Desiraju, G. R.; Frontera, A.;
Krossing, I.; Legon, A. C.; Metrangolo, P.; Nicotra, F.; Rissanen, K.;
Scheiner, S.; Terraneo, G. Definition of the Pnictogen Bond (IUPAC
Recommendations 2023). Pure Appl. Chem. 2024, 96 (1), 135−145.
(27) Politzer, P.; Murray, J. S.; Clark, T. Halogen Bonding and
Other σ-Hole Interactions: A Perspective. Phys. Chem. Chem. Phys.
2013, 15 (27), 11178−11189.
(28) Cozzolino, A. F.; Vargas-Baca, I.; Mansour, S.; Mahmoudkhani,
A. H. The Nature of the Supramolecular Association of 1,2,5-
Chalcogenadiazoles. J. Am. Chem. Soc. 2005, 127 (9), 3184−3190.
(29) Kumar, V.; Xu, Y.; Bryce, D. L. Double Chalcogen Bonds:
Crystal Engineering Stratagems via Diffraction and Multinuclear
Solid-State Magnetic Resonance Spectroscopy. Chem.�Eur. J. 2020,
26 (15), 3275−3286.
(30) Jeannin, O.; Huynh, H.-T.; Riel, A. M. S.; Fourmigué, M.
Chalcogen Bonding Interactions in Organic Selenocyanates: From
Cooperativity to Chelation. New J. Chem. 2018, 42 (13), 10502−
10509.
(31) Georges, T.; Beaudoin, J.; Rahman, M.; Nari, A.; Ovens, J. S.;
Bryce, D. L. 77Se Solid-State NMR Investigation of Selenium
Chemical Shift Tensors of Chalcogen Bonds in Selenadiazole
Cocrystals. J. Phys. Chem. C 2025, 129, 5483−5492.
(32) Cosby, G. E.; Iftemie, T.; Nari, A.; Bryce, D. L. Chalcogen-
Bonded Cocrystals and Salt Cocrystals via Automated Resonant
Acoustic Mixing with a Button Operative Bot. RSC Mechanochem.
2025, 2 (2), 201−208.
(33) Wonner, P.; Vogel, L.; Kniep, F.; Huber, S. M. Catalytic
Carbon−Chlorine Bond Activation by Selenium-Based Chalcogen
Bond Donors. Chem.�Eur. J. 2017, 23 (67), 16972−16975.
(34) Wonner, P.; Vogel, L.; Düser, M.; Gomes, L.; Kniep, F.;
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Summary of Part 3 

Part 3 presented a complementary investigation of non-covalent interactions in selenium-

containing molecular solids using the combined capabilities of 77Se MAS SSNMR spectroscopy 

and first-principles quantum chemical calculations. By correlating experimental chemical 

shielding tensors with electronic structure analyses, this work provides detailed insight into the 

amphiphilic behavior of selenium and its participation in halogen and chalcogen bonding within 

crystalline materials. 
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Part 4 – Sustainable Mechanochemical Synthesis of Halogen-Bonded 

Molecular Solids 

Chapter 9 – Resonant Acoustic Mixing as a Gentle, Scalable, and Solvent-

Efficient Route to Halogen-Bonded Cocrystals: Accessing Novel Polymorphs 

and Stoichiometries 

Based on: Nari, A.; Ovens, J. S.; Bryce, D. L. Halogen-bonded cocrystals via resonant acoustic 

mixing. RSC Mechanochemistry 2024, 1, 50–62. 

9.1 Chapter Overview and Thesis Context 

The preceding chapters of this thesis have focused primarily on understanding molecular 

solids through advanced spectroscopic characterization and computational modeling. 

Complementing these studies, the present chapter addresses another important aspect of molecular 

solid research: the sustainable preparation of supramolecular materials. As discussed in Chapter 3, 

mechanochemistry has emerged as an environmentally responsible alternative to conventional 

solution-based synthesis by minimizing solvent consumption, reducing waste generation, and 

providing rapid access to crystalline materials. Among recent mechanochemical methodologies, 

RAM has attracted increasing attention as a gentle, scalable, and media-free technique capable of 

promoting solid-state reactions without the grinding media required in conventional ball milling. 

Although mechanochemical synthesis has been widely applied to pharmaceutical cocrystals, 

metal-organic frameworks, and coordination compounds, at the time this work was undertaken, 

systematic investigations of halogen-bond-directed cocrystallization by RAM had not been 
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reported, leaving open important questions regarding the ability of acoustic mixing to efficiently 

generate XB architectures while maintaining precise control over crystal form and stoichiometry. 

The work presented in this chapter demonstrates that RAM provides an effective and 

reproducible route for the preparation of XB cocrystals. A family of eleven iodine-based XB 

cocrystals was synthesized using neat and liquid-assisted RAM conditions and compared directly 

with products obtained by conventional ball milling. The resulting materials were characterized 

by X-ray diffraction, and 13C and 19F SSNMR spectroscopy. These complementary techniques 

confirm that RAM reliably produces phase-pure halogen-bonded cocrystals while providing 

synthetic outcomes comparable to, and in some cases extending beyond, those accessible through 

conventional mechanochemical methods. 

A particularly significant finding of this study is the discovery that RAM can access regions 

of the cocrystal landscape that are inaccessible through ball milling alone. In addition to producing 

two previously unknown XB crystal structures, RAM enabled the selective preparation of a new 

stoichiomorphic form of the p-DITFB/TMP cocrystal that could not be obtained under comparable 

ball-milling conditions. These results demonstrate that RAM is not simply an alternative 

mechanochemical technique but rather a complementary synthetic methodology capable of 

expanding polymorphic and stoichiometric space for supramolecular materials.  

Although this study was conducted independently of the spectroscopic developments 

presented in Parts 2 and 3, it shares the same broader objective of advancing the understanding 

and design of molecular solids. Whereas the earlier chapters focused on characterizing local 

electronic structure and intermolecular interactions, the present work demonstrates how 

sustainable mechanochemical synthesis can provide efficient access to those same supramolecular 

architectures. 
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Alireza Nari, Jeffrey S. Ovens and David L. Bryce *

Resonant acoustic mixing is a relatively gentle mechanochemical technology that employs pressure waves

to induce chemical and morphological transformations. We report here on the production of eleven

halogen-bonded (XB) cocrystalline architectures via neat and liquid-assisted resonant acoustic mixing

(RAM). Two strong iodinated XB donors, namely 1,4-diiodotetrafluorobenzene (p-DITFB, 1) and 1,3,5-

trifluoro-2,4,6-triiodobenzene (sym-TFTIB, 2) each react with five XB donors, namely 2,3,5,6-

tetramethylpyrazine (TMP, a), 4-dimethylaminopyridine (DMAP, b), 1,10-phenanthroline (o-Ph, c), 1,10-

phenanthroline-5,6-dione (PheDON, d), and 4,5-diazafluoren-9-one (DIZFON, e) to form ten cocrystals.

For these systems, it is shown that RAM is capable of producing the same products as are obtained via

ball milling. Two novel cocrystals are obtained (of 2d featuring bifurcated XBs, and 2e featuring

monofurcated XBs) and their single-crystal X-ray structures are reported. However, an eleventh

stoichiomorphic cocrystal of p-DITFB and TMP is obtained exclusively via RAM, suggesting that the

combination of RAM and milling approaches may afford a broader exploration of the polymorphic and

stoichiomorphic landscape than the use of a single technique in isolation. All products are characterized

via powder X-ray diffraction, and 13C cross-polarization magic angle spinning (CP/MAS) and 19F MAS

NMR spectroscopy, providing further evidence for the phase purity of samples obtained from RAM

experiments and for the degree of polymorphic control available when small volumes of liquid are

employed in mechanochemical reactions. This work demonstrates the potential of RAM for the

production of known and novel halogen-bonded cocrystalline assemblies, including polymorphic and

stoichiomorphic structures.
Introduction

Halogen bonding (XB), a distinctive noncovalent interaction,
has surged in interest due to its directional and tunable char-
acteristics,1,2 enabling the deliberate design of frameworks3,4

and control of biomolecular structure.5,6 This interaction
involves the electrophilic region of a covalently bonded halogen
(termed the s-hole)7 on the halogen bond donor engaging with
a Lewis base as the halogen bond acceptor.8 The presence of this
interaction is oen assessed using the normalized contact
distance ratio, RXB,9 which gauges the halogen bond distance
(dX/Y) relative to the sum of the van der Waals radii of the
atoms involved (
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Over the past two decades, halogen bonding has emerged as
a versatile tool, nding applications across diverse domains
such as crystal engineering, medicinal chemistry,11,12 anion
recognition,13,14 supramolecular systems,15 and catalysis.16,17 Its
adaptable nature and the potential for precise modulation
make halogen bonding an intriguing avenue for innovative
molecular design and tailored interactions.

Mechanochemistry, a dynamic and evolving eld, has
emerged as an innovative approach to chemical synthesis and
materials discovery. This methodology harnesses mechanical
force, such as grinding or milling, as a key driver in chemical
reactions, replacing or complementing traditional solution-
based processes.18,19 The concept of mechanochemistry dates
back to the 19th century when it was rst noted that certain
reactions occurred more readily under mechanical action.20–22

However, it wasn't until recent decades that the full potential of
mechanochemistry began to be realized. Today, this eld offers
a versatile platform for green and sustainable chemistry,23,24

with applications ranging from pharmaceuticals25–27 to
catalysis,28–33 and materials science.34,35
© 2024 The Author(s). Published by the Royal Society of Chemistry
190

http://crossmark.crossref.org/dialog/?doi=10.1039/d3mr00028a&domain=pdf&date_stamp=2024-03-09
http://orcid.org/0009-0008-1630-5892
http://orcid.org/0000-0003-2114-0443
http://orcid.org/0000-0001-9989-796X
https://doi.org/10.1039/d3mr00028a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mr00028a
https://pubs.rsc.org/en/journals/journal/MR
https://pubs.rsc.org/en/journals/journal/MR?issueid=MR001001


Paper RSC Mechanochemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/1

/2
02

6 
7:

25
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
In addition to the absence of solvents offering advantages,
solid-state reactions frequently yield highly pure products and
can be conducted using uncomplicated equipment, such as
basic manual grinding36 or mechanical milling.37–39 Occasion-
ally, a small quantity of liquid is introduced into mechano-
chemical reactions to expedite the transformation or facilitate
the reaction, which, in certain instances, may induce poly-
morphic variations.40 These reactions can be categorized as
“minimal solvent” rather than purely “solvent-free”,18 and they
are oen referred to as kneading, solvent drop grinding, or, in
a more comprehensive and contemporary context, liquid-
assisted grinding (LAG).41,42

Mechanochemical reactions are oen characterized by their
unique ability to access reaction pathways and product forma-
tions that are oen elusive through traditional methods.43 The
fundamental principles behind mechanochemistry involve the
application of mechanical energy to overcome activation
barriers and promote bond cleavage, facilitating the synthesis
of complex molecules and materials. As a result, mechano-
chemistry has garnered increasing interest within the scientic
community for its potential to revolutionize the way we
approach chemical synthesis and discover new materials.
Recent advances in the eld have demonstrated its efficacy in
preparing cocrystals,44–49 polymorphs,50 and metal–organic
frameworks,51,52 highlighting its versatility and potential in
various applications.

Here, we provide a proof of principle study of direct mech-
anochemical halogen bond-induced cocrystallization by reso-
nant acoustic mixing (RAM), focusing on the reduction of
reaction time and the engineering of cocrystals featuring I/N
and I/O interactions (Fig. 1). We show that acoustic mecha-
nochemistry with RAM, leveraging acoustic wave pressure as the
driving force, can efficiently provide the energy required for
Fig. 1 Molecular structure of halogen bond donors and acceptors
studied herein with the cocrystals obtained.

© 2024 The Author(s). Published by the Royal Society of Chemistry
promoting halogen bond-induced cocrystallization. Cocrystal
synthesis via RAM has been reported previously,53–58 but to our
knowledge the production of halogen-bonded systems has not
been systematically explored.

Furthermore, our ongoing work focuses on ne-tuning the
coordination of XB interactions using RAM methodology.
Notably, in a recent study by Michalczyk et al.,59 it was reported
that only 2% of XB cocrystals exhibit bifurcated interactions,
underscoring the rarity of such congurations obtained via
traditional methods. The efficiency of RAM in forging XB
interactions may hold the potential to unlock bifurcated and
multi-coordinated XB interactions, thus broadening the possi-
bilities for tailoring cocrystals in ways that were previously
inaccessible through traditional mechanochemical approaches.
Experimental section
(i) General

1,4-Diiodotetrauorobenzene (p-DITFB, 1), 2,3,5,6-tetrame-
thylpyrazine (TMP, a), and 4-dimethylaminopyridine (DMAP, b),
were purchased from Sigma-Aldrich. 1,10-Phenanthroline (o-
Ph, c) and 1,10-phenanthroline-5,6-dione (PheDON, d) were
purchased from Fisher Scientic. 4,5-Diazauoren-9-one (DIZ-
FON, e) was purchased from TCI. 1,3,5-Triuoro-2,4,6-
triiodobenzene (sym-TFTIB, 2) was purchased from SynQuest
Laboratories. These compounds were utilized in their as-
received state without further purication. Reagent grade
solvents and doubly distilled water were used.
(ii) Mechanochemistry and sample preparation

Mechanochemical transformations were performed using ball
milling (Retsch MM 400) and resonant acoustic mixing (Reso-
dyn PharmaRAM 1) devices.

Ball milling. The production of each cocrystal was upscaled to
generate 300 to 400mg of the intended product. Both the halogen
bond donor and the halogen bond acceptor at the indicated ratios
were introduced into a 10 mL stainless steel milling jar. For
cocrystallization using liquid assisted grinding (LAG), a small
quantity (ranging from 0.1 to 0.5 mL mg−1) of chloroform,
acetonitrile, tetrahydrofuran, or methanol was added. The ball
milling procedure was carried out at room temperature with
amilling frequency of 30Hz, spanning a duration of 30 to 45min.
This process utilized two stainless steel grinding balls, each with
a diameter of 5 mm. The specic synthesis conditions for each
cocrystal via ball milling are outlined in Table 1 and detailed
procedures are explained in the ESI.†

Resonant acoustic mixing. In a standard procedure, specic
amounts of nely powdered halogen bond donor and halogen
bond acceptor were transferred into a 1-dram glass vial, securely
mounted within a lab-built sample holder, and positioned on the
RAM platform. To this reactant mixture, a liquid additive such as
tetrahydrofuran, chloroform, or methanol was added within the
range of 0 to 1.0 mL mg−1. The blend was mixed vigorously using
the PharmaRAM 1 instrument for a duration of 45 to 50 min,
employing an acceleration of 80 g (g: acceleration of gravity). The
RSC Mechanochem., 2024, 1, 50–62 | 51
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Table 1 Experimental synthesis conditions of cocrystals in this work

Compound
Molar ratio
(donor : acceptor)

Masses
(donor : acceptor) (mg)

Ball milling RAM

Refcode
Time
(min) Liquid

h

(mL mg−1)
Time
(min) Liquid

h

(mL mg−1)

1a(i) (1 : 1) (241 : 82) 45 CHCl3 0.10 50 CHCl3 0.20 JAQMAQ60

1a(ii) (2 : 1) (402 : 68) NAa NA NA 45 None — KIHRAX61

1b (1 : 2) (321 : 196) 45 None — 45 None — RUYHID62

1c (1 : 1) (241 : 108) 45 CHCl3 0.05 50 CHCl3 0.10 JAQMIY60

1d (1 : 1) (205 : 105) 30 CHCl3 0.10 50 THF 0.5 EXIFEX63

1e (1 : 1) (205 : 91) 30 CHCl3 0.10 50 THF 0.5 EXIFAT63

2a (1 : 1) (357 : 95) 30 THF 0.05 50 THF 0.1 SAJCUE9

2b (1 : 3) (255 : 183) 45 None — 50 None — RUYJAX64

2c (1 : 1) (255 : 90) 45 CHCl3 0.05 50 THF 0.10 SAJDEP9

2d (1 : 1) (255 : 105) 45 CHCl3 0.05 50 CHCl3 0.7 This work
2e (1 : 1) (255 : 94) 45 CHCl3 0.10 50 CHCl3 0.7 This work

a Not achievable.
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specic RAM synthesis conditions for each cocrystal are outlined
in Table 1 and detailed procedures are explained in the ESI.†

Slow evaporation. To grow cocrystals of 2d and 2e suitable
for single crystal X-ray diffraction (SCXRD), a solution of sym-
TFTIB (0.15 mmol) dissolved in 2 mL of chloroform was added
dropwise to a solution of PheDON or DIZON (0.15 mmol) also
dissolved in 2 mL of chloroform. The solvent was allowed to
gradually evaporate at room temperature, resulting in the
formation of yellow and orange cocrystals for 2d and 2e,
respectively, over the course of one week. Vials were tightly
sealed as soon as single cocrystals were observed by eye.

(iii) Powder X-ray diffraction

Powder X-ray diffraction (PXRD) data were collected using
a Bruker D8 Endeavor instrument that features a 1 kW Cu Ka
radiation source from a sealed tube and a LynxEye XE-T high-
speed detector operating at a wavelength of l = 1.54056 Å.
These measurements were conducted under standard room
temperature conditions. The samples were securely positioned
within a well plate and underwent a rotational motion at 15
revolutions per minute throughout the data collection process.

(iv) Single-crystal X-ray diffraction

Single cocrystals of compounds 2d and 2e were affixed onto
a thin glass ber using parabar oil. SCXRD analysis was con-
ducted employing a Bruker AXS SMART single crystal diffrac-
tometer equipped with a sealed Mo tube source emitting
radiation at a wavelength of 0.71073 Å. This analysis was carried
out at a temperature of 213 K.

The diffraction dataset revealed systematic absences, and
the unit cell parameters were in accordance with themonoclinic
P21/c crystal system for both compounds 2d and 2e. See ESI† for
further details.

(v) Solid-state NMR spectroscopy
1H / 13C cross-polarization magic-angle spinning (CPMAS)
SSNMR experiments were conducted using a Bruker Avance III
spectrometer operating at 9.4 T. A Bruker 4 mmHXYMAS probe
52 | RSC Mechanochem., 2024, 1, 50–62
was employed, and the spinning frequency was typically set to
11 kHz (see ESI† for further details). The CPMAS technique
involved a 6 to 8 ms contact time, a proton p/2 pulse duration of
3.60 ms, and 1H decoupling at a nutation frequency of 54.3 kHz.
To determine chemical shis, referencing was done relative to
glycine at 176.4 ppm (13C = O) with respect to TMS.

19F MAS SSNMR experiments were conducted at 11.7 T,
utilizing a Bruker Avance III spectrometer. For these experi-
ments, a Bruker 2.5 mm HX MAS probe was employed, with
a spinning frequency set at 25 kHz. The data acquisition
employed a Bloch decay sequence with a p/2 pulse duration of
1.75 ms and a recycle delay of 60–90 seconds. Chemical shis are
reported with respect to polytetrauoroethylene at −122.2 ppm.
Results and discussion
(i) Mechanochemistry and PXRD

The preparation of XB cocrystals can typically be achieved
through both solution crystal growth and solid-state mecha-
nochemistry. Nevertheless, mechanochemistry offers a rapid
and efficient means of cocrystal synthesis while minimizing
solvent usage and by-product formation. However, for obtaining
molecular structural information and geometry, the use of
single crystals is indispensable, which can be achieved through
solvent-based crystallization. Herein, the employed cocrystalli-
zation techniques encompass neat solid-state and liquid-
assisted ball milling and RAM. Additionally, solution growth
methods were employed to produce single cocrystals of two
novel compounds, i.e., sym-TFTIB with PheDON and DIZFON
(cocrystals 2d and 2e).

