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The temperature dependent phase behaviour of the small, organic molecule 4-benzoyl-1,2,3dithiazol-5-one (BzDTAO), with an emphasis on the effects of noncovalent sulfur-oxygen interactions on
its polymorphic crystal forms, is elucidated. Additional thermodynamic arguments are made to rationalize
the relationship between the two forms of BzDTAO which undergo a solid-to-solid chiral resolution with
increasing temperature at Ttr = 70 °C. Thermodynamic arguments are supported by the comparison of the
solid state characteristics of the high temperature form of BzDTAO with those of 4-benzoyl-1,2,3-dithiazol5-thione (BzDTAT). Both crystallize in P212121 and they are isomorphous. Improvements on the original
synthesis of BzDTAO are presented which were successful in increasing the yield of the desired product
by 300% and essentially eliminating the by-products (which had included BzDTAT). Finally, due to the
interest in using BzDTAO as a radical anionic ligand, electrochemical data of BzDTAO, and coordination
of the neutral species to La(hfac)3, are presented.
The crystal packing and supramolecular assembly of three derivatives of DTANQ (1,2,3dithiazolyl-p-naphthoquinone) that differ only in the position/presence of methyl groups is discussed to
identify structural similarities and the influence of moderate steric pressures. Discussion of the structural
and magnetic properties of the metal complexes of these radical ligands is then presented. The magnetic
properties of the Co(II) and Mn(II) complexes of 5,8-Me2DTANQ, and the Nd(III) and Dy(III) complexes
of 6,7-Me2DTANQ are presented for the first time. The steric pressure induced by the methyl groups on the
supramolecular assembly of the Mn(II) complexes of two dimethyl derivatives of DTANQ results in