We describe here the mechanochemical preparation, via ball
milling and RAM, of cocrystals 1a, 2a, 1b, 2b, 1c, 2c, 1d, 2d, 1e,
and 2e (Fig. 1). Except for two novel cocrystals (2d and 2e), the
rest of these compounds had previously been cocrystallized
through solution growth and characterized via SCXRD. This
work therefore focusses on minimizing solvent usage and on
exploring the potential of environmentally friendly and low
energy consumption RAM mechanochemical methods for
producing halogen-bonded compounds.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison between experimental PXRD patterns of cocrystals prepared via RAM (red) and the simulated X-ray powder patterns (black).
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In all cases, the PXRD patterns depicted in Fig. 2 and in the
ESI† reveal a notable similarity between the products obtained
through ball milling and RAM methods when the same stoi-
chiometry of reactants and identical synthesis conditions (e.g.,
reaction time and liquid additive) were applied. Pure and stable
forms of these cocrystals were obtained using RAM, typically
within less than an hour (in most cases, around 40 min), under
both neat and LAG conditions.

In the investigation of the application of RAM in the
mechanochemical synthesis of halogen bonded cocrystals,
eleven cocrystals were prepared, as outlined in Table 1.
Specically, cocrystal 1b was prepared via RAM by introducing
© 2024 The Author(s). Published by the Royal Society of Chemistry
a 1 : 2 molar ratio of the donor to the acceptor into a 1-dram
glass vial, and subjecting it to pressure waves of 80 g for
a duration of 45 min. The resulting PXRD pattern, as illus-
trated in Fig. 2, conrms the successful formation of the
RUYHID cocrystal (Table 1) using the pristine solvent-free
resonance acoustic mixing approach. To validate the repro-
ducibility and versatility of RAM in producing halogen-bonded
cocrystals and to make a comparative assessment with
conventional mechanochemistry methods, we employed ball
milling under identical synthesis conditions for the prepara-
tion of cocrystal 1b. Remarkably, the PXRD data indicate
a striking similarity between the cocrystals obtained through
RSC Mechanochem., 2024, 1, 50–62 | 53
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Fig. 3 Powder X-ray diffractograms for samples of 2c produced using
different RAM conditions: neat RAM (blue), 0.1 mL mg−1 CHCl3 RAM
(red), and 0.1 mL mg−1 THF RAM (green). The calculated PXRD pattern
based on the SCXRD structure is shown in black.
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these two distinct methods, conrming the formation of a pure
and stable phase of cocrystal 1b.

Subsequently, cocrystal 2b was synthesized using RAM,
employing a 1 : 3 molar ratio of donor 2 to acceptor b, with an
80 g acceleration for a duration of 50 min. Additionally,
a parallel synthesis was carried out using ball milling with
a frequency of 30 kHz and a duration of 45 min. The PXRD
patterns, depicted in Fig. 2 (and ESI†), provide compelling
evidence for the formation of a pure and stable RUYJAX phase
in both cases.

It should be noted that our optimization process for RAM
synthesis commenced with neat powders to avoid the use of
solvents. Additionally, we explored various preparation times,
including 15, 30, and 45 min. The results presented herein
encompass the optimized synthesis conditions for each coc-
rystal via both RAM and ball milling techniques. It was observed
that the exclusion of liquid additives yielded pure cocrystals
only in the case of 1a(ii), 1b, and 2b. This phenomenon can be
attributed to the superior properties of acceptors TMP(a) and
DMP(b), characterized by their enhanced nucleophilicity and
reduced steric hindrance, facilitating efficient halogen bond
formation. This distinction is expected to result in shorter bond
lengths and stronger XB interactions within these compounds.
This is evident in the geometric parameters obtained from
SCXRD data where the RXB values of 0.85, 0.76 and 0.78 were
determined for the I/N interactions in 1a(ii), 1b, and 2b coc-
rystals, respectively.

To address this issue, we adopted a strategy involving the
introduction of liquid additives33 within the range of 0.05 to 0.7
mL per milligram of reactants (h= 0.05 to 0.7) in the reaction jar.
In this context, the RAM of 1 and c reactants in a 1 : 2 molar
ratio, supplemented with chloroform at an h = 0.1 mL mg−1

ratio, yielded the pure and stable cocrystal 1c (refcode: JAQMIY).
Similarly, the syntheses of cocrystals 1d and 1e, as conrmed by
their PXRD patterns displayed in Fig. 2, were achieved by
introducing equimolar quantities of starting materials, along
with an h = 0.5 mL mg−1 of THF. Applying an 80 g acceleration
for 50 min via RAM yielded the EXIFEX and EXIFAT phases for
1e and 1d, respectively. Comparison with the simulated PXRD
pattern alongside those of the RAM and ball mill products
unequivocally establishes the production of a pure phase of
cocrystal 1e through both mechanochemical methods.

To further investigate the inuence of the type and quantity
of liquid additives on RAM-synthesized XB cocrystals,
a screening experiment was conducted on cocrystal 2c. Samples
were prepared under neat conditions, with 0.1 mL mg−1 CHCl3,
and with 0.1 mL mg−1 THF in the RAM process. Fig. 3 showcases
the PXRD results, revealing incomplete conversion in the neat
and CHCl3 experiments while highlighting the formation of
a pure SAJDEP phase when employing THF as the liquid addi-
tive in RAM cocrystallization for cocrystal 2c. This comprehen-
sive exploration of mechanochemical synthesis conditions and
the inuence of liquid additives underscores the versatility and
effectiveness of RAM in the preparation of diverse halogen-
bonded cocrystals, offering valuable insights into the optimi-
zation of this synthesis approach. Frǐsčić and co-workers have
54 | RSC Mechanochem., 2024, 1, 50–62
discussed the optimization of the h value in liquid-assisted RAM
applied to catalysis.33

In the preparation of cocrystals 2d and 2e, equimolar
quantities of the starting materials were introduced into the
reaction vessel, accompanied by the addition of 0.7 mL mg−1 of
CHCl3. The resulting PXRD patterns, as illustrated in Fig. 2,
unequivocally demonstrate the successful formation of these
novel cocrystals aer a reaction duration of 50 min at 80 g
acceleration. This is in excellent agreement with the simulated
pattern derived using Mercury 4.2.0 soware65 based on newly
acquired SCXRD data (vide infra). It is noteworthy that RAM
proved to be an efficient and viable mechanochemical approach
for the synthesis of these two novel XB cocrystals, eliminating
the necessity for milling media and extensive mechanical
grinding or abrasion processes.

During the RAM screening for cocrystal formation, with the
compound 1a, we observed intriguing results. Neat RAM for
45 min with a 1 : 2 ratio (donor : acceptor) led to the formation
of the stable phase of the 1a(ii) stoichiomorph (refcode: KIH-
RAX)61 which was not achievable with other mechanochemical
methods like ball milling. Addition of 85 mL of chloroform (h =

0.2 mLmg−1) andmixing time of 50min, however, transform the
reactants (1 : 2 ratio (donor : acceptor)) instead to the 1a(i) sto-
ichiomorph (refcode = JAQMAQ),60 the same product as ob-
tained when ball milling for 45 min with same liquid additive.
These results are presented in Fig. 4, showcasing PXRD patterns
acquired for both neat and liquid-added RAM products. This
nding affirms that varying RAM conditions can yield distinct
stoichiomorphs of compound 1a and highlights the remarkable
potential of RAM as a tool for controlling and inuencing sto-
ichiomorphism and polymorphism. Notably, our attempts to
prepare the 1a(ii) stoichiomorph using ball milling were
unsuccessful. It is important to mention that previous appli-
cations of mechanochemical ball milling, involving neat
grinding and LAG, have resulted in the formation of different
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 X-ray diffractograms of 1a(i) and 1a(ii) cocrystalline powders
prepared under ball milling and RAM conditions. See Table 1 and the
main text for details. Simulated diffractograms are generated from the
known single-crystal X-ray structures with refcodes JAQMAQ (1a(i))
and KIHRAX (1a(ii)).
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polymorphs, as reported elsewhere.66 To the best of our
knowledge, the present work represents the rst instance where
the formation of different stable cocrystalline phases can be
controlled using RAM; related work on controlling poly-
morphism with RAM has recently been reported.33

While the exact mechanism underlying this phenomenon
remains incompletely understood, two distinct factors appear
to inuence the formation of different products via RAM.
Firstly, in the liquid-assisted approach, the presence of a liquid
component can enhance the reaction rate by introducing
degrees of orientational and conformational freedom to the
molecules at various interfaces.67 Additionally, adding liquid
may lead to the formation of a mobile surface layer at the
Table 2 Crystallographic data and details

Compound 2d

Chemical formula C18H6F3I3N2O2

CCDC number 2305189
FW (g mol−1) 719.95
Crystal colour Orange
Crystal system Monoclinic
Crystal space group P21/c
Temperature (K) 100 K
a, b, c (Å) 29.938(8), 18.399(5),
a, b, g (deg) 90, 100.074(3), 90
V (A3) 15 288(7)
Z 32
R1 (nal) 0.1051
wR2 (nal) 0.2484

© 2024 The Author(s). Published by the Royal Society of Chemistry
molecule interface, which can enhance the reactivity of the
reactants68 and affect the resulting polymorphs. The second
factor could be particularly apposite for RAM, which operates as
a milder mechanochemical methodology where the reaction
occurs through the direct impact of the reactant particles.
(ii) Single crystal X-ray diffraction

The crystal structures of 1a(i) (CCDC 259702),60 1a(ii) (CCDC
1854044),61 2a (CCDC 1505893),9 1b (CCDC 773127),64 2b (CCDC
773130),64 1c (CCDC 259705),60 2c (CCDC 1505895),9 1d (CCDC
824297),63 and 1e (CCDC 824296)63 have been previously docu-
mented. In this study, we determined the single crystal X-ray
diffraction (SCXRD) structures for compounds 2d and 2e to
enhance our comprehension of halogen bonding interactions
within these supramolecular assemblies.

SCXRD analysis revealed a 1 : 1 stoichiometry of sym-TFTIB
to PheDON in 2d. This compound crystallizes in a monoclinic
crystal system, belonging to the P21/c space group. The volume
of the unit cell is determined to be 15 288(7) Å3, and the crystal
contains 32 molecules in the unit cell. The unit cell parameters
and the other relevant information are presented in Table 2. As
can be seen in Fig. 5(C), in 2d, both nitrogen atoms of the
bidentate PheDON interact with one of the sym-TFTIB iodine
atoms, resulting in the observation of a slightly asymmetrical
bifurcated halogen bond (XB) with I–N bond lengths of 2.997
and 3.297 Å (for example; there are 7 other pairs with similar
distances as shown in Table 3). A straightforward layered
packing arrangement is formed, where I–C and p—p interac-
tions lead to a parallel stacking arrangement between sym-
TFTIB and PheDON molecules as shown in Fig. 5(A), with
intermolecular distances of 3.557 Å and 3.393 Å, respectively.
Furthermore, the crystal structure reveals the presence of
C–H/I and F/F interactions, which play a crucial role in
extending the one-dimensional (1D) layer structures throughout
the crystal network.

sym-TFTIB and DIZFON were cocrystallized to form the 1 : 1
cocrystal 2e in the monoclinic space group P21/c. The supra-
molecular structure of 2e is characterized by a mono-
coordinated XB of one sym-TFTIB with two acceptor moieties
featuring one I–N and one I–O XB interaction (Fig. 5(D)). As is
2e

C17H6F3I3N2O
2305188
691.94
Yellow
Monoclinic
P21/c
200 K

28.189(7) 8.3178(7), 30.472(2), 7.4150(5)
90, 94.297(4), 90
1874.1(2)
4
0.0504
0.0999
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Fig. 5 Two novel crystal structures of compound 2d (left, parts (A) and (C)) and 2e (right, parts (B) and (D)) showing halogen bonds (dashed lines)
in compounds 2d and 2e. In cocrystal 2d, the iodine interacts with two nitrogen atoms making a bifurcated halogen bond and one oxygen with
a monocoordinated interaction. In compound 2e, the iodine of the donor interacts with two crystallographically distinct acceptor moieties.

Table 3 Selected halogen bond geometrical parameters, including contact distance, angle, and normalized contact distance ratio (RXB)

Cocrystal dI/N (Å) qC–N/I RXB (I) dI/O (Å) qC–N/O RXB (O)

1a(i) (p-DITFB)$(TMP) 3.067 177.15 0.869 — — —
1a(ii) (p-DITFB)$(TMP) 3.001 177.51 0.850 — — —
2a (sym-TFTIB)$(TMP) 2.991 178.90 0.847 — — —

2.993 179.81 0.849
1b (p-DITFB)$(DMAP) 2.677 179.25 0.756 — — —
2b (sym-TFTIB)$(DMAP) 2.766 176.15 0.784 — — —

2.886 168.58 0.818
1c (p-DITFB)$(o-Phe) 3.01 159.03 0.853 — — —

3.274 149.76 0.927
2c (sym-TFTIB)$(o-Phe) 3.02 175.68 0.856 — — —

3.148 164.18 0.892
1d (p-DITFB)$(PheDON) 3.149 154.93 0.892 3.214 155.14 0.918
2d (sym-TFTIB)$(PheDON) 3.297, 3.011, 3.215,

3.047, 3.225, 3.097,
2.997, 3.326, 3.316,
3.026, 3.406, 3.029,
3.039, 3.259, 3.094, 3.230

144.8, 165.1, 166.7,
143.3, 165.6, 143.9,
159.0, 149.5, 160.8,
149.0, 162.4, 146.5,
158.7, 149.9, 144.6, 164.1

0.934, 0.853, 0.911,
0.863, 0.914, 0.877,
0.849, 0.942, 0.939,
0.857, 0.965, 0.858,
0.861, 0.923, 0.876, 0.91

2.884a 177.52 0.824

1e (p-DITFB)$(DIZFON) 2.924 165.10 0.828 3.036 163.02 0.867
2e (p-DITFB)$(PheDON) 2.968 158.66 0.841 2.931 177.52 0.824

a For this compound, we avoid detailing the entire list of I/O XB interactions and instead provide one example in this table.
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depicted in Fig. 5(B), the 2e cocrystal structure propagates in
zigzag chains where each 1D chain is packed on the next via I–I
intermolecular interactions between donor moieties, gener-
ating a 2D layered structure.
56 | RSC Mechanochem., 2024, 1, 50–62
It is not surprising that the structure of 2e lacks a bifurcated
XB, consistent with conclusions reached in the study by Ji et al.
on similar acceptor moieties.63 This nding can be attributed to
the relatively greater distance between the two electron-rich
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 1H / 13C CP/MAS solid-state NMR spectra of sample 1a(i)
obtained by ball milling (blue, A), RAM (red, B), and the second stoi-
chiomorph 1a(ii) obtained by RAM (green, C). Inset: overlay of peak for
the C covalently bonded to N in these three products to illustrate the
identical 13C chemical shifts for the ball milled and RAM products for
1a(i), but different chemical shift for the second stoichiomorph 1a(ii).
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atoms (N) in DIZFONmolecules, exceeding the threshold for the
formation of a three-centered XB involving I and two N atoms.
The distance between I and N in the XB interaction is measured
at 2.968 Å, which is shorter than the corresponding bifurcated
I–N XB in the 2d cocrystal. This observation aligns with the
Fig. 7 Comparison of 13C CP/MAS NMR spectra for monotopic XB accep
milling and RAM. The corresponding chemical shifts are listed in Table 4

© 2024 The Author(s). Published by the Royal Society of Chemistry
concept that a monocoordinated XB is expected to be stronger
than a bifurcated XB.63
(iii) Solid-state NMR spectroscopy

To further characterize the halogen-bonded cocrystals produced
via RAM, we conducted 13C CP/MAS SSNMR spectroscopy on all
of the samples. The use of 1H/13C cross-polarization has been
demonstrated as a reliable and effective indirect method for
characterizing the formation of XB cocrystals.9 This technique
allows us to gain insights into changes in the crystallographic
and electronic environment surrounding the carbon atom
covalently bonded to the nitrogen atom (C–N) in the acceptor
moieties. The principle underlying this technique lies in the
polarization transfer from protons to the carbon atom covalently
bonded to the nitrogen atom. This 13C nucleus is indirectly
engaged in each XB (i.e., one bond removed), and is subjected to
small changes in electronic and crystallographic environment
upon cocrystallization. Consequently, this involvement results in
changes in the chemical shis, exemplied in Fig. 6 for the two
stoichiomorphs of 1a (1a(i) and 1a(ii)). The distinct 13C chemical
shis observed for the two samples reect differences in the local
nuclear environment.

Fig. 7 and 8 depict the 13C CP/MAS NMR spectra of XB
acceptor moieties alongside all cocrystals formed with the two
XB donors, 1 and 2. Notable changes in chemical shis are
evident upon the formation of XB cocrystals, with their corre-
sponding diso values listed in Table 4. Strikingly, these NMR
data also provide clear evidence that products generated via
RAM and via ball milling are isomorphic; this is consistent with
the PXRD data presented above and in the ESI.† In some cases,
ball milling gives broader NMR lines which could be indicative
of partial amorphization of the product (see ESI†). This effect
tors (TMP and DMAP) and their respective cocrystals produced via ball
.
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Fig. 8 Comparison of 13C CP/MAS NMR spectra of ditopic XB acceptors (o-Ph, PheDON, and DIZFON) and their cocrystals produced via ball
milling and RAM. The chemical shifts are detailed in Tables 4 and 5.

Table 4 Experimental 13C chemical shifts of the carbon covalently
bonded to the nitrogen in the XB acceptor moieties, based on
1H / 13C CP/MAS NMR experimentsa

Cocrystal XB acceptor diso/ppm XB acceptor diso/ppm cocrystal

1a(i) TMP 142.7 & 149.1 � 0.1 149.3 � 0.3b

1a(ii) TMP 142.7 & 149.1 � 0.1 147.1 � 0.5
2a TMP 142.7 & 149.1 � 0.1 149.5 � 0.6
1b DMAP 150.9 & 149.5 � 0.1 146.6 � 0.6
2b DMAP 150.9 & 149.5 � 0.1 147.8 � 0.7
1c o-Ph 150.8 & 145.1 � 0.3 149.8 & 148.4

& 144.0 � 0.3
2c o-Ph 150.8 & 145.1 � 0.3 151.2 & 149.5

& 145.1 � 0.4
1d PheDON 158.4 & 154.7 154.8 & 153.2

152.5 & 150.3 � 0.4 & 147.1 � 0.6
2d PheDON 158.4 & 154.7 161.4 & 155.5

152.5 & 150.3 � 0.4 & 152.0 � 0.5
1e DIZFON 160.7 & 152.0 � 0.4 162.5 & 156.4 � 0.4
2e DIZFON 160.7 & 152.0 � 0.4 162.1 & 157.1

& 154.0 � 0.4

a Chemical shis of donor molecules are also evident; these are marked
on spectra shown in the ESI. b Errors in chemical shi measurements
are attributed to the lack of certainty regarding the quantitative
impact of residual 13C–14N dipolar coupling on peak positions.

Table 5 Experimental 13C chemical shifts of the carbon covalently
bonded to I and F in the XB donor moieties, based on 1H / 13C
CP/MAS experiments

Cocrystal XB donor diso/ppm C–I diso/ppm C–F

1a(i) p-DITFB 78.7 � 0.8 —
1a(ii) p-DITFB 82.3 � 0.8 —
2a sym-TFTIB 68.6 � 2.2 161.9 � 0.9
1b p-DITFB 86.7 � 1.4 —
2b sym-TFTIB 71.2 � 0.9 163.4 � 0.6
1c p-DITFB 77.4 � 1.4 —
2c sym-TFTIB 67.1 � 1.2 161.5 � 0.8
1d p-DITFB 73.8 � 1.2 —
2d sym-TFTIB 63.2 � 1.4 161.6 � 0.6
1e p-DITFB 76.8 � 1.2 —
2e sym-TFTIB 68.6 � 1.4 —a

a In 2e, the resonance frequency of the C atom bonded to F is obscured
by the intense and distinct signals from the acceptor moieties' carbon.
Therefore, we are unable to report the chemical shi of the C–F carbon.
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could possibly be reduced by using shorter milling times, but
these experiments were not pursued presently.

In a statistical and computational analysis conducted by Allen
et al. on NO2–X synthons involving both monocoordinate and
bifurcated XB, it was observed that as the interaction distance
decreased, the XB angles tended to become more directional and
58 | RSC Mechanochem., 2024, 1, 50–62
linear.69 This observation suggests that bifurcated halogen
bonding interactions, where one halogen atom interacts with two
Lewis bases, will correlate with smaller C–X/O angles.
Conversely, smaller angles correlate with weaker interactions
when compared to more linear monocoordinated XB interac-
tions. In the cocrystals involving acceptor molecules c and d with
donors 1 and 2, which engage in bifurcated halogen-bonded
interactions, the contact lengths between I and N atoms are
relatively long, corresponding to weaker XB interactions. Conse-
quently, the C–N covalent bond in the acceptor molecule will be
© 2024 The Author(s). Published by the Royal Society of Chemistry
198

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mr00028a


Paper RSC Mechanochemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/1

/2
02

6 
7:

25
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
weakened less than it is in the presence of a stronger mono-
coordinated XB, resulting in a lower 13C chemical shi for the C
atom covalently bonded to the N atom within the acceptor
moiety. More generally, the data in Table 4 show that the 13C
chemical shis of the acceptor molecules can increase or
decrease upon cocrystallization; increases are generally noted for
TMP and DIZFON, while decreases are noted for DMAP andmore
subtle changes are noted for o-Ph and PheDON.

In another study conducted by our group,70 it was shown that
an increase in the C–I bond length of halogen bond donor 1 as
a result of XB formation corresponded to an increase in the 13C
chemical shi. The diso values for 13C covalently bonded to
iodine and uorine in the XB donor moieties are listed in
Table 5. Consistent with previous work, increases in the C–I
chemical shis relative to that for pure donor 1 (76.50(0.50)
Fig. 9 Comparison of 19F MAS SSNMR spectra of XB donors (p-DITFB and
chemical shifts are detailed in Table 6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
ppm)70 and for pure donor 2 (67.6 ± 2.4 ppm)9 are generally
observed. Interestingly, exceptions are seen in both cases for
cocrystals formed with acceptor d, which forms bifurcated
halogen bonds; such exceptions could therefore possibly be
NMR signatures of bifurcated XB, but more data are needed to
conrm the generality of this nding.

Fluorine-19 SSNMR spectroscopy is a powerful technique
that has found extensive utility in characterizing halogen-
bonded compounds due to the high receptivity of uorine
nuclei, high natural abundance, and the wide chemical shi
range.9,71 Fig. 9 illustrates the 19F MAS SSNMR spectra acquired
for all cocrystals and the peruorinated XB donor starting
materials. Importantly, changes in the 19F chemical shi upon
the formation of halogen-bonded cocrystals serve as valuable
independent indicators of cocrystallization events. These
sym-TFTIB) and their cocrystals produced via ball milling and RAM. The

RSC Mechanochem., 2024, 1, 50–62 | 59
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Table 6 Experimental 19F chemical shifts of the halogen-bond donor
moieties

Cocrystal diso/ppm cocrystal XB donor diso/ppm XB donor

1a(i) −118.9 � 0.5 p-DITFB −112.6 &
−115.5 � 0.6

1b −114.8 & −120.4 � 0.3
1c −115.0 & −118.3 � 0.6
1d −118.8 & −121.7 � 0.6
1e −121.2 & −118.8 � 0.7
2a −68.3 & −72.1 � 0.7 sym-TFTIB −61.8 & −64.1 &

−66.5 � 0.3
2b −70.4 & −74.8 � 0.3
2c −71.2 � 0.8
2d −62.2 & −72.6 � 0.7
2e −59.1 & −72.0 & −73.4 � 0.4
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spectra also provide an additional independent perspective that
the products obtained via RAM and via ball milling are
identical.

The 19F chemical shis are listed in Table 6, and the results
demonstrate a consistent and notable decrease in the 19F
chemical shi for all samples upon the formation of halogen-
bonded cocrystals. Since the crystallographic and electronic
environment encountered by 19F nuclei are highly sensitive to
XB and certain short interactions involving 19F nuclei with I or
H atoms, as revealed by XRD, the extent of chemical shi
changes exhibits variability across the compounds. Shis on the
order of up to −8 ppm are observed as a result of cocrystalli-
zation. These ndings highlight the sensitivity of 19F SSNMR as
a probe to detect structural changes associated with XB coc-
rystallization. It is noted that while the 19F NMR resonances for
cocrystal 2d, which features a large number of crystallographi-
cally non-equivalent molecules, are somewhat broader than for
the other cocrystals, there is no clear spectral resolution of these
multiple sites.

Conclusions

We have demonstrated that resonant acoustic mixing can
consistently promote halogen-bond-induced cocrystallization
of donor and acceptor molecules. Eleven halogen-bonded coc-
rystals have been prepared via RAM, including two novel
structures which were characterized by single-crystal X-ray
diffraction and one novel stoichiomorphic product which is
inaccessible via ball milling. One of the notable advantages of
RAM-based cocrystallization is its capacity to transform reac-
tants into halogen-bonded interaction products through direct
interactions, both under neat mixing conditions and when
aided by the addition of small amounts of polar or moderately
polar solvents. For most cocrystals studied herein, the inclusion
of even a minimal quantity of these solvents serves to signi-
cantly enhance the cocrystallization process and increase the
completeness of the transformation, further highlighting the
potential of RAM in optimizing cocrystal synthesis. Powder X-
ray diffraction and 13C CP/MAS and 19F MAS NMR spectros-
copy have provided compelling evidence for the phase purity of
60 | RSC Mechanochem., 2024, 1, 50–62
samples obtained from RAM experiments and for the degree of
polymorphic control available when small volumes of liquid are
employed in mechanochemical reactions. Overall, this work
demonstrates the potential of RAM for the production of known
and novel cocrystalline assemblies, including polymorphic and
stoichiomorphic structures.
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57 S. R. Anderson, P. Dubé, M. Krawiec, J. S. Salan, D. J. am
Ende and P. Samuels, Propellants, Explos., Pyrotech., 2016,
41, 783–788.
RSC Mechanochem., 2024, 1, 50–62 | 61
201

https://doi.org/10.1039/D3QO01512B
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3mr00028a


RSC Mechanochemistry Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ja

nu
ar

y 
20

24
. D

ow
nl

oa
de

d 
on

 5
/1

/2
02

6 
7:

25
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
58 S. R. Anderson, D. J. am Ende, J. S. Salan and P. Samuels,
Propellants, Explos., Pyrotech., 2014, 39, 637–640.

59 M. Michalczyk, W. Zierkiewicz and S. Scheiner, Cryst. Growth
Des., 2022, 22, 6521–6530.

60 J. L. Syssa-Magale, K. Boubekeur, P. Palvadeau,
A. Meerschaut and B. Schöllhorn, CrystEngComm, 2005, 7,
302–308.

61 P. M. J. Szell, S. A. Gabriel, E. Caron-Poulin, O. Jeannin,
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Part 5 – Conclusions and Future Outlook 

5.1 Summary of Major Scientific Contributions 

The research presented in this dissertation explores complementary approaches to the 

characterization and sustainable synthesis of molecular solids through the development and 

application of experimental and computational methodologies. The work demonstrates how 

modern magnetic resonance spectroscopy, crystallographic techniques, first-principles 

calculations, and green synthetic methodologies can be integrated to investigate the relationship 

between local electronic structure, intermolecular interactions, and solid-state properties. 

The principal contribution of this thesis is the development of cryogen-free Zp-NQR 

spectroscopy as a practical and quantitative methodology for studying quadrupolar nuclei in 

molecular solids. Through the establishment of a routine laboratory workflow, the development of 

reliable simulation strategies, direct isotopic identification of quadrupolar resonance lines, 

quantitative determination of quadrupolar interaction parameters, and their application to 

pharmaceutical materials, this work significantly broadens the analytical capabilities and 

accessibility of NQR spectroscopy. 

Beyond methodological development, this dissertation demonstrates that experimentally 

determined quadrupolar interaction parameters provide sensitive probes of local electronic 

structure and intermolecular interactions. Their successful application to halogen-bonded 

molecular solids establishes new opportunities for employing quadrupolar spectroscopy to 

investigate halogen-bond interactions, crystal packing, pharmaceutical cocrystals, and chemically 

complex materials. 
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Complementary investigations employing 77Se solid-state NMR spectroscopy and quantum 

chemical calculations further expanded the understanding of selenium-centered non-covalent 

interactions, while mechanochemical synthesis through resonant acoustic mixing demonstrated 

environmentally responsible routes toward the preparation of halogen-bonded molecular solids. 

Together, these studies illustrate how multiple experimental methodologies can be combined to 

address common scientific questions from different but complementary perspectives. 

5.2 Assessing the Green Chemistry Footprint of This Thesis 

A recurring theme throughout this dissertation is the consideration of sustainability in both 

the synthesis and characterization of molecular solids. Rather than focusing solely on 

environmentally responsible synthesis, the studies presented here illustrate how sustainable 

practices can be incorporated into multiple stages of the experimental workflow, from materials 

preparation to structural characterization. 

Mechanochemical synthesis significantly reduces the dependence on organic solvents 

traditionally employed during cocrystal preparation. Both ball milling and resonant acoustic 

mixing provide rapid, efficient, and scalable routes toward supramolecular materials while 

substantially decreasing solvent consumption and chemical waste. Resonant acoustic mixing 

further eliminates the need for grinding media, providing additional practical advantages for scale-

up and industrial implementation.1–3  

Similarly, the development of cryogen-free Zp-NQR spectroscopy eliminates the 

dependence on superconducting magnets and liquid helium that characterizes conventional high-

field magnetic resonance techniques. Although complementary high-field NMR measurements 

remain valuable for specific applications, many of the quadrupolar characterization experiments 
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presented in this thesis were performed under ambient laboratory conditions using compact 

instrumentation and adjustable electromagnets.4–6 These developments demonstrate that 

improvements in both synthesis and characterization contribute toward more resource-efficient 

molecular solid research.  

5.3 Zp-NQR in the Post-Helium Era: A Practical Model for Sustainable 

Magnetic Resonance 

The increasing cost and limited availability of liquid helium continue to motivate the 

development of alternative magnetic resonance methodologies that reduce dependence on 

cryogenic infrastructure.4 Although superconducting NMR spectrometers remain indispensable 

for numerous applications, there exists a growing need for complementary techniques capable of 

providing high-quality structural information using simpler and more accessible instrumentation. 

The cryogen-free Zp-NQR methodology developed throughout this thesis addresses this 

need by combining adjustable electromagnets with exact Hamiltonian simulations to determine 

complete quadrupolar interaction parameters directly from powder samples.7 This approach 

substantially lowers the experimental barrier to quadrupolar spectroscopy while maintaining 

quantitative sensitivity to local electronic structure. Consequently, Zp-NQR has the potential to 

expand access to advanced magnetic resonance techniques for research laboratories, educational 

institutions, and industrial environments where conventional high-field instrumentation may be 

unavailable or impractical. 

As instrumentation, automation, and computational analysis continue to advance, Zp-NQR 

spectroscopy may become an increasingly important component of the modern magnetic 

resonance toolbox for solid-state chemistry. 
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5.4 The Realized Synergy: Green Mechanochemistry + Cryogen-Free Zp-NQR 

One theme that emerges from this dissertation is the value of combining sustainable 

synthesis with complementary characterization techniques. As illustrated in Figure 5.1, 

mechanochemical preparation of molecular solids can be integrated with magnetic resonance 

spectroscopy, crystallographic methods, and first-principles calculations to provide a 

comprehensive framework for investigating supramolecular materials. Together, these 

complementary approaches contribute to a more resource-efficient workflow while providing 

detailed insight into crystal structures, local electronic environments, and intermolecular 

interactions. 

Figure 5.1 highlights the integrated workflow developed throughout this thesis. Halogen-

bonded molecular solids are prepared using either conventional ball milling or resonant acoustic 

mixing before being characterized using complementary experimental and computational 

techniques, including Zp-NQR spectroscopy, high-field SSNMR, and first-principles quantum 

chemical calculations. Collectively, these methods provide detailed insight into crystal structures, 

local electronic environments, and intermolecular interactions while reducing reliance on solvent-

intensive synthesis and cryogenic characterization. 

Although each research project presented in this dissertation was motivated by distinct 

scientific questions, together they illustrate a broader strategy for molecular solid research in which 

sustainable synthesis, advanced spectroscopy, crystallography, and computational chemistry 

function as complementary components of a unified experimental framework. 
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Figure 5.1. Integrated workflow developed throughout this thesis for the sustainable preparation 

and comprehensive characterization of molecular solids. Halogen-bonded molecular solids are 

prepared using complementary mechanochemical approaches, including conventional ball milling 

and RAM. The resulting materials are subsequently characterized through an integrated suite of 

experimental and computational techniques including Zp-NQR, high-field SSNMR, and first-

principles quantum chemical calculations.  

5.5 Limitations and Critical Reflections 

Despite the advances presented in this dissertation, several limitations remain. Unlike 

conventional NMR spectroscopy, NQR resonance frequencies are not known a priori and must 

first be located experimentally through a frequency search over a potentially broad spectral range. 

Consequently, identifying resonance frequencies can be time-consuming, particularly for 

compounds containing multiple quadrupolar sites or when little prior spectroscopic information is 
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available. Furthermore, Zp-NQR is inherently restricted to quadrupolar nuclei and, in its current 

implementation, is best suited for systems exhibiting moderate to high NQR resonance 

frequencies. For the instrumentation employed in this work, resonance frequencies below 

approximately 20 MHz often exhibit reduced signal-to-noise ratios owing to increased 

environmental electromagnetic interference, probe ringing, and radiofrequency noise, making 

reliable signal detection and the acquisition of well-resolved Zeeman-perturbed spectra more 

challenging. Continued improvements in probe design, radiofrequency electronics, shielding, and 

noise suppression strategies are expected to enhance sensitivity and extend the applicability of Zp-

NQR to lower-frequency quadrupolar systems. 

Similarly, mechanochemical synthesis is not universally applicable to every molecular 

system, and successful cocrystal formation frequently requires optimization of milling conditions, 

liquid additives, or acoustic mixing parameters. Quantum chemical calculations likewise depend 

on the chosen computational methodology and may become computationally demanding for large 

molecular systems. 

Recognizing these limitations provides opportunities for future methodological 

improvements while emphasizing the importance of combining multiple complementary 

characterization techniques when investigating complex molecular solids. 

5.6 Future Directions 

The methodologies developed throughout this dissertation open several promising 

directions for future research. From an instrumentation perspective, continued improvements in 

probe design, radiofrequency electronics, electromagnetic shielding, and noise suppression are 

expected to enhance the sensitivity of Zp-NQR spectroscopy and extend its operational frequency 
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range toward lower NQR frequencies. Such advances would enable the investigation of a broader 

range of quadrupolar nuclei, particularly those exhibiting low NQR resonance frequencies, 

including 14N, whose resonance frequencies in molecular solids often lie between a few hundred 

kilohertz and several megahertz. Expanding the accessible frequency range would significantly 

broaden the applicability of Zp-NQR to pharmaceutical compounds, energetic materials, organic 

molecular crystals, and numerous nitrogen-containing systems that are currently difficult to study 

using the present instrumentation. 

Beyond pharmaceuticals, Zp-NQR has considerable potential for the characterization of 

emerging functional materials. One particularly promising area is the investigation of halide-based 

solid-state electrolytes, where quadrupolar nuclei such as 35Cl, 79Br, and 127I can provide site-

specific information on local structure, disorder, phase transformations, and ion transport 

pathways. Similarly, Zp-NQR could offer valuable insight into heterogeneous catalysts and 

catalytic materials containing quadrupolar nuclei by probing changes in the local electronic 

environment associated with catalyst activation, adsorption processes, and reaction intermediates.  

The integration of Zp-NQR with complementary experimental and computational 

techniques also presents exciting opportunities for future research. Combined with SSNMR 

spectroscopy, diffraction methods, and first-principles calculations, Zp-NQR can provide 

increasingly comprehensive structural and electronic information for complex molecular solids, 

including pharmaceutical polymorphs, multicomponent cocrystals, degradation products, and 

disordered crystalline materials. Continued development of multimodal characterization strategies 

will further strengthen the ability to relate experimentally determined quadrupolar interaction 

parameters to local electronic structure and material properties. 
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Finally, resonant acoustic mixing represents a promising platform for the scalable and 

sustainable synthesis of molecular solids. Future studies may explore continuous manufacturing, 

automated process optimization, and the preparation of increasingly complex supramolecular 

materials, further advancing the role of mechanochemistry in green pharmaceutical and materials 

synthesis. 

5.7 Final Remarks 

This dissertation has demonstrated that meaningful advances in molecular solid science 

arise from the integration of complementary methodologies rather than from any single 

experimental technique. By combining cryogen-free quadrupolar spectroscopy, solid-state NMR, 

crystallography, first-principles quantum chemical calculations, and sustainable mechanochemical 

synthesis, this work has established new approaches for investigating the structural and electronic 

properties of molecular solids while promoting more resource-efficient research practices. 

More broadly, this thesis illustrates that sustainability and scientific innovation are not 

competing objectives but can instead reinforce one another. The methodologies developed and 

applied throughout this work contribute to a growing movement toward accessible, quantitative, 

and environmentally responsible approaches for the preparation and characterization of molecular 

materials. It is hoped that these advances will encourage wider adoption of cryogen-free magnetic 

resonance techniques and sustainable synthetic methodologies while supporting future 

developments in supramolecular chemistry, pharmaceutical materials science, and solid-state 

spectroscopy. 
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Supplementary Text 

 
Single crystal X-ray structure of 2b 

The single crystal X-ray diffraction analysis of compound 2b, a cocrystal formed between 

1,4-diiodotetrafluorobenzene (2) and 1-bromo-4-nitrobenzene (b), revealed a 1:2 donor–acceptor 

stoichiometry. The structure crystallized in the triclinic space group P¯1 (no. 2), which is 

centrosymmetric. In the asymmetric unit, one molecule of 2 is halogen-bonded to two molecules 

of b through I···O contacts involving the nitro group. The I···O halogen bonds are nearly linear, 

with C–I···O angles close to 170°, and the I···O distances fall well within the range expected for 

strong halogen bonding (ca. 2.84 Å), shorter than the sum of van der Waals radii. 

The crystal packing is dominated by a network of directional halogen bonds and additional 

weak interactions involving bromine atoms. Each iodine atom in 2 participates in a halogen bond 

with a different b molecule, resulting in a discrete trimeric motif. These trimers are extended into 

layers via intermolecular I···O and I···π interactions, while Br···O and Br···π contacts from b 

molecules further stabilize the three-dimensional architecture. The absence of high symmetry in 

P¯1 permits subtle distortions and flexibility in packing, accommodating the various non-covalent 

interactions. The overall crystal structure highlights a synergistic combination of halogen bonding 

from both iodine and bromine donors, reflecting the importance of multi-site recognition in 

halogen-bonded solids. 
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S3 
 

 
Fig. S1. Pure quadrupolar signals and Zp-QSR lines of 127I in 2 (left), 79Br in 1 (middle), 81Br in 1 
(right), as a function of the applied external magnetic field ranging from 0 mT to 50 mT.  The 
wobbling distortions are artifacts arising from undersampling the broad QSR lines.  The 
experimental spectra are shown in black, and the simulated spectra are shown in red. These are the 
same data as shown in Fig. 1, but with spectral simulations overlaid. 
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Fig. S2. (A) Zp-NQR spectra of starting materials: 127I in 2 and 79Br in b. (B) Zp-NQR spectra of 
product 2b.  Experimental spectra are in black and the QUEST-simulated fits are overlaid in red. 
Acquisition details are given in Table S4. 
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Fig. S3. (A) Calibration of the applied magnetic field B0 for the 127I nucleus.  The equation for the 
line of best fit is: B0,corr = (1.0024 ± 5.323 × 10–3)B0,meas + (-2.193 × 10–1 ± 1.775 × 10–1); R² = 
0.99992. (B) Calibration of the applied magnetic field B0 using the 79Br nucleus.  The equation for 
the line of best fit is: B0,corr = (1.0042 ± 3.408 × 10–3)B0,meas + (-1.043 × 10–1 ± 1.130 × 10–1); R² = 
0.99997. (C) Calibration of the applied magnetic field B0 using the 81Br nucleus.  The equation for 
the line of best fit is: B0,corr = (1.0053  ± 5.330 × 10–3)B0,meas + (-7.405 × 10–2 ± 1.763 × 10–1); R² = 
0.99992. 
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Fig. S4. (A) Thermal ellipsoid plot of compound 2b, showing the atomic numbering scheme. 
Ellipsoids are drawn at the 50% probability level. Hydrogen atoms are depicted as spheres of 
arbitrary radius. Symmetry code: (i) 2 – X, 1 – Y, 1 – Z. (B) Crystal structure projection and 
molecular packing of compound 2b viewed along the b-axis. 
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Fig. S5. Comparison of experimental (black) and simulated (blue) PXRD patterns for some 
compounds investigated in this study, from top to bottom: 1a, 2b, 3a, and 4. 

221



 
 

S8 
 

 
 
Fig. S6. Comparison of the PXRD patterns of the physical mixture (PM) with those of cocrystals 
1a and 3a, and the starting material 3. The PM pattern shows characteristic peaks from all three 
components, confirming the presence of 1a, 3a, and residual 3. These phase assignments are 
consistent with the Zp-NQR results presented in Figure 2.  
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Fig. S7. Simulated magnetic field strength over the sample volume (9.64 mm diameter, 2 cm 
length) showing (left) the 2D plot and (right) the histogram when (a) the QSR probe is absent, (b) 
the QSR probe shell is present but the RF coil is absent, (c) both the QSR probe and RF coil are 
present.  The simulation was performed with an external probe diameter of 39 mm and wall size 
of 1.22 mm wall size (aluminum 6061), an approximation of the RF coil (30 AWG copper cylinder 
of 20 mm in length, 10.64 mm outer diameter, 1 mm wall thickness), and an approximation of the 
EPR magnet maintaining a distance of 60 mm between the two poles. No notable differences are 
seen between the three plots, and the spread of B0 values in each case is less than 0.1 mT. 
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Table S1. Raw and calibrated magnetic field data used in Figure 1. 

 
  

Isotope

Com
pound Label in 

M
anuscript

Description
Isotope U

nder 
O

bservation

A
pplied m

agnetic 
field from

 
softw

are / G

Applied m
agnetic 

field from
 

gaussm
eter / G

Error on Field 
(G

auss)

A
pplied m

agnetic 
field from

 
gaussm

eter (in 
m

T)
Error on Field (m

T)
Calibrated Zeem

an 
Field (m

T)
Error on calibrated 
field (m

T)
Fitted Larm

or 
frq / M

H
z

U
ncertainty on 

Larm
or Frq

N
Q

R 
frequency / 
M

H
z

Error on N
Q

R 
frequency / 
M

Hz
Fitted CQ

Error on 
Fitted CQ

Fitted Eta
Error on 
Fitted Eta

Coil angle
LB

GB
2

p-DITFB
127I

100-102
101

1
10.1

0.1
10.42

0.10
0.08921

0.0008578
326.78

± 0.03
2145.08

± 3.2
0.12

± 0.006
20

34000
2000

2
p-DITFB

127I
199-200

199
1

19.9
0.1

19.83
0.10

0.16984
0.0008578

326.78
± 0.03

2145.14
± 2.4

0.12
± 0.006

12
8000

10000
2

p-DITFB
127I

301-302
301

1
30.1

0.1
30.35

0.10
0.2599

0.0008578
326.78

± 0.03
2149.35

± 3.2
0.112

± 0.006
12

37000
10000

2
p-DITFB

127I
401-402

401
1

40.1
0.1

40.26
0.15

0.3448
0.001282

326.78
± 0.03

2155.2
±3.3

0.1
± 0.006

8
40000

30000
2

p-DITFB
127I 

501-502
501

1
50.1

0.1
50.18

0.15
0.4297

0.001282
326.78

± 0.03
2155.25

±3.4
0.1

± 0.006
8

20000
30000

1
p-DBTFB

79Br
97-100

98
1

9.8
0.1

9.86
0.15

0.1055
0.0016057

309.371
± 0.03

616.73
±0.24

0.14
± 0.01

12
7000

4000
1

p-DBTFB
79Br

199-200
199

1
19.9

0.1
20.02

0.15
0.2141

0.0016057
309.371

± 0.03
617.26

±0.24
0.12

± 0.01
10

9000
20000

1
p-DBTFB

79Br
300

300
1

30
0.1

29.83
0.15

0.319
0.0016057

309.371
± 0.03

617.66
± 0.52

0.105
± 0.030

-5
6000

0
1

p-DBTFB
79Br

401-402
401

1
40.1

0.1
40.04

0.15
0.42819

0.0016057
309.371

± 0.03
617.265

±0.25
0.12

± 0.01
6

11000
23000

1
p-DBTFB

79Br
500-502

501
1

50.1
0.1

50.04
0.20

0.5352
0.0021409

309.371
± 0.03

617.505
±0.25

0.11
± 0.01

5
9500

22000

1
p-DBTFB

81Br
97-100

98
1

9.8
0.1

10.00
0.15

0.1153
0.001731

258.46
± 0.04

515.64
±0.2

0.12
± 0.008

12
3000

8000
1

p-DBTFB
81Br

199-200
199

1
19.9

0.1
19.72

0.15
0.2273

0.001731
258.46

± 0.04
515.62

±0.2
0.12

± 0.008
10

9000
5000

1
p-DBTFB

81Br
298-300

299
1

29.9
0.1

29.72
0.15

0.34268
0.001731

258.46
± 0.04

515.7
±0.21

0.12
± 0.008

8
1000

15000
1

p-DBTFB
81Br

401-402
401

1
40.1

0.1
39.90

0.15
0.46

0.001731
258.46

± 0.04
515.695

±0.21
0.12

± 0.008
2

6000
20000

1
p-DBTFB

81Br
500-502

501
1

50.1
0.1

50.04
0.15

0.5769
0.001731

258.46
± 0.04

515.865
±0.22

0.11
± 0.008

2
5000

30000

Sam
ple Inform

ation
Zeem

an Field Inform
ation

Q
U

EST Fitting Param
eters

Calibrated 
Zeem

an Field
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Table S2. QSR spectral fitting parameters for 3a, 1a, and 2b acquired in a magnetic field of 
B0 = 30.0 ± 0.1 mT.a 

 
QSR Frequency 
(Q) / MHz 

CQ / MHz  Larmor 
Frequency (L) / 
MHz 

Experimental 
Gyromagnetic ratio / 
MHz T-1 

Isotopic 
identity  & 
Assignment 

320.70 ± 0.02 2125.6 ± 2.1 0.074 ± 0.004 0.258 ± 0.001 8.61 ± 0.04b 
8.63 ± 0.04c 

127I (3a) 

334.45 ± 0.02 2214.2 ± 1.6 0.080 ± 0.004 0.257 ± 0.001 8.58 ± 0.04 
8.60 ± 0.04 

127I (3a) 

339.13 ± 0.02 2253.3 ± 1.1 0.056 ± 0.004 0.259 ± 0.001 8.61 ± 0.04 
8.63 ± 0.04 

127I (3a) 

316.62 ± 0.002 629.8 ± 0.3 0.180 ± 0.008 0.318 ± 0.002 10.70 ± 0.07 
10.75 ± 0.07 

79Br (1a) 

320.046 ± 0.002 638.0 ± 0.3 0.140 ± 0.008 0.321 ± 0.002 10.71 ± 0.07 
10.75 ± 0.07 

79Br (1a) 

276.34 ± 0.02 550.7 ± 0.3 0.148 ± 0.008 0.321 ± 0.002 10.71 ± 0.07 
10.75 ± 0.07 

79Br (2b) 

330.38 ± 0.02  2190.8 ± 1.9 0.070 ± 0.006 0.259 ± 0.001 8.61 ± 0.04 
8.63 ± 0.04 

127I (2b) 

a. Spectral fits were performed using exact theory using QUEST. 
b. The first row of data result from fitting to raw data. 
c. The second row of data are the results after correction to B0 using known gyromagnetic ratios. 
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Table S3. Description of the QSR coils used in this work, including the approximate 
amount of sample used in each experiment. 

 
Coil # Length Outer 

diameter 
# turns Wire size Upper 

frequencya 
Lower 
frequencya 

Sample 
amount (mg) 

Coil 1  10 mm 8 mm  4 turns 1.72 mm 
(flat 
ribbon) 

214 ± 5 MHz 380  ± 5 MHz 300-400  

Coil 2 17.4 mm 9.65 mm 9 turns 20 AWG 
(round 
wire) 

167 ± 5 MHz  100 ± 5 MHz  700-800 

Coil 3 20 mm 9.65 mm 21 turns 20 AWG 
(round 
wire) 

91 ± 5 MHz  56 ± 5 MHz  700-800 

Coil 4 26 mm 9 mm 39 turns 24 AWG 
(round 
wire) 

50 ± 5 MHz  28 ± 3 MHz  700-800 

a The uncertainties consider the possibility of adjusting the frequency ranges by slightly compressing or stretching 
the coil. 
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Table S4. Experimental Zp-QSR parameters for each isotope in the compounds studied in 
this work. 

Compound 
Isotope - 

site - 
transition 

Q / MHz 
B0  

/ mT 
subspectra  

/ # 

Number 
of scans 

per 
transmit

ter 
offset 

Expt. 
coil  

angle / 
° 

breadth 
/kHz 

π/2 pulse 
/ s 

total expt 
time a / 

min 

2 127I b 
326.80 
± 0.03 

10.1 ± 
0.1 

13 
256 

0 535 ±41 5.6 
25 

127I 
326.80 
± 0.03 

20.0 ± 
0.1 

19 
256 

0 857±52 4.0 
40 

127I 
326.80 
± 0.03 

30.1 ± 
0.1 

29 
256 

0 
1496 
±72 

5.6 
60 

127I 
326.80 
± 0.03 

40.1 ± 
0.1 

36 
256 

0 
1874 
±76 

5.6 
90 

127I 
326.80 
± 0.03 

50.1 ± 
0.1 

31c 
256 

0 
2193 
±74 

3.0 
80 

1 79Br 
309.32 
± 0.03 

9.9 ± 
0.1 

13 
256 

0 523 ±35 5.4 
25 

79Br 
309.32 
± 0.03 

19.9 ± 
0.1 

19 
256 

0 883 ±51 5.4 
40 

79Br 
309.32 
± 0.03 

30.1 ± 
0.1 

26 
128 

0 
1318 
±33 

6.0 
40 

79Br 
309.32 
± 0.03 

40.1 ± 
0.1 

36 
256 

0 
1807 
±44 

5.6 
90 

79Br 
309.32 
± 0.03 

50.1 ± 
0.1 

44 
256 

0 
2223 
±46 

5.6 
100 

1 81Br 
258.46 
± 0.04 

9.9 ± 
0.1 

12 
256 

0 614 ±37 5.4 
20 

81Br 
258.46 
± 0.04 

19.9 ± 
0.1 

20 
256 

0 983 ±38 5.6 
40 

81Br 
258.46 
± 0.04 

29.9 ± 
0.1 

29 
128 

0 
1415 
±30 

5..6 
45 

81Br 
258.46 
± 0.04 

40.1 ± 
0.1 

37 
256 

0 
1912 
±46 

5.6 
85 

81Br 
258.46 
± 0.04 

50.1 ± 
0.1 

47 
256 

0 
2364 
±50 

5.4 
110 

1a 79Br 
(S1) 

316.62 
± 0.002 

29.8 ± 
0.1 

27 
256 

0 
1445 
±42 

8 
45 

79Br 
(S2) 

 

320.046 
± 0.002 

30.0 ± 
0.1 

28 
256 

0 
1462 
±35 

7.4 
45 

3a 127I (S1) 
320.70 
± 0.02 

30.0 ± 
0.1 

28 
512 

0 
1482 
±38 

5.6 
95 

127I (S2) 
334.45 
± 0.02 

29.9 ± 
0.1 

30 
512 

0 
1660 
±46 

6.6 
105 

127I (S3) 
339.13 
± 0.02 

30.1 ± 
0.1 

29 
256 

0 
1546 
±40 

6.4 
60 

3 127I (S1) 315.97 
± 0.03 

30.1 ± 
0.1 

27 
256 

0 
1357 
±32 

6.6 
60 
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127I (S2) 322.75 
± 0.03 

30.1 ± 
0.1 

27 
256 

0 
1292 
±40 

5.6 
60 

127I (S3) 325.66 
± 0.03 

29.8 ± 
0.1 

27 
256 

0 
1324 
±34 

6.6 
60 

2b 79Br 
276.34 
± 0.02 

30.0 
±0.1 

27 
256 

0 
1380 
±32 

6.6 
60 

81Br 230.86 
± 0.02 

19.9 
±0.1 

19 
512 

0 
1007 
±38 

6.4 
70 

127I 
330.38 
± 0.02 

30.1 
±0.1 

27 
256 

0 
1407 
±46 

6.8 
60 

b 79Br 
275.29 
± 0.02 

30.0 
±0.1 

27 
256 

0 
1332 
±32 

6.6 
60 

4 79Br  
(site 2) 

169.47 
± 0.02 

20.3 ± 
0.1 

19 
128 

0 
9628 
±42 

7.1 
30 

79Br  
(site 1) 

162.77 
± 0.02 

20.2 ± 
0.1 

19 
128 

0 
9652 
±40 

7.1 
30 

81Br  
(site 2) 

141.57 
± 0.02 

20.2 ± 
0.1 

20 
128 

0 
998 ± 

30 
6.2 

30 

81Br  
(site 1) 

135.97 
± 0.02 

20.1 ± 
0.1 

30 
128 

0 
1054 
±35 

5.6 
30 

121Sb  
(3/2 ↔ 

5/2) 

93.21 ± 
0.02  

20.1 ± 
0.1 

13 
256 

90 
575 ± 

38 
6.6 

30 

123Sb  
(5/2 ↔ 

7/2) 

85.05 ± 
0.02 

19.9 ± 
0.1 

7 
256 

90 
301 ± 

18 
7.3 

20 

123Sb  
(3/2 ↔ 

5/2) 

56.17 ± 
0.02 

20.5± 
0.1 

9 
256 

90 
318 ± 

20 
4.8 

25 

121Sb  
(1/2 ↔ 

3/2) 

47.92 ± 
0.02 

20.2 ± 
0.1 

22 
512 

0 
1118 ± 

35 
4.3 

80 

123Sb  
(1/2 ↔ 

3/2) 

30.54 ± 
0.02 

21.0 ± 
0.1 

9 
1024 

-5 
472 ± 

32 
4.8 

60 

a: The total experiment time is approximate (± a few minutes) and does not include time spent on 
parameter optimization. 

b: For the 127I isotope, the (1/2↔3/2) transition was acquired in this study. 

c: For the 127I isotope at 50 mT, the frequency step increment was 70 kHz; for all other 
measurements, a 50 kHz step was used. 
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Table S5. QUEST simulation parameters for the isotopes studied in this work. 

 

Compound/ CSD 
refcode 

Isotope - site - 
transition 

Larmor frq 
/MHz CQ /MHz 

Coil 
angle/° 

LBa 
/kHz 

GBb 
/kHz 

p-DITFB (2) / 
ZZZAVM02 (1) 

127I 0.08921 ± 
0.001 

2145.08 ± 
3.2 

0.12 ± 
0.006 

20 34 2 

127I 0.16984 ± 
0.002 

2145.14 ± 
2.4 

0.12 ± 
0.006 

12 8 10 

127I 0.2599 ± 
0.002 

2149.35 ± 
3.2 

0.112 ± 
0.006 

12 37 10 

127I 0.3448 ± 
0.002 

2155.2 
±3.3 

0.1 ± 
0.006 

8 40 30 

127I 0.4297 ± 
0.002 

2155.25 
±3.4 

0.1 ± 
0.006 

8 20 30 

p-DBTFB (1) / 
ZZZAVJ01 (2) 

79Br 0.1055 ± 
0.002 

616.73 
±0.24 

0.14 ± 
0.01 

12 7 4 

79Br 0.2141 ± 
0.002 

617.26 
±0.24 

0.12 ± 
0.01 

10 9 20 

79Br 0.319 ± 
0.002 

617.66 ± 
0.52 

0.105 ± 
0.030 

-5 6 0 

79Br 0.42819 ± 
0.002 

617.265 
±0.25 

0.12 ± 
0.01 

6 11 23 

79Br 0.5352 ± 
0.002 

617.505 
±0.25 

0.11 ± 
0.01 

5 9.5 22 

p-DBTFB (1) / 
ZZZAVJ01 (2) 

81Br 0.1153 ± 
0.002  

515.64 
±0.2 

0.12 ± 
0.008 

12 3 8 

81Br 0.2273 ± 
0.002 

515.62 
±0.2 

0.12 ± 
0.008 

10 9 5 

81Br 0.34268 ± 
0.002 

515.7 
±0.21 

0.12 ± 
0.008 

8 1 15 

81Br 0.4601 ± 
0.002 

515.695 
±0.21 

0.12 ± 
0.008 

2 6 20 

81Br 0.5769 ± 
0.002 

515.865 
±0.22 

0.11 ± 
0.008 

2 5 30 

1a / IKUJUT(3) 
79Br (S1) 0.318 ± 

0.002 
629.8 ± 

0.3 
0.180 ± 
0.008 

5 100 20 

79Br (S2) 
0.321 ± 
0.002 

638.0 ± 
0.3 

0.140 ± 
0.008 

4 58 20 

3a / 
WEXWEC(4) 

127I (S1) 
0.258 ± 
0.001 

2125.6 ± 
2.1 

0.074 ± 
0.004 

8 108 20 

127I (S2) 
0.257 ± 
0.001 

2214.2 ± 
1.6 

0.080 ± 
0.004 

6 160 20 

127I (S3) 
0.259 ± 
0.001 

2253.3 ± 
1.1 

0.056 ± 
0.004 

8 100 20 
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sym-TFTIB (3) / 
UCEPEY(5) 

127I (S1) 
0.2616 ± 

0.001 
2077.25 ± 

1.49 
0.114 ± 
0.008 

0 14 2 

127I (S2) 
0.26076 ± 

0.001 
2135.30 ± 

1.6 
0.084 ± 
0.004 

14 20 10 

127I (S3) 
0.2548 ± 

0.002 
2150.48 ± 

1.31 
0.094 ± 
0.004 

5 39 2 

2b / This work 79Br 
0.321 ± 
0.002 

550.7 ± 
0.3 

0.148 ± 
0.008 

4 24 10 

81Br 
0.231 ± 
0.002 

459.9 ± 
0.7 

0.154 ± 
0.008 

8 32 10 

127I 
0.259 ± 
0.001 

2190.8 ± 
1.9 

0.070 ± 
0.006 

10 35 10 

b / ULEBOD(6) 
79Br 0.321 ± 

0.002 
549.47 ± 

0.2 
0.108 ± 

0.08 
4 30 10 

4 (7) 79Br  
(site 2) 

0.214 ± 
0.001 

335.47 ± 
0.027 

0.25 ± 
0.01 

6 49 2 

79Br  
(site 1) 

0.219 ± 
0.001 

324.19 ± 
0.18 

0.16 ± 
0.01 

6 20 2 

81Br  
(site 2) 

0.234 ± 
0.001 

280.47 ± 
0.22 

0.24 ± 
0.01 

8 34 2 

81Br  
(site 1) 

0.234 ± 
0.001 

270.96 ± 
0.16 

0.15 ± 
0.01 

4 33 2 

121Sb  
(3/2 ↔ 5/2) 

0.207 ± 
0.002 

311.95 ± 
0.89 

0.14 ± 
0.01 

80 70 2 

123Sb  
(5/2 ↔ 7/2) 

0.110 ± 
0.001 

397.81 ± 
3.1 

0.15 ± 
0.01 

80 44 2 

123Sb  
(3/2 ↔ 5/2) 

0.111 ± 
0.001 

397.96 ± 
3.2 

0.15 ± 
0.01 

83 40 0 

121Sb  
(1/2 ↔ 3/2) 

0.209 ± 
0.001 

312.74 ± 
0.86 

0.14 ± 
0.01 

9 17 10 

123Sb  
(1/2 ↔ 3/2) 

0.117 ± 
0.001 

400.4 ± 
3.1 

0.14 ± 
0.01 

4 20 20 

 
a: Gaussian line broadening 
b: Lorentzian line broadening   
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Table S6. Crystal data and structure refinement for 2b. 
 

Compound 2b 
Empirical formula C18H8Br2F4I2N2O4 
Formula weight 805.88 
Temperature [K] 150 
Crystal system triclinic 
Space group (number) 𝑃1 (2) 
a [Å] 7.2254(5) 
b [Å] 7.7123(5) 
c [Å] 10.2903(7) 
α [°] 103.904(3) 
β [°] 95.483(3) 
γ [°] 98.358(2) 
Volume [Å3] 545.60(6) 
Z 1 
ρcalc [gcm−3] 2.453 
μ [mm−1] 18.893 
F(000) 374 
Crystal size [mm3] 0.04×0.13×0.26 
Crystal colour clear light colourless 
Crystal shape plate 
Radiation Ga Kα (λ=1.34139 Å) 
2θ range [°] 10.87 to 126.95 (0.75 Å) 

Index ranges 
−9 ≤ h ≤ 9 
−10 ≤ k ≤ 10 
−13 ≤ l ≤ 13 

Reflections collected 21727 

Independent reflections 
2691 
Rint = 0.0430 
Rsigma = 0.0297 

Completeness to  
θ = 53.594° 

99.4 

Data / Restraints / Parameters 2691 / 0 / 145 
Goodness-of-fit on F2 1.138 
Final R indexes  
[I≥2σ(I)] 

R1 = 0.0281 
wR2 = 0.0806 

Final R indexes  
[all data] 

R1 = 0.0284 
wR2 = 0.0810 

Largest peak/hole [eÅ−3] 1.46/−0.62 
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1. Notes on our Implementation of Zp-NQR Spectroscopy 

Early Zp-NQR experiments relied on rudimentary equipment, such as low-precision 

Helmholtz coils, to generate weak static magnetic fields (below 10 mT), which were inadequate 

for fully resolving the inner and outer shoulders of Zp-NQR spectra.  Since the positions and 

shapes of these peaks are critical for determining η, these limitations introduced significant 

uncertainties in quadrupolar parameter estimation.  Additionally, the absence of advanced spectral 

simulation methods required reliance on outdated approaches, such as assigning peak frequencies 

and using formulas limited to η values below 0.4, often constrained by first-order quadrupolar 

approximations.  Our work addresses these limitations by introducing a modern Zp-NQR setup 

featuring a versatile EPR electromagnet capable of generating homogeneous, adjustable magnetic 

fields. We found that moderate fields, up to 50 mT, are necessary to achieve high resolution, well-

resolved spectra suitable for spectral simulation and fitting, depending on the quadrupolar nucleus 

and interaction strength. This setup provides precise field control, significantly enhancing SNR 

and spectral resolution, enabling the assignment and differentiation of nuclei in distinct 

crystallographic sites. By leveraging exact Hamiltonian diagonalization, we eliminate reliance on 

first-order approximations, ensuring robust and reliable spectral analysis while removing the 

limitation of η values being restricted to below 0.4.  These advancements allow for the clear 

resolution of inner and outer spectral shoulders, facilitating the accurate quantification of halogen 

bonding strengths in diverse chemical environments. Further technical details will be described in 

a forthcoming publication. 
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2. Powder X-ray Diffraction 

 

Powder X-ray diffraction (PXRD) data were obtained using a Bruker D8 Endeavor 

instrument equipped with a 1 kW Cu Kα radiation source (λ = 1.54056 Å) from a sealed tube and 

a high-speed LynxEye XE-T detector. Measurements were performed at room temperature, with 

samples placed in a well plate and rotated at 15 RPM during data acquisition. 

 

 

 

Figure S1. Comparison of experimental (blue) and simulated (black) PXRD patterns for the B 

series of cocrystals.  
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Figure S2. Comparison of experimental (blue) and simulated (black) PXRD patterns for the A 

series of cocrystals. Cocrystal A10 has two polymorphs, with CSD refcodes JAQMAQ and 

KIHRAX, labeled as A10-J and A10-K, respectively. 
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Figure S3. Comparison of experimental (blue) and simulated (black) PXRD patterns for the C 

series of cocrystals. 
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3. Zp-NQR Spectra 

Overall uncertainties are estimated at less than 0.01% for CQ and less than 5% for  (Table 

2). This uncertainty is lower than that observed for η values determined by acquiring both NQR 

transition frequencies and using conversion tables. 

 

 

 

Figure S4. Experimental (in red) and best-fit simulated (in blue) Zp-NQR spectra for A (the XB 

donor) and its cocrystals, A1 to A8. The experimental setup parameters and simulation parameters 

for QUEST are detailed in Table S1. 
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Figure S5. Experimental (in red) and best-fit simulated (in blue) Zp-NQR spectra for cocrystals 

A9 to A12. Cocrystal A10 has two polymorphs, with CSD refcodes JAQMAQ and KIHRAX, 

labeled as A10-J and A10-K, respectively. Details of the experimental setup and simulation 

parameters for QUEST can be found in Table S1. 
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Figure S6. Experimental (in red) and best-fit simulated (in blue) Zp-NQR spectra for B (the XB 

donor) and its cocrystals. The Zp-NQR spectra for iodine sites 1 and 2 are labeled as S1 and S2, 

respectively. Detailed experimental setup parameters and simulation parameters for QUEST are 

provided in Table S1. 
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Figure S7. Experimental (in red) and best-fit simulated (in blue) Zp-NQR spectra for C (the XB 

donor) and its cocrystals. Detailed experimental setup parameters and simulation parameters for 

QUEST are provided in Table S1. 
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Table S1. 127I NQR frequencies of A, B, and their XB cocrystals. The table details the number of 
distinct crystallographic iodine sites, their short contact types studied herein, and all measured 
NQR frequencies for the iodine sites. 

CSD Ref. 
Number of 

crystallographic 
sites 

Site ID 
I…O/N short 

contact NQR 

A: ZZZAVM02 1  1 _ _ 326.80 ± 0.03 

A1: FAPKOA 2 2 
1 I…O 335.80 ± 0.03 
2 I…O/C a 

A2: JUZRUT 3 4 

1 I…O 347.23 ± 0.03 
2 _ 340.75 ± 0.03 
3 _ 337.45 ± 0.03 
4 _ 336.88 ± 0.03 

A3: AXOJUV 4 1 1 I…N 335.42 ± 0.02 
A4: BIYGIB 5 1 1 I…O  329.79 ± 0.03 
A5: DIVCUH 6 1 1 I…N 344.18 ± 0.03 
A6: LICBIK 1 1 1 I...C 328.46 ± 0.02 
A7: ISIJEZ 7 1 1 I…N 332.63 ± 0.02 

A8: MEKWOO8 1 1 I…N 346.21 ± 0.02 
A9: VOMHAH 6 1 1 I…N 336.98 ± 0.02 

A10-J: JAQMAQ 7 1 1 I…N 335.56 ± 0.03 
A10-K: KIHRAX 9 1 1 I…N 336.26 ± 0.03 
A11: VOMHIP 10 1 1 I…N 338.70 ± 0.03 
A12: RUYHID 11 1 1 I…N 355.33 ± 0.03 

B: UCEPEY 12 3 
1 _ 315.97 ± 0.03 
2 _ 325.66 ± 0.03 
3 _ 322.75 ± 0.03 

B1: FAPKUG2 3 
1 I…O 326.20 ± 0.03 
2 I…O 327.41 ± 0.03 
3 I…C/O b 330.54 ± 0.03 

B2: JUZRON 3 3 
1 I…O 338.02 ± 0.03 
2 I…O/H b 332.20 ± 0.03 
3 _ 314.17 ± 0.03 

B5: ODEGAJ 13 3 
1 I…N/C/H/I b 322.42 ± 0.03 
2 _ 324.78 ± 0.03 
3 _ _ c 

B7: KIHREB 9 3 
1 I…N 332.63 ± 0.03 
2 I…N 333.50 ± 0.03 
3 _ 318.39 ± 0.03 

B10: SAJCUE 14 3 
1 I…N 334.58 ± 0.02 
2 I…N 338.22 ± 0.02 
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3 _ 320.02 ± 0.02 

B11: SAJDAL 14 3 
1 I…N 335.68 ± 0.02 
2 _ 323.01 ± 0.02 
3 _ 313.71 ± 0.02 

 

aAs the two sites have very similar short contact distances (2.807 Å and 2.795 Å), their iodine 
resonances may occur at nearly identical frequencies. Therefore, in Figure 4(b), the average of 
these two distances has been considered. 

bThis site does not exhibit a distinct I···N or I···O contact and was therefore not included in the 
geometrical correlation graphs in Figure 4. 

cThe corresponding frequency could not be determined. It is possible there is spectral overlap with 
another site. 
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4. 79Br and 81Br NQR Frequencies 

The difference in quadrupole moments (Q) between the two isotopes of bromine, 79Br and 

81Br, results in distinct NQR frequencies. 79Br, with a natural abundance of 50.67%, has Q = 

308.7ௗmb, while 81Br, with a natural abundance of 49.31%, has Q = 257.9ௗmb. Both isotopes are 

spin-3/2 nuclei, and since the electric field gradient at 79Br and 81Br is identical, they share the 

same asymmetry parameter (). However, their differing quadrupole moments lead to distinct 

quadrupolar coupling constants (CQ), resulting in different pure NQR frequencies. The frequencies 

for 81Br are lower than those for 79Br due to the former’s smaller quadrupole moment. Some pure 

NQR frequencies for 81Br were measured using an Autotune Scout LF1 NQR system (NMR 

Service GmbH, Germany) and are listed in Table S2. 

 

Table S2. 79Br and 81Br NQR frequencies of p-DBTFB (C), and its XB cocrystals, measured using 
a homebuilt NQR probe connected to a Bruker Avance III NMR console (for 79Br) and an autotune 
NQR system (for 81Br). The table details the number of distinct crystallographic iodine sites, their 
short contact types studied herein, and all possible NQR frequencies for the existing iodine sites. 

CSD Ref. 
Number of 

crystallographic 
sites 

Br…O/N 
short contact 

79Br NQR 81Br NQR 

C: ZZZAVJ0115 1 _ 309.32 ± 0.03 258.46 ± 0.12 

C1: FAPKIU2  2 
Br…O/C 315.60  ± 0.04 263.65 ± 0.08 

Br…O/C a 317.28 ± 0.04 265.04 ± 0.08 
C5: DIVDOC6 1 Br…N 321.75 ± 0.03 268.77 ± 0.09 
C6: LICBAC1 1 Br…C 312.11 ± 0.04 260.76 ± 0.08 

C7: OZEFEH16 1 Br…N 310.40 ± 0.03 259.32 ± 0.10 
C8: QIHDAM17 1 Br…N 317.65 ± 0.03 265.34 ± 0.09 

C9: JAYFUO7 2 
Br…N 316.28 ± 0.04 264.27 ± 0.08 
Br…C _ b _ b 

C10: OZAZUN16 1 Br…N 316.39 ± 0.04 264.24 ± 0.08 
C11: VOMHEL10 1 Br…N 318.75 ± 0.05 266.28 ± 0.09 

aThis site was not studied in this work. 

bThe corresponding frequency could not be determined. 
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Table S3. Experimental conditions for Zp-NQR measurements, including the applied magnetic 

field, coil angle, and resulting spectral breadth for each compound studied herein, along with their 

respective CSD reference codes. 

CSD Ref. 
X 

site 
B0  

(mT) 
subspectra  

(#) 
coil  

angle (°) 
breadth (kHz) 

A: ZZZAVM02 1  _ 20 15 9 868.5 ± 20.5 
A1: FAPKOA 2 _ 40 37 0 1855.0 ± 53.0 
A2: JUZRUT 3 _ 30 26 4 1495.0 ± 52.0 
A3: AXOJUV 4 _ 40 35 -4 1972.5 ± 86.5 
A4: BIYGIB 5 _ 40 36 -6 1853.0 ± 60.0 
A5: DIVCUH 6 _ 40 35 -5 1943.5 ± 82.5 
A6: LICBIK 1 _ 30 29 -5 1561.5 ± 75.5 
A7: ISIJEZ 7 _ 30 28 4 1337.0 ± 33.0 

A8: MEKWOO8 _ 40 37 -5 1912.5 ± 36.5 
A9: VOMHAH 6 _ 40 36 -5 1920.5 ± 63.5 

A10-J: JAQMAQ 7 _ 20 19 8 960.0 ± 36.0 
A10-K: KIHRAX 9 _ 20 19 20 962.5 ± 31.5 
A11: VOMHIP 10 _ 30 28 0 1592.0 ± 94.0 
A12: RUYHID 11 _ 30 28 0 1432.0± 47.0       

B: UCEPEY 12 
1 30 28 -2 1314.0 ± 58.0 
2 30 28 5 1326.0 ± 31.0 

B1: FAPKUG2 
1 25 23 4 1158.5 ± 37.5 
2 30 27 4 1466.0 ± 68.0 

B2: JUZRON 3 1 30 27 -3 1507.0 ± 96.0 
B2 2 30 27 -3 1410.0 ± 65.0 

B5: ODEGAJ 13 _ 30 28  1515.5 ± 90.5 
B7: KIHREB 9 1 25 24 0 1284.5 ± 62.5 

B7 2 30 26 -2 1440.0 ± 64.0 
B10: SAJCUE 14 1 25 23 2 1287.5 ± 40.5 

B10 2 25 23 0 1312.5 ± 64.5 
B11: SAJDAL 14 _ 30 27 6 1511.0 ± 75.0       
C: ZZZAVJ01 15 _ 30 26 -4 1305.5 ± 21.5 
C1: FAPKIU 2  _ 30 27 8 1414.5 ± 37.5 
C5: DIVDOC 6 _ 40 34 8 1777.0 ± 29.0 
C6: LICBAC 1 _ 30 27 12 1358.0 ± 38.0 

C7: OZEFEH 16 _ 30 27 14 1434.5 ± 47.5 
C8: QIHDAM 17 _ 30 27 6 1452.5 ± 37.5 
C9: JAYFUO 7 _ 40 37 4 1918.5 ± 24.5 

C10: OZAZUN 16 _ 40 29 10 1598.5 ± 63.5 
C11: VOMHEL 10 _ 40 37 4 1957.0 ± 95.0 
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5. Mechanochemical Synthesis of Cocrystals 

All cocrystals studied in this work were prepared mechanochemically using a Retsch 

MM400 ball mill, except for A10-K, which was synthesized following a previously reported 

method18 utilizing a Pharma Ram 1 (Resodyn Inc.) resonant acoustic mixer (RAM). Detailed 

preparation conditions for each cocrystal are provided in Table S3. 

Table S4. Experimental mechanochemical synthesis conditions of cocrystals in this work 

cocrystal molar ratio  
(donor: acceptor) 

milling  
time (min) 

milling 
frequency (Hz) 

liquid  (µL/mg) 

A1 (1:1) 40 30 CHCl3 0.05 
A2 (1:1) 40 30 CH3OH 0.05 
A3 (1:1) 40 30 THF 0.05 
A4 (1:2) 40 30 None _ 
A5 (1:1) 40 30 CHCl3 0.05 
A6 (1:1) 50 30 CHCl3 0.05 
A7 (1:1) 45 30 CH3NO2 0.1 
A8 (1:1) 45 30 CH3NO2 0.1 
A9 (1:2) 45 30 CH3NO2 0.1 
A10-J (1:1) 45 30 CHCl3 0.1 
A10-K (2:1) 50 (RAM)** (80g)** RAM None _ 
A11 (1:1) 45 30 CHCl3 0.03 
A12 (1: 2) 45 30 None _ 
B1 (1:2) 45 30 CHCl3 0.05 
B2 (1:1) 45 30 CHCl3 0.03 
B5 (1:1) 45 30 CHCl3 0.03 
B7 (1:1) 45 30 CHCl3 0.03 
B10 (1:1) 45 30 CHCl3 0.03 
B11 (1:1) 45 30 CHCl3 0.03 
C1 (1:1) 45 30 CHCl3 0.05 
C5 (1:1) 45 30 CHCl3 0.05 
C6 (1:1) 45 30 CHCl3 0.05 
C7 (1:1) 45 30 CHCl3 0.03 
C8 (1:1) 45 30 CHCl3 0.03 
C9 (1:1) 45 30 CHCl3 0.03 
C10 (1:1) 45 30 CHCl3 0.03 
C11 (1:1) 45 30 CHCl3 0.03 

* Here,  is defined as the ratio of the volume of liquid added to the total mass of solids used in the 
experiment. 

** The A10-K cocrystal was prepared using the RAM method, conducted at a high intensity of 80 g, 
where g represents Earth’s gravitational acceleration (9.8 m/s²). 
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6. DFT Calculations 

Table S5. Comparison of DFT-calculated quadrupolar parameters (CQ and η) from two calculation 

sets: one with optimized geometry (maintaining the XB geometry) and another using unoptimized 

geometry directly from SCXRD data, alongside experimental results obtained via Zp-NQR. 
 

geometry optimized no optimization experimental 
compound |CQ|  |CQ|  |CQ|  

A 2174.80 0.122 2190.53 0.128 2145.14 ± 1.64 0.120 ± 0.004 

A1 2295.90 0.080 2310.50 0.096 2229.49 ± 0.90 0.062 ± 0.004 

A2 2302.58 0.053 2316.43 0.053 2266.14 ± 1.49 0.048 ± 0.008 

A3 2266.92 0.079 2281.77 0.085 2223.44 ± 2.16 0.072 ± 0.008 

A4 2248.60 0.090 2259.29 0.107 2186.51 ± 1.01 0.071 ± 0.004 

A5 2292.28 0.090 2306.51 0.089 2273.03 ± 1.37 0.093 ± 0.004 

A6 2233.16 0.090 2255.02 0.089 2176.27 ± 1.61 0.075 ± 0.006 

A7 2256.18 0.089 2262.03 0.096 2201.01 ± 1.17 0.082 ± 0.004 

A8 2301.82 0.080 2318.60 0.081 2299.04 ± 0.96 0.064 ± 0.004 

A9 2265.14 0.080 2279.56 0.085 2234.85 ± 1.29 0.070 ± 0.004 

A10-J 2260.72 0.090 2277.42 0.091 2219.98 ± 2.43 0.084 ± 0.008 

A10-K 2270.07 0.094 2283.37 0.091 2225.45 ± 1.19 0.082 ± 0.004 

A11 2280.22 0.080 2294.20 0.087 2249.27 ± 0.89 0.060 ± 0.004 

A12 2355.52 0.088 2370.52  0.091 2353.74 ± 2.40  0.078 ± 0.008 

 

Figure S8. Comparison of experimentally obtained CQ values from the Zp-NQR method with 

theoretically determined CQ values via ZORA-DFT, using unoptimized geometries directly from 

SCXRD data, for the A series, Cal. 𝐶୕ = 0.731 Exp. 𝐶୕ + 653.3,  𝑅ଶ = 0.893. Absolute values 

are plotted. 
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7. EFG Tensor Visualization 

The rank-2 electric field gradient (EFG) tensor, similar to other tensor quantities in NMR 

such as shielding and J-coupling tensors, can be effectively visualized using three-dimensional 

plots that display the orientation, sign, and relative magnitudes of its principal components. These 

visual representations are highly useful for interpreting both experimentally measured and 

theoretically computed EFG tensors. Since EFG calculations are typically conducted within an 

arbitrarily chosen Cartesian coordinate system, the orientation of the tensor relative to the 

molecular framework is not immediately evident from its 3ௗ×ௗ3 matrix form, especially in 

molecules lacking high symmetry. Visualizing the EFG tensor clarifies the orientation of its 

principal axes in relation to the molecular geometry (Figure S9). 
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Figure S9. Visualization of halogen EFG tensors for the three XB donors (A, B, and C) and their 

corresponding cocrystals with XB acceptors 5, 7, and 10. The two polymorphs of A10 are labeled 

as A10-J (CSD ref: JAQMAQ) and A10-K (CSD ref: KIHRAX), respectively. 
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8. NLMO Analysis 

As shown in Tables S5 to S8, in the XB donor molecules, the large positive contributions to 

V33 arise primarily from the X atom lone pair molecular orbital (MO), which are only partially 

counterbalanced by smaller negative field gradients from the σ(I–C) and negligible X core 

contribution.  

 

Table S6. NLMO analysis of the halogen atom contributions (in a.u.) to the V33 EFG component 

in A, B, and C halogen bond donor moieties and their corresponding cocrystals with 5 

(piperazine) as the XB acceptor. 

  
A-donor A5-cocrystal B-donor B5-cocrystal C-donor C5-cocrystal 

σ(C—X) 
 

-13.489 -13.077 -13.606 -13.09 -10.273 -10.331 

X Lp 
 

26.505 27.027 26.434 27.028 18.769 19.049 

X core 
 

1.027 1.05 1.003 1.005 0.573 0.594 

Sum 
 

14.043 15 13.831 14.943 9.069 9.312 
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Table S7. NLMO analysis of the halogen atom contributions (in a.u.) to the V33 EFG component 

in A, B, and C halogen bond donor moieties and their corresponding cocrystals with 7 (2,2′-

bipyridine) as the XB acceptor. 

  
A-donor A7-cocrystal B-donor B7-cocrystal C-donor C7-cocrystal 

σ(C—X) 
 

-13.489 -13.335 -13.606 -13.329 -10.273 -10.373 

X Lp 
 

26.505 26.71 26.434 26.84 18.769 18.921 

X core 
 

1.027 1.312 1.003 1.208 0.573 0.583 

Sum 
 

14.043 14.687 13.831 14.719 9.069 9.131 

 

Table S8. NLMO analysis of the halogen atom contributions (in a.u.) to the V33 EFG component 

in A, B, and C halogen bond donor moieties and their corresponding cocrystals with 10 (2,3,5,6-

tetramethylpyrazine) as the XB acceptor. 

  
A 

donor 

A10-J 

cocrystal 

A10-K  

cocrystal 

B 

donor 

B10 

cocrystal 

C 

donor 

C10 

cocrystal 

σ(C—X) 
 

-13.489 -13.277 -13.28 -13.606 -13.285 -10.273 -10.392 

X Lp 
 

26.505 26.824 26.884 26.434 26.863 18.769 18.984 

X core 
 

1.027 1.072 1.366 1.003 1.06 0.573 0.596 

Sum 
 

14.043 14.619 14.97 13.831 14.638 9.069 9.188 

 

Table S9. NLMO analysis of the halogen atom contributions (in a.u.) to the V33 EFG component 

in A, B, and C halogen bond donor moieties and their corresponding cocrystals with 11 

(acridine) as the XB acceptor. 

  
A-donor A11-cocrystal B-donor B11-cocrystal C-donor C11-cocrystal 

σ(C—X) 
 

-13.489 -13.194 -13.606 -13.318 -10.273 -10.19 

X Lp 
 

26.505 26.995 26.434 26.845 18.769 18.912 

X core 
 

1.027 1.094 1.003 1.057 0.573 0.623 

Sum 
 

14.043 14.895 13.831 14.584 9.069 9.345 
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9. Halogen bond geometrical parameters 

Table S10. Halogen bond geometric parameters, including X…N/O short contact distances 
(dX…N/O) and C–X covalent bond distances (dC–X), investigated in this study. All values are given 
in angstroms (Å). 

cocrystal dI
…

N/O  dC—I  cocrystal site dI
…

N/O  dC—I cocrystal dBr
…

N/O dC—Br 

A1 2.801a 2.088a B1 1 2.920 2.088 C1 2.925 1.868 
A2 2.727 2.092 B1 2 2.941 2.086 C5 2.881 1.887 
A3 2.899 2.09 B2 _ 2.920 2.091 C6 _ c 1.874 
A4 2.973 2.075 B5 _ _b 2.119 C7 3.080 1.860 
A5 2.842 2.108 B7 1 2.968 2.090 C8 3.025 1.860 
A6 _b 2.079 B7 2 2.969 2.096 C9 2.980 1.877 
A7 3.111 2.086 B10 1 2.993 2.092 C10 2.899 1.879 
A8 2.793 2.101 B10 2 2.991 2.088 C11 3.075 1.881 
A9 2.970 2.091 B11 _ 3.022 2.090    

A10-J 3.067 2.091        

A10-K 3.001 2.102        

A11 2.971 2.096        

A12 2.667 2.121        
a The average distances for the two sites, 2.807 and 2.795 Å for dI

…
N/O (or 2.097 Å and 2.078 Å for dC—I), 

were used as these sites were not resolved spectroscopically. 

b Cocrystals A6 and C6 exhibit halogen bonds to the  ring systems rather than X…N/O interactions.  

c Cocrystal B5 is excluded because the iodine which engages in a halogen bond to N also has short 
contacts to carbon and hydrogen. 
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II.3 Supporting Information for Chapter 7 

Materials and sample preparation 

5-Chloro-2-benzoxazolinone (CHZ), chloramine-T trihydrate (CAT), and ketoconazole 

(KTZ) were purchased from Sigma-Aldrich. The coformers carbamazepine (CBZ), picolinic acid 

(PA), and 2,4-dihydroxybenzoic acid (2,4DHBA) were purchased from Sigma Aldrich. 

Nicotinamide (NAM) and isonicotinamide (INA) were purchased from Acros Organics and Alfa 

Aesar, respectively.  

The production of each cocrystal was intended to generate roughly 700 mg of product to fill 

a 7 mm glass tube rotor. Chlorine-based cocrystals were synthesized using liquid-assisted grinding 

(LAG) for 30-minute intervals. Equimolar amounts of halogen bond donor and acceptor were 

weighed and placed in a 10 mL stainless-steel milling jar containing two stainless steel balls (4 

mm). The mixture was milled using a benchtop ball mill (Retsch MM 400) and a small quantity 

of liquid (0.05 – 0.1µL/mg) was added to catalyze crystal formation. The ball milling was 

conducted at room temperature at a frequency of 30 Hz. The specific synthesis conditions for each 

cocrystal via ball milling are outlined in Table II.3.2. 

Solid state NMR 600 MHz 

1H and 13C SSNMR spectra were collected on a Bruker Avance III HD spectrometer 

operating at a magnetic field strength of 14.1 T corresponding to a 1H Larmor frequency of 600.5 

MHz. Samples were packed on 1.3 mm zirconia rotors and spun at the magic angle at frequency 

of 60 kHz. The 1H and 13C NMR chemical shifts were externally referenced to adamantane. All 

data were processed using the Topspin software. All experiments were performed at room 

temperature. 
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The single pulse 1H SSNMR spectra were recorded using 90° radiofrequency pulses with a 

1H nutation frequency (νH) of 185 kHz. Data acquisition involved the accumulation of 16 

transients with a relaxation delay (τrelax) varying from of 1.0 to 100.0 s. 

The 13C SSNMR spectra were recorded by 1H →13C cross-polarization (CP) at the double 

quantum Hartmann−Hahn condition,1 νH + νC = νrf, which involved ramped CP of νH = 20 ± 5 kHz 

for 1H (νC = 40 kHz), a 1.5 μs 90° 1H pulse, and spinal-64 1H decoupling2 at νH = 150 kHz, with a 

contact time of (3 ms KTZ, 4 ms CAT, 1 ms CHZ), recycle delay (25 s KTZ, 50 s CAT, 1500 s 

CHZ) and number of scans (1000 KTZ, 256 CAT, 512 CHZ).1,2 

The double-quantum to single-quantum (DQ–SQ) 1H NMR correlation spectra were 

recorded using the 2D NMR protocol in the article by Fieke et.al.3 This experiment probes dipolar 

couplings between 1H nuclei, allowing for the identification of proximities and interactions 

between protons within the structure. Double-quantum coherence (2QC) excitation and 

reconversion were achieved using the BABA dipolar recoupling scheme, which spans two rotor 

periods (2τr). This provided 2Q excitation (τexc) and reconversion (τrec) intervals of 

τexc=τrec=2τr=33.33 μs. The 1H BABA scheme ensures efficient recoupling under magic angle 

spinning conditions, enabling the generation and observation of double-quantum coherences. 

The 1H nutation frequency was νH ≈185 kHz, corresponding to 90° dipolar recoupling 

pulses with a duration of 1.35 µs. The 2D NMR acquisition parameters included a τrelax of 2.0 s, 

with 48 (t1) × 512 (t2) time points acquired. Dwell times were set to Δt1=2τr and Δt2=33.3 μs, 

ensuring sufficient resolution in both dimensions. Each t1 value accumulated 32 transients to 

enhance the signal to noise ratio. The 2D data sets were zero-filled to 256 × 2048 points to improve 
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digital resolution, and apodization with an exponential Lorentzian broadening of 50 Hz full width 

at half maximum (FWHM) was applied in both dimensions. 

The 35Cl NMR experiments in supporting information, were performed at 11.7 T using a 

Bruker AVANCE II spectrometer. A 7 mm static probe was used with samples packed in a 7 mm 

glass tube. A WURST-QCPMG pulse sequence was used which swept over a frequency range of 

1 MHz. 3,4 The VOCS acquisition method was used, where a series of 20 spectra (10 each side) 

were collected, processed and then co-added in the frequency domain. A QCPMG spikelet 

separation of 10-15 kHz was used in all cases with a VOCS stepping frequency of 150 kHz to 

ensure uniformly excited line shapes. 30k scans were used to acquire each piece using a recycle 

delay of 0.5 s. In most cases 128 echoes were collected for each QCPMG echo train (an acquisition 

time of 25.7 ms).   

Discussion of QTAIM data 

For the pure CHZ phase, the selected model contained three neighboring CHZ molecules 

surrounding the target chlorine site. The Quantum Theory of Atoms in Molecules (QTAIM) 

analysis revealed several weak intermolecular Cl···H and Cl···O contacts characterized by low 

electron density values at the BCPs (ρ(r) ≈ 0.0028 a.u.) and positive Laplacian values (∇2ρ(r) ≈ 

0.0093 a.u.). The positive Laplacian together with positive total energy density H(r) indicates that 

these interactions are predominantly closed-shell and noncovalent in nature, which is consistent 

with weak electrostatic or dispersive contacts commonly observed in molecular crystals. The 

negative values of sign(λ2)ρ further support the attractive nature of these interactions. Overall, the 

intermolecular contacts in pure CHZ are relatively weak and diffuse. 
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In the CHZ⋅CBZ cocrystal, the chlorine atom participates in multiple intermolecular 

interactions with neighboring CBZ molecules through Cl···H contacts. The electron density values 

at the BCPs increase slightly compared to the pure CHZ structure. For example, one representative 

Cl···H interaction exhibits ρ(r) = 0.00293 a.u. and ∇2ρ(r) = 0.00936 a.u., while stronger contacts 

show considerably larger values, reaching ρ(r) = 0.00529 a.u. with ∇2ρ(r) = 0.0201 a.u. These 

larger electron density values indicate enhanced intermolecular stabilization in the cocrystal phase. 

Similar to the pure CHZ structure, all interactions display positive Laplacian and positive H(r) 

values, confirming their closed-shell character. A Cl···Cl bond critical point was also detected 

between Cl45 and Cl150 with ρ(r) = 0.00542 a.u. and ∇2ρ(r) = 0.0177 a.u. Although the Cl···Cl 

separation is relatively long (~3.8 Å), the existence of a BCP suggests the presence of a weak 

attractive halogen–halogen interaction contributing to the crystal packing. 

For the CHZ⋅NAM cocrystal, two crystallographically distinct chlorine sites were analyzed. 

The QTAIM results reveal significantly stronger intermolecular interactions compared to the other 

systems. Several Cl···H contacts display electron density values approaching 0.0049–0.0059 a.u. 

with Laplacian values between approximately 0.015 and 0.018 a.u. In addition, Cl···Cl interactions 

were identified with ρ(r) values close to 0.0040–0.0041 a.u. and positive Laplacians around 

0.0136–0.0138 a.u. The larger electron density values observed in the CHZ⋅NAM cocrystal 

indicate comparatively stronger intermolecular interactions and a more cooperative 

supramolecular environment around the chlorine atoms. Nevertheless, the positive Laplacian and 

positive H(r) values demonstrate that these contacts remain noncovalent closed-shell interactions 

dominated by electrostatic and dispersion contributions rather than covalent bonding. 
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Figure II.3.1. QTAIM analysis of the chlorine local environments in the chlorzoxazone series. 

Bond critical points (BCPs) are shown as colored spheres (orange) connected by electron-density 

paths for (a) parent CHZ, (b) the CHZ⋅CBZ cocrystal, and (c) the CHZ⋅NAM cocrystal. The 

selected systems correspond to the QTAIM parameters (electron density ρ, Laplacian ∇²ρ, total 

energy density H(r), and |V(r)|/G(r) ratios) summarized in Table II.3.7 to II.3.9. All calculations 

were performed on the rPBE-D2 optimized geometries. 
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Figure II.3.2. The PXRD pattern of the chlorine-containing samples used in this study.  

 

 

 

Figure II.3.3. The selected STEM and diffraction images of KTZ. 
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Figure II.3.4. The structure solution and kinematical refinement of 16 merged datasets on KTZ 

molecule.  

 

 

 

Figure II.3.5. The crystal packing and disorder in the KTZ molecule. 
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Figure II.3.6. The crystal structure of the CAT-dehydrated predicted by GIPAW calculation. 
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Figure II.3.7. 35Cl SSNMR spectra of the CHZ family. Experimental 35Cl WURST-QCPMG 

SSNMR spectra (edges only) acquired at 11.7 T (bottom traces, brown) with the corresponding 

QUEST simulated fits overlaid (top traces, black). The Zp-NQR spectra were simulated using 

QUEST to obtain the values of CQ and η. These data guided the experimental search for the edges 

and key discontinuities of the WURST-QCPMG SSNMR spectra shown here. 
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Figure II.3.8. Selected STEM (FOV 10x10 µm) and diffraction images of CHZ⋅CBZ cocrystal.  

 

 

 

Figure II.3.9. The structure solution and kinematical refinement from eight merged datasets on 

CHZ⋅CBZ cocrystal. 
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Figure II.3.10. The structural solution and kinematical refinement form eight merged datasets of 

CHZ⋅NAM cocrystals. 

Table II.3.1. 35Cl NQR frequencies and quadrupolar parameters for CHZ and its cocrystal series.  

sample NQR frequency / MHz exp. CQ / MHz calc. CQ / 
MHz 

exp. η calc. 
η 

CHZ 34.99 ± 0.02 69.31 ± 0.23 67.16 0.24 ± 0.04 0.09 

CHZ⋅PA 34.91 ± 0.04 69.46 ± 0.19 66.95 0.18 ± 0.04 0.09 

CHZ⋅2,4-DHBA 34.63 ± 0.03 68.98 ± 0.12 66.94 0.16 ± 0.04 0.09 

CHZ⋅CBZ 34.45 ± 0.03 68.45 ± 0.23 66.80 0.20 ± 0.04 0.07 

CHZ⋅NAM (site1) 35.24 ± 0.02 70.38 ± 0.10 68.01 0.10 ± 0.03 0.09 

CHZ⋅NAM (site2) 35.13 ± 0.02 70.02 ± 0.09 67.59 0.14 ± 0.02 0.08 

CHZ⋅INA (site1) 34.44 ± 0.02 68.62 ± 0.13 66.40 0.14 ± 0.04 0.10 

CHZ⋅INA (site2) 34.60 ± 0.02 68.90 ± 0.10 66.77 0.15 ± 0.04 0.14 

a Experimental values are compared with periodic DFT calculations (GIPAW-DFT) based on H-only 
optimized crystal structures. For systems with two inequivalent chlorine environments (site1 and site2), both 
sites are reported. 
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Table II.3.2. Experimental conditions for cocrystal synthesis.  

Donor Acceptor Milling Time 
(min) 

Solvent η (𝝁𝝁𝝁𝝁 𝒎𝒎𝒎𝒎−𝟏𝟏) 

CHZ CBZ 30 Chloroform 0.05 

PA 30 Chloroform 0.05 

2-4,DHBA 30 Acetonitrile 0.05 

NA 30 Chloroform 0.05 

INA 30 Methanol 0.10 

 

 

Table II.3.3. 3D ED data collection details for the KTZ crystals used in refinement. 

Cryst
al no. 

Approximate size 
[µm] 

Angular 
range [°] 

Rotati
on per 
frame 

[°] 

Exposu
re time 

[s] 

Total 
exposure 

[s] 

Frames 
measured 

Frames 
used 

1 2.2 x 1.5 x 0.8 −50 to +50 1 1 100 100 all 

2 1.6 x 0.9 x 0.5 −60 to +40 1 1 100 100 all 

3 0.9 x 0.5 x 0.3 −60 to +60 1 1 120 120 all 

4 1.3 x 1.0 x 0.9 −60 to +60 1 1 120 120 all 

5 1.4 x 1.2 x 0.8 −50 to +50 1 1 100 100 all 

6 2.0 x 1.4 x 0.5 −60 to +60 1 1 120 120 all 

7 1.1 x 1.1 x 0.6 −50 to +50 1 1 100 100 all 

8 1.4 x 0.6 x 0.6 −50 to +50 1 1 100 100 all 

9 3.0 x 1.2 x 0.7 −50 to +50 1 1 100 100 all 

10 1.5 x 1.2 x 0.7 −60 to +60 1 1 120 120 all 

11 1.2 x 1.0 x 0.4 −60 to +60 1 1 120 120 all 

12 1.8 x 1.8 x 0.7 −60 to +50 1 1 110 110 all 

13 3.1 x 1.2 x 0.8 −40 to +60 1 1 100 100 all 

14 1.1 x 0.9 x 0.3 −40 to +60 1 1 100 100 all 

15 1.1 x 0.8 x 0.7 −60 to +60 1 1 120 120 all 

16 1.4 x 0.6 x 0.6 −50 to +50 1 1 100 100 all 
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Table II.3.4. Structure and refinement details for KTZ and the CHZ cocrystals. 

 KTZ CHZ⋅CBZ CHZ⋅NAM 

CCDC 2559789 2559788 2551009 

a, b, c (Å) 

10.3907(7) 

10.9050(9) 

13.2743(10) 

28.865(3) 

7.2663(5) 

18.1066(11) 

3.8084(8) 

17.069(3) 

19.811(3) 

α, β, γ (°) 

67.582(6) 

79.429(7) 

65.781(7) 

90 

90 

90 

96.109(15) 

95.507(15) 

91.92(2) 

Volume (Å3) 1267.41(19) 3797.7(5) 1273.4(4) 

Space group P1� Pbcn P1� 

Formula C26H28Cl2N4O4 C22H16ClN3O3 C26H20Cl2N6O6 

Z 2 8 4 

Independent reflections 2664 2307 2563 

Parameters 418 263 362 

Restraints 916 435 558 

Resolution (Å) 1.0 0.95 1.0 

Completeness (%) 100 99.4 96.5 

Rint (%) 32.89 43.77 31.63 

R1 [I > 2σ(I)] (%) 11.46 21.03 22.62 

wR2 [all data] (%) 35.64 50.24 53.59 

Goodness of fit 1.196 1.216 1.072 

Index ranges 

-10 ≤ h ≤ 10 

-10 ≤ k ≤ 10, 

-13 ≤ l ≤ 13 

-30 ≤ h ≤ 30 

-7 ≤ k ≤ 7 

-19 ≤ l ≤ 19 

-3 ≤ h ≤ 3 

-17 ≤ k ≤ 17 

-19 ≤ l ≤ 19 

Min./max.diff.peaks(e
-
/Å) -0.416, 0.386 -0.648, 0.888 -1.040, 0.951 
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Table II.3.5. 3D ED data collection details for the CHZ⋅CBZ cocrystals used in refinement. 

Cryst
al no. 

Approximate 
size [µm] 

Angular 
range [°] 

Rotatio
n per 
frame 

[°] 

Exposure 
time [s] 

Total 
exposure 

[s] 

Frames 
measured 

Frames 
used 

1 1.6 x 1.4 x 0.9 −60 to +40 0.5 0.5 100 200 all 

2 1.6 x 1.2 x 0.6 −60 to +60 0.5 0.5 120 240 all 

3 2.4 x 1.2 x 0.7 −50 to +50 0.5 0.5 100 100 all 

4 1.4 x 1.0 x 0.9 −60 to +60 0.5 0.5 120 240 all 

5 0.9 x 0.7 x 0.5 −40 to +40 0.5 0.5 80 160 all 

6 0.5 x 0.4 x 0.3 −50 to +50 0.5 0.5 100 200 all 

7 0.3 x 0.2 x 0.2 −60 to +50 0.5 0.5 110 220 all 

8 1.0 x 0.8 x 0.6 −50 to +50 0.5 0.5 100 200 all 

 

Table II.3.6. 3D ED data collection details for the CHZ⋅NAM cocrystals used in refinement. 

Cryst
al no. 

Approximate 
size [µm] 

Angular 
range [°] 

Rotation per 
frame [°] 

Exposu
re time 

[s] 

Total 
expos
ure [s] 

Frames 
measured 

Frames 
used 

1 1.0 x 0.6 x 0.6 −50 to +60 0.5 0.5 110 22
0 1-109 

2 0.8 x 0.4 x 0.3 −60 to +60 0.5 0.5 120 24
0 

1-154 

3 0.7 x 0.7 x 0.6 −50 to +50 0.5 0.5 100 20
0 

1-196 

4 0.2 x 0.2 x 0.2 −50 to +50 0.5 0.5 100 20
0 

1-180 

5 0.6 x 0.6 x 0.5 −60 to +60 0.5 0.5 120 24
0 

1-205 

6 0.9 x 0.6 x 0.5 −50 to +50 0.5 0.5 100 20
0 

1-98 

7 0.3 x 0.3 x 0.2 −60 to +60 0.5 0.5 120 24
0 

1-194 

8 0.4 x 0.2 x 0.2 −70 to +40 0.5 0.5 110 22
0 

1-205 
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Table II.3.7. QTAIM Parameters of CHZ Parent (Cl15) molecule. 

BCP Interaction ρ (a.u.) ∇²ρ (a.u.) H(r) (a.u.) |V(r)|/G(r) Sign(λ₂)ρ (a.u.) 
CP 99 Cl⋯H 0.00285 0.00931 +0.00054 0.696 -0.00285 

CP 107 Cl⋯O 0.00512 0.02347 +0.00146 0.669 -0.00512 
CP 119 Cl⋯H 0.00489 0.01541 +0.00078 0.746 -0.00489 

 

Table II.3.8. QTAIM Parameters for CHZ⋅NAM (Cl15 / Cl35 Sites) cocrystal. 

BCP Interaction ρ (a.u.) ∇²ρ (a.u.) H(r) (a.u.) |V(r)|/G(r) Sign(λ₂)ρ (a.u.) 
CP 148 Cl⋯Cl 0.00409 0.01382 +0.00082 0.689 -0.00409 
CP 152 Cl⋯Cl 0.00409 0.01382 +0.00082 0.689 -0.00409 
CP 159 Cl⋯H 0.00591 0.01821 +0.00088 0.761 -0.00591 
CP 167 Cl⋯Cl 0.00398 0.01365 +0.00082 0.685 -0.00398 
CP 175 Cl⋯H 0.00591 0.01821 +0.00088 0.761 -0.00591 

 

Table II.3.9. QTAIM Parameters for CHZ⋅CBZ (Cl45) cocrystal.  

BCP Interaction ρ (a.u.) ∇²ρ (a.u.) H(r) (a.u.) |V(r)|/G(r) Sign(λ₂)ρ (a.u.) 
CP 174 Cl⋯H 0.00293 0.00936 +0.00055 0.694 -0.00293 
CP 175 Cl⋯H 0.00306 0.01001 +0.00057 0.708 -0.00306 
CP 190 Cl⋯Cl  0.00542 0.01775 +0.00094 0.733 -0.00542 
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II.4 Supporting Information for Chapter 8 
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ETS-NOCV Analysis: Qualitative and Quantitative Insights into Bonding 

The ETS-NOCV (Extended Transition State-Natural Orbitals for Chemical Valence)1 

method provides a powerful tool for visualizing and quantifying chemical bonding interactions in 

molecular systems. This approach combines NOCV, which highlights the redistribution of electron 

density upon bond formation, with ETS, enabling the decomposition of total interaction energy 

(ΔEtotal) into its contributing components. Specifically, ΔEorb, the orbital interaction energy, 

quantifies the extent of electronic contributions to bonding, including both sigma (σ) donation 

from the Lewis base (nucleophile) to the Lewis acid (σ-hole), and pi (π) back-donation from the 

Lewis acid to the Lewis base. 

The NOCV analysis visualizes regions of electron density accumulation (positive values) 

and depletion (negative values), illustrating the flow of electron density upon bond formation. By 

combining NOCV with ETS, the method provides a comprehensive understanding of bonding 

interactions, integrating qualitative insights from electron density maps with quantitative energy 

contributions.2 The total interaction energy can be expressed as: 

Δ𝐸total = Δ𝐸int + Δ𝐸orb + Δ𝐸Pauli + Δ𝐸prep + Δ𝐸elast 

where each term represents a specific contribution to the bonding. This combined approach is 

particularly useful for exploring non-covalent interactions, such as chalcogen and halogen 

bonding, offering a detailed characterization of both their energetic and orbital nature. 

The NCI analyses and orbital visualizations in Figure S1, combined with these quantitative 

ΔE values, thus demonstrate how the nature and strength of halogen bonding modulate the electron 

density distribution, influencing the bonding environment in these cocrystalline systems. 
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IQA data: Quantitative Insights into Interactions 

Interacting Quantum Atoms (IQA) energy decomposition analysis was performed using the 

ADF software package at the PBE0/TZ2P level of theory. The data shown in Table S1 were 

extracted from the “Interatomic Contributions” section of the output files. Listed are selected 

pairwise interactions from compound 1, cocrystals 1a, 1b, and 2b, including interaction distances 

(in Å), energy components (in Hartree and kcal/mol), and the corresponding covalent and non-

covalent contributions. Percent covalency was estimated by the ratio of the absolute covalent 

component to the total interaction energy. 
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Figure S1. Visualization of the natural orbitals for chemical valence (NOCV) interactions in three 

cocrystals, analyzed using the ETS-NOCV method to quantify key orbital contributions to 

intermolecular interactions. Each diagram depicts the most significant NOCV orbital pairs 

associated with chalcogen and halogen bonding, with corresponding orbital interaction energies 

(ΔEorb ) displayed above each visualization. (i) 1a, showing electron depletion around the Se–Se 

bond and accumulation toward the iodine acceptor, supporting the observed bond elongation; (ii) 

1b, illustrating weaker electron redistribution due to π-system interaction; and (iii) 2b. The orbital 

interactions are color-coded, with red and blue lobes representing regions of electron accumulation 

and depletion, respectively. 
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Figure S2. The 1D 1H→77Se CPMAS NMR spectra of 1a at different spinning speeds. The 

isotropic chemical shifts are observed at 522 ppm and 547 ppm. The peak at 522 ppm is broad, 

while the peak at 547 ppm is sharp. 
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Figure S3. Experimental ¹H → ⁷⁷Se CP/MAS NMR spectra of diphenyldiselenide (1) and the 

studied cocrystals, collected at a spinning speed of 10 kHz. Isotropic peaks are indicated with 

asterisks. 
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High spinning frequency 1H and 13C SSNMR data 

Single pulse 1H SSNMR spectra were recorded using 90° radiofrequency (rf) pulses with a 

1H nutation frequency (H) of 185 kHz. Data acquisition involved the accumulation of 16 

transients with a relaxation delay (τrelax ) of 2.0 seconds. 

The 13C spectra were recorded by the 1H →13C CP at the double quantum Hartmann−Hahn 

condition,1νH + νC = νr, which involved ramped CP of νH = 20 ± 5 kHz for 1H (νC = 40 kHz), a 1.5 

μs 90° 1H pulse, and spinal-64 1H decoupling2 at νH  = 150 kHz.  

The double-quantum to single-quantum (DQ–SQ) 1H NMR correlation spectra were 

recorded using the 2D NMR protocol in the article by Fieke et.al.3 This experiment probes dipolar 

couplings between 1H nuclei, allowing for the identification of proximities and interactions 

between protons within the structure. Double-quantum coherence (2QC) excitation and 

reconversion were achieved using the BABA dipolar recoupling scheme, which spans two rotor 

periods (2τr). This provided 2Q excitation (τexc) and reconversion (τrec) intervals of 

τexc=τrec=2τr=33.33 μs. The BABA scheme ensures efficient recoupling under magic angle 

spinning conditions, enabling the generation and observation of double-quantum coherences. 

The 1H nutation frequency was H ≈185 kHz, corresponding to 90° dipolar recoupling 

pulses with a duration of 1.35 µs. This setup ensures precise manipulation of the proton dipolar 

couplings, crucial for obtaining high-quality 2D NMR spectra. 

The 2D NMR acquisition parameters included a τrelax of 2.0 s, with 48 (t1) × 512 (t2) time 

points acquired. Dwell times were set to Δt1=2τr and Δt2=33.3 μs, ensuring sufficient resolution in 

both dimensions. Each t1 value accumulated 32 transients to enhance the signal-to-noise ratio. The 

2D data sets were zero-filled to 256 × 2048 points to improve digital resolution, and apodization 
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with an exponential Lorentzian broadening of 50 Hz full width at half maximum (FWHM) was 

applied in both dimensions. 

 
 

 

Figure S4. 1H one pulse, 13C CPMAS, and 1H-1H BABA 2D spectrum of 1a, collected at a 

spinning speed of 60 kHz. The spectrum reveals correlations between neighboring protons within 

the aromatic ring. 

 

 

 
 

Figure S5. 1H one pulse and 13C CPMAS NMR spectra of (i) Ph2Se2 (1), and (ii) 1a collected at 

a spinning speed of 60 kHz. 
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Figure S6. Comparison of the high spinning frequency (i) 1H single-pulse and (ii) 13C CP/MAS 

solid-state NMR spectra of compound 1 and its cocrystal, 1a. 
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Figure S7. The 13C CP/MAS NMR spectra of diphenyldiselenide (1), and cocrystals studied 

herein, collected at 60 kHz spinning speed. The 13C peaks appearing from the p-DITFB moiety 

are evident in the spectra of 1b and 2b. 

 

SCXRD  

The crystallographic data for 1a and 1b reveal significant structural variations induced by 

different acceptors (Table S2). Ph₂Se₂ (1) crystallizes in the orthorhombic space group P2₁2₁2₁, 

characterized by a simple and highly symmetrical unit cell with dimensions of a = 5.65 Å, b = 8.29 

Å, and c = 24.11 Å.  In contrast, its cocrystal with I2, 1a, adopts a triclinic structure within the P-

1 space group, indicative of a less symmetrical arrangement. The unit cell parameters (a = 9.57 Å, 

b = 9.84 Å, c = 9.98 Å) and the significant deviations of angles from 90° (α = 116.00°, β = 91.18°, 

γ = 115.57°) indicate a change in packing arrangement associated with the incorporation of iodine, 

resulting in a more complex molecular environment within the crystal lattice.  Similarly, the 

introduction of p-DITFB in 1b results in a monoclinic structure with the P21/c space group, where 

the unit cell dimensions are a = 10.11 Å, b = 5.67 Å, and c = 26.65 Å, with the β angle slightly 

deviating from orthogonality at 94.61°, while α and γ remain at 90°. This slight monoclinic 

distortion indicates that p-DITFB influences the molecular packing differently than iodine. These 

structural changes highlight how the incorporation of different molecules can significantly alter 

the crystallographic symmetry and unit cell parameters of 1, leading to variations in physical 

properties that are critical for potential applications. 
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Figure S7. Crystal packing diagrams of 1 (i), and cocrystals 1a (ii), 1b (iii), 2b (iv).  

 

Table S1. Crystallographic parameters of Ph2Se2 and cocrystals studied herein. 

 

compound space group a / Å b / Å c / Å  / º  / º  / º 

1 P212121 5.65 8.29 24.11 90.00 90.00 90.00 

1a P-1 9.57 9.84 9.98 116.00 91.18 115.57 

1b P21/c 10.11 5.67 26.65 90.00 94.61 90.00 

2b P21/n 13.01 6.15 18.17 90.00 101.80 90.00 

 

 

 

Table S2. IQA for Key Se–Se, Se–I, Se–H, and π-Interactions in the Investigated Cocrystals. 

Paramet

er 

1a 1a 1b 2b 
Se1–
Se2 

Se1–
Se25 

Se1–
Se2 

Se4–I2 
I1–
Se1 

Se1–
Se2 

Se1–
Se4 

C9–I 
(π) 

Se1–
I24 

Se1–
H50 

Distance 

(Å) 
2.307 7.201 2.347 3.588 2.990 2.314 3.752 3.566 3.550 3.053 

VeNb 

-
263.3

80 

-
160.26

4 

-
258.9

65 

-
264.3

05 

-
317.9

86 

-
262.4

05 

-
162.6

57 

-
49.40

6 

-
267.0

81 
-5.868 

VNec 

-
263.0

14 

-
160.06

4 

-
258.3

39 

-
265.8

05 

-
317.9

66 

-
262.6

51 

-
162.5

76 

-
46.95

6 

-
267.3

02 
-6.614 
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Vee 

(Coulom

b)d 

261.2
95 

159.79
6 

256.7
24 

264.3
50 

317.2
02 

260.6
48 

162.2
09 

49.16
2 

265.8
69 

6.585 

VNNe 
265.1

27 
160.53

2 
260.6

05 
265.7

60 
318.7

48 
264.4

35 
163.0

25 
47.18

8 
268.5

20 
5.894 

VCoulo

mb 

(Total)f 

0.027
7 

0.0003 
0.024

8 
0.000

1 

-
0.001

3 

0.026
6 

0.001
0 

-
0.011

4 

0.004
8 

-
0.0032 

Vee 

(Exchang

e)g 

-
0.249

2 

-
0.0104 

-
0.231

0 

-
0.021

7 

-
0.082

9 

-
0.247

6 

-
0.010

2 

-
0.006

5 

-
0.026

9 

-
0.0053 

Vee 

(Total)h 

261.0
46 

159.78
6 

256.4
93 

264.3
28 

317.1
19 

260.4
01 

162.1
98 

49.15
5 

265.8
42 

6.579 

Einter 

(kcal/mol

)i 

-
138.9

9 
-6.31 

-
129.3

7 
-13.56 

-
52.87 

-
138.6

5 
-5.78 

-
11.24 

-13.9 -5.32 

Covalent 

part 

(kcal/mol

) 

-
156.3

5 
-6.51 

-
144.9

4 
-13.63 

-
52.03 

-
155.3

6 
-6.41 -4.08 -16.9 -3.33 

Covalent 

part (%) 

112.5
0% 

103.10
% 

112.0
0% 

100.5
0% 

98.40
% 

112.1
0% 

110.7
0% 

36.30
% 

121.6
0% 

62.60
% 

Non-

Covalent 

part 

(kcal/mol

) 

17.36 0.19 15.56 0.07 -0.84 16.71 0.63 -7.17 3.00 -1.99 

Non-

Covalent 

part (%) 

-
12.50

% 
-3.10% 

-
12.00

% 

-
0.50% 

1.60% 
-

12.10
% 

-
10.70

% 

63.70
% 

-
21.60

% 

37.40
% 
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a: The numbering are from the cif file from the crystallographic data. The optimized cife file is 

deposited align other manuscript data. All other numbering is corresponded to the Figure 7 in the 

main text. 

b: Coulomb interaction between the electrons of A and the nucleus of B in Hartree 

c: Coulomb interaction between the nucleus of A and the electrons of B in Hartree 

d: Coulomb interaction between the electrons of A and B in Hartree 

e: Coulomb interaction between the nuclei of A and B in Hartree 

f: VeN+VNe+Vee(Coulomb)+VNN in Hartree 

g: exchange interaction between the electrons of A and B in Hartree 

h: Vee(Coulomb)+Vee(Exchange) in Hartree 

i: total interaction energy between A and B, i.e. VCoulomb(total)+Vee(exchange) in kcal/mol 

 

TEM image 

High-resolution transmission electron microscopy (HRTEM) images were acquired using a 

Thermo Fisher Scientific (TFS) Talos F200X scanning/transmission electron microscope 

(S/TEM). This instrument offers a lattice-fringe resolution of 0.14 nm and operates at an 

accelerating voltage of 200 kV. Imaging was performed with a CETA 16M camera. The samples 

were prepared by placing a drop of diluted particle solution onto a holey carbon film supported by 

a copper grid, followed by drying overnight at room temperature (298 K). 

TEM images of compound 2b prepared by mechanochemical ball milling. The observed particle 

sizes range from ~1 × 2 × 1.5 µm to 3 × 5 × 2 µm and 3 × 2 × 4 µm, confirming the formation of 

micron-sized crystallites as expected from solid-state synthesis. These images provide direct 

evidence of the bulk morphology of the materials following the ball-milling process. 
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Figure S8. The TEM images of the 2b cocrystal, captured from various orientations showing the 

crystal size.  
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S6 
 

1: 1a(i), (p-DITFB).2(TMP)1:  
 

1-1: RAM mechanochemistry synthesis 
241 mg (0.5 mmol) 1,4-diiodotetrafluorobenzene (p-DITFB) as halogen bond donor, 82 mg (0.5 
mmol) 2,3,5,6-tetramethypyrazine (TMP) as an acceptor, and 260 µL chloroform were added to a 
1-dram glass vial and securely mounted within a lab-built sample holder and positioned on the 
PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 minutes at an 
acceleration of 80g.   

1.2: Ball milling preparation 
The halogen bond donor, p-DITFB (241 mg, 0.5 mmol), and the halogen bond acceptor, TMP (82 
mg, 0.5 mmol), were combined in a 10 mL stainless steel milling jar, with 50 L of chloroform as 
a liquid additive. Subsequently, ball milling was conducted using a Retsch MM 400 ball mill at a 
frequency of 30 Hz for 45 minutes at room temperature. The milling process employed two 
stainless steel grinding balls with a diameter of 5 mm. 

1.3: PXRD results 
 

 

Figure S1. Experimental diffractograms for ball milled and RAM products, and calculated 
diffractogram for cocrystal 1a(i), (p-DITFB).2(TMP). 
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1-3: 13C CP/MAS SSNMR results 
 

 

Figure S2. 13C solid-state NMR spectra of cocrystal 1a(i), (p-DITFB).2(TMP): the ball mill 
product is depicted in blue (lower); RAM product in red (upper). The labels denote the C-N and 
C-I carbons of TMP and p-DITFB, respectively. The asterisks denote spinning sidebands. 

 

2: 1a(ii), 4(p-DITFB).1.5(TMP)2 

2.1: RAM mechanochemistry synthesis 
402 mg (1 mmol) 1,4-diiodotetrafluorobenzene (p-DITFB) as halogen bond donor and 68 mg (0.5 
mmol) 2,3,5,6-tetramethypyrazine (TMP) as an acceptor were added to a 1-dram glass vial and 
securely mounted within a lab-built sample holder and positioned on the PharmaRAM 1 resonant 
acoustic mixer. The sample was oscillated for 45 minutes at an acceleration of 80g.   

2.2: PXRD results 

 

Figure S3. Diffractogram for the RAM product, and calculated diffractogram for cocrystal 1a(ii), 
4(p-DITFB).1.5(TMP). 
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2.3: 13C CP/MAS SSNMR results 
 

 

Figure S4. 13C solid-state NMR spectra of XB acceptor TMP in black (lower) and cocrystal 1a(ii), 
4(p-DITFB).1.5(TMP), prepared by RAM in red (upper). The labels denote the C-N and C-I 
carbons of TMP and p-DITFB, respectively. The asterisks denote spinning sidebands. 

 

3: 2a, (sym-TFTIB).(TMP)3 

3.1: RAM mechanochemistry synthesis 
357 mg (0.7 mmol) 1,3,5-trifluoro-2,4,6-triiodobenzene (sym-FTIB) as halogen bond donor, 95 
mg (0.7 mmol) 2,3,5,6-tetramethypyrazine (TMP) as an acceptor, and 45 µL THF were added to a 
1-dram glass vial and securely mounted within a lab-built sample holder and positioned on the 
PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 minutes at an 
acceleration of 80g.   

3.2: Ball milling preparation 
The halogen bond donor, sym-TFTIB (357 mg, 0.7 mmol), and the halogen bond acceptor, TMP 
(95 mg, 0.7 mmol), were combined in a 10 mL stainless steel milling jar, supplemented with 23 
µL of THF as a liquid additive. Subsequently, ball milling was conducted using a Retsch MM 400 
ball mill at a frequency of 30 Hz for 40 minutes at room temperature. The milling process 
employed two stainless steel grinding balls with a diameter of 5 mm. 
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3.3: PXRD results 
 

 

Figure S5. Diffractograms for ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 2a, (sym-TFTIB).(TMP). 

 

3.4: 13C CP/MAS SSNMR results 
 

 

Figure S6. 13C solid-state NMR spectra of XB acceptor TMP in black (lower) and cocrystal 2a, 
(sym-TFTIB).(TMP), prepared by ball milling in blue (middle), and by RAM in red (upper). The 
labels denote the C-N carbons of TMP, and C-I and C-F carbons of sym-TFTIB. The asterisks 
denote spinning sidebands. 
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4: 1b, (p-DITFB).2(DMAP)4 

4.1: RAM mechanochemistry synthesis 
321 mg (0.8 mmol) 1,4-diiodotetrafluorobenzene (p-DITFB) as halogen bond donor and 196 mg 
(1.6 mmol) 4-dimethylaminopyridine (DMAP) as an acceptor were added to a 1-dram glass vial 
and securely mounted within a lab-built sample holder and positioned on the PharmaRAM 1 
resonant acoustic mixer. The sample was oscillated for 45 minutes at an acceleration of 80g.   

4.2: Ball milling preparation 
The halogen bond donor, p-DITFB (321 mg, 0.8 mmol), and the halogen bond acceptor, DMAP 
(196 mg, 1.6 mmol), were combined in a 10 mL stainless steel milling jar. Subsequently, ball 
milling was conducted using a Retsch MM 400 ball mill at a frequency of 30 Hz for 30 minutes at 
room temperature. The milling process employed two stainless steel grinding balls with a diameter 
of 5 mm. 

 

4.3: PXRD results 
 

 

Figure S7. Diffractograms for ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 1b, (p-DITFB).2(DMAP). 
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4.4: 13C CP/MAS SSNMR results 
 

 

Figure S8. 13C solid-state NMR spectra of XB acceptor DMAP in black (lower) and cocrystal 1b, 
(p-DITFB).2(DMAP) prepared by ball milling in blue (middle), and by RAM in red (upper). The 
labels denote the C-N and C-I carbons of DMAP and p-DITFB, respectively. The asterisks denote 
spinning sidebands. 

 

 

5: 2b, (sym-TFTIB).3(DMAP)5 

5.1: RAM mechanochemistry synthesis 
255 mg (0.5 mmol) 1,3,5-trifluoro-2,4,6-triiodobenzene (sym-TFTIB) as halogen bond donor and 
183 mg (1.5 mmol) 4-dimethylaminopyridine (DMAP) as an acceptor were added to a 1-dram 
glass vial and securely mounted within a lab-built sample holder and positioned on the 
PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 minutes at an 
acceleration of 80g.   

5.2: Ball milling preparation 
The halogen bond donor, sym-TFTIB (255 mg, 0.5 mmol), and the halogen bond acceptor, DMAP 
(183 mg, 1.5 mmol), were added to a 10 mL stainless steel milling jar. Subsequently, ball milling 
was conducted using a Retsch MM 400 ball mill at a frequency of 30 Hz for 45 minutes at room 
temperature. The milling process employed two stainless steel grinding balls with a diameter of 5 
mm. 

 

292



S12 
 

5.3: PXRD results 

 

Figure S9. Diffractograms for ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 2b, (sym-TFTIB).3(DMAP). 

 

5.4: 13C CP/MAS SSNMR results 

 

Figure S10. 13C solid-state NMR spectra of XB acceptor DMAP in black (lower) and cocrystal 
2b, (sym-TFTIB).3(DMAP) prepared by ball milling in blue (middle), and by RAM in red (upper). 
The labels denote the C-N carbons of DMAP, and C-I and C-F carbons of sym-TFTIB. The 
asterisks denote spinning sidebands. 

293



S13 
 

6: 1c, 2(p-DITFB).(o-Phe)1 

6.1: RAM mechanochemistry synthesis 
321 mg (0.8 mmol) 1,4-diiodotetrafluorobenzene (p-DITFB) as halogen bond donor, 196 mg (1.6 
mmol) 1,10-phenanthroline (o-Ph) as acceptor, and 35 µL chloroform were added were added to a 
1-dram glass vial and securely mounted within a lab-built sample holder and positioned on the 
PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 minutes at an 
acceleration of 80g.   

6.2: Ball milling preparation 
The halogen bond donor, p-DITFB (241 mg, 0.6 mmol), and the halogen bond acceptor, o-Ph (108 
mg, 0.6 mmol), were combined in a 10 mL stainless steel milling jar, supplemented with 18 µL of 
chloroform as a liquid additive. Subsequently, ball milling was conducted using a Retsch MM 400 
ball mill at a frequency of 30 Hz for 45 minutes at room temperature. The milling process 
employed two stainless steel grinding balls with a diameter of 5 mm. 

 

6.3: PXRD results 
 

 

Figure S11. Diffractograms of ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 1c, 2(p-DITFB).(o-Phe). 
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 6.4: 13C CP/MAS SSNMR results 
 

 

Figure S12. 13C solid-state NMR spectra of XB acceptor o-Phe in black (lower) and cocrystal 1c, 
2(p-DITFB).(o-Phe) prepared by ball milling in blue (middle), and by RAM in red (upper). The 
labels denote the C-N and C-I carbons of o-Phe and p-DITFB, respectively. The asterisks denote 
spinning sidebands. 

 

7: 2c, (sym-TFTIB).(o-Phe)3 

7.1: RAM mechanochemistry synthesis 
255 mg (0.5 mmol) 1,3,5-trifluoro-2,4,6-triiodobenzene (sym-TFTIB) as halogen bond donor, 90 
mg (0.5 mmol) 1,10-phenanthroline (o-Ph) as acceptor, and 35 µL THF were added were added to 
a 1-dram glass vial and securely mounted within a lab-built sample holder and positioned on the 
PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 minutes at an 
acceleration of 80g.   

7.2: Ball milling preparation 
The halogen bond donor, sym-TFTIB (255 mg, 0.5 mmol), and the halogen bond acceptor, o-Ph 
(90 mg, 0.5 mmol), were combined in a 10 mL stainless steel milling jar, supplemented with 18 
µL of chloroform as a liquid additive. Subsequently, ball milling was conducted using a Retsch 
MM 400 ball mill at a frequency of 30 Hz for 45 minutes at room temperature. The milling process 
employed two stainless steel grinding balls with a diameter of 5 mm. 
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7.3: PXRD results 

 

Figure S13. Diffractograms of ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 2c, (sym-TFTIB).(o-Phe). 

 

7.4: 13C CP/MAS SSNMR results 
 

 

Figure S14. 13C solid-state NMR spectra of XB acceptor o-Phe in black (lower) and cocrystal 2c, 
(sym-TFTIB).(o-Phe) prepared by ball milling in blue (middle), and by RAM in red (upper). The 
labels denote the C-N carbons of o-Phe, and C-I and C-F carbons of sym-TFTIB. The asterisks 
denote spinning sidebands. 
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8: 1d, (p-DITFB).(PheDON)6 

8.1: RAM mechanochemistry synthesis 
205 mg (0.5 mmol) 1,4-diiodotetrafluorobenzene (p-DITFB) as halogen bon donor, 105 mg (0.5 
mmol) 1,10-phenanthroline-5,6-dione (PheDON) as acceptor, and 155 µL chloroform were added 
were added to a 1-dram glass vial and securely mounted within a lab-built sample holder and 
positioned on the PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 
minutes at an acceleration of 80g.   

8.2: Ball milling preparation 
The halogen bond donor, p-DITFB (205 mg, 0.5 mmol), and the halogen bond acceptor, PheDON 
(105 mg, 0.5 mmol), were combined in a 10 mL stainless steel milling jar, supplemented with 31 
µL of chloroform as a liquid additive. Subsequently, ball milling was conducted using a Retsch 
MM 400 ball mill at a frequency of 30 Hz for 30 minutes at room temperature. The milling process 
employed two stainless steel grinding balls with a diameter of 5 mm. 

 

8.3: PXRD results 
 

 

Figure S15. Diffractograms of ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 1d, (p-DITFB).(PheDON). 
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8.4: 13C CP/MAS SSNMR results 

 

Figure S16. 13C solid-state NMR spectra of XB acceptor o-Phe in black (lower) and cocrystal 1d, 
(p-DITFB).(PheDON) prepared by ball milling in blue (middle), and by RAM in red (upper). The 
labels denote the C-N and C-I carbons of PheDON and p-DITFB, respectively. The asterisks 
denote spinning sidebands. 

 

9: 2d, (sym-TFTIB).(PheDON) 

9.1: RAM mechanochemistry synthesis 
205 mg (0.5 mmol) 1,3,5-trifluoro-2,4,6-triiodobenzene (sym-TFTIB) as halogen bond donor, 105 
mg (0.5 mmol) 1,10-phenanthroline-5,6-dione (PheDON) as acceptor, and 250 µL chloroform 
were added were added to a 1-dram glass vial and securely mounted within a lab-built sample 
holder and positioned on the PharmaRAM 1 resonant acoustic mixer. The sample was oscillated 
for 50 minutes at an acceleration of 80g.   

9.2: Ball milling preparation 
The halogen bond donor, sym-TFTIB (205 mg, 0.5 mmol), and the halogen bond acceptor, 
PheDON (105 mg, 0.5 mmol), were combined in a 10 mL stainless steel milling jar, supplemented 
with 31 µL of chloroform as a liquid additive. Subsequently, ball milling was conducted using a 
Retsch MM 400 ball mill at a frequency of 30 Hz for 45 minutes at room temperature. The milling 
process employed two stainless steel grinding balls with a diameter of 5 mm. 

9.3: Crystal preparation by slow evaporation: 
The halogen bond donor, sym-TFTIB (76 mg, 0.15 mmol), was dissolved in 2 mL of chloroform. 
The halogen bond acceptor, PheDON (32 mg, 0.15 mmol), was dissolved in 2mL of chloroform. 
The donor solution was added dropwise to the halogen bond acceptor solution. The solvent was 
allowed to gradually evaporate at room temperature, resulting in the formation of orange cocrystals 
of 2d. The vial was tightly sealed as soon as single cocrystals were observed by eye. 
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9.4: PXRD results 
 

 

Figure S17. Diffractograms of ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 2d, (sym-TFTIB).(PheDON). 

9.5: 13C CP/MAS SSNMR results 
 

 

 

Figure S18. 13C solid-state NMR spectra of XB acceptor o-Phe in black (lower) and cocrystal 2d, 
(sym-TFTIB).(PheDON) prepared by ball milling in blue (middle), and by RAM in red (upper). 
The labels denote the C-N carbons of PheDON, and C-I and C-F carbons of sym-TFTIB. The 
asterisks denote spinning sidebands. 
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10: 1e, (p-DITFB).(DIZFON)6 

10.1: RAM mechanochemistry synthesis: 
205 mg (0.5 mmol) 1,4-diiodotetrafluorobenzene (p-DITFB) as halogen bond donor, 91 mg (0.5 
mmol) 4,5-diazafluoren-9-one (DIZFON) as acceptor, and 150 µL THF were added were added to 
a 1-dram glass vial and securely mounted within a lab-built sample holder and positioned on the 
PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 minutes at an 
acceleration of 80g.   

10.2: Ball milling preparation 
The halogen bond donor, p-DITFB (205 mg, 0.5 mmol), and the halogen bond acceptor, DIZFON 
(91 mg, 0.5 mmol), were combined in a 10 mL stainless steel milling jar, supplemented with 30 
µL of chloroform as a liquid additive. Subsequently, ball milling was conducted using a Retsch 
MM 400 ball mill at a frequency of 30 Hz for 30 minutes at room temperature. The milling process 
employed two stainless steel grinding balls with a diameter of 5 mm. 

 

10.3: PXRD results 
 

Figure S19. Diffractograms of ball mill and RAM products and calculated powder X-ray 
diffraction pattern for cocrystal 1e, (p-DITFB).(DIZFON). 
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10.4: 13C CP/MAS SSNMR results 
 

 

Figure S20. 13C solid-state NMR spectra of XB acceptor o-Phe in black (lower) and cocrystal 1e, 
(p-DITFB).(DIZFON) prepared by ball milling in blue (middle), and by RAM in red (upper). The 
labels denote the C-N and C-I carbons of DIZFON and p-DITFB, respectively. The asterisks 
denote spinning sidebands. 

 

11: 2e, (sym-TFTIB).(DIZFON) 

11.1: RAM mechanochemistry synthesis 
255 mg (0.5 mmol) 1,3,5-trifluoro-2,4,6-triiodobenzene (sym-TFTIB) as halogen bond donor, 94 
mg (0.5 mmol) 4,5-diazafluoren-9-one (DIZFON) as acceptor, and 223 µL THF were added were 
added to a 1-dram glass vial and securely mounted within a lab-built sample holder and positioned 
on the PharmaRAM 1 resonant acoustic mixer. The sample was oscillated for 50 minutes at an 
acceleration of 80g.   

11.2: Ball milling preparation 
The halogen bond donor, sym-TFTIB (255 mg, 0.5 mmol), and the halogen bond acceptor, 
DIZFON (94 mg, 0.5 mmol), were combined in a 10 mL stainless steel milling jar, supplemented 
with 32 µL of chloroform as a liquid additive. Subsequently, ball milling was conducted using a 
Retsch MM 400 ball mill at a frequency of 30 Hz for 45 minutes at room temperature. The milling 
process employed two stainless steel grinding balls with a diameter of 5 mm. 

11.3: Crystal preparation by slow evaporation 
The halogen bond donor, sym-TFTIB (76 mg), was dissolved in 2 mL of chloroform. The halogen 
bond acceptor, DIZFON (27 mg), was dissolved in 2 mL of chloroform. The donor solution was 
added dropwise to the acceptor solution. The solvent was allowed to gradually evaporate at room 
temperature, resulting in the formation of yellow cocrystals of 2e. The vial was tightly sealed as 
soon as single cocrystals were observed by eye. 
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11.4: PXRD results 
 

Figure S21. Diffractograms for ball mill and RAM products, and calculated powder X-ray 
diffraction pattern for cocrystal 2e, (sym-TFTIB).(DIZFON). 

 

11.5: 13C CP/MAS SSNMR results 
 

 

 

Figure S22. 13C solid-state NMR spectra of XB acceptor DIZFON in black (lower) and cocrystal 
2e, (sym-TFTIB).(DIZFON) prepared by ball milling in blue (middle), and by RAM in red (upper). 
The labels denote the C-N carbons of, and C-I carbons of sym-TFTIB. The asterisks denote 
spinning sidebands. 
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Table S1. 13C[1H] CPMAS solid-state NMR experimental conditions.  

 

 

  

compound number of scans recycle delay / s MAS frequency / kHz

a 2048 2 10

1a(i) 1024 30 11 

1a(ii) 1024 30 11 

2a 1024 30 11 

b 2048 30 10 

1b 1024 30 12 

2b 1024 40 11 

c 1024 60 4.5 

1c 1024 60 12 

2c 1024 90 12 

d 512 100 11 

1d 2048 30 11 

2d 2048 40 12 

e 1024 120 11 

1e 1024 120 11 

2e 1024 80 11
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Additional Details on Single-Crystal X-Ray Diffraction for 2d and 2e 

Raw data collection and processing were executed utilizing the ApexIII software package 

developed by Bruker.7 Initial unit cell parameters were deduced from 36 data frames obtained from 

specific 𝝎 scans. Semi-empirical absorption corrections, based on equivalent reflections, were 

applied as part of the data processing.8 The systematic absences observed in the diffraction dataset 

and the unit cell parameters were in line with the assigned space group. 

Initial structural solutions were established employing ShelxT direct methods9 and 

subsequently refined using full-matrix least-squares procedures based on F2 with the assistance of 

ShelXL and ShelXle software.10 Hydrogen atom positions were determined based on geometric 

considerations and further refined using a riding model. 

The structure of 2d (which contains 8 sets of crystallographically unique molecule pairs 

stacked in layers) is noteworthy as the difference map shows the presence of whole molecule 

disorder among some of the layers over a mirror plane. Attempts were made to model this 

behaviour both from a twinning or supercell standpoint, and through modelling of the disorder 

directly. In the former case, use of RLatt, cell_now, and other twin detection tools did not 

convincingly show the presence of any twinning. When disorder was modelled directly, the R 

value and general quality of the structure did not improve, the disorder fraction remained small, 

and it served only to muddy the interpretation of the structure. Thus the potential disorder was not 

included in the final model. 
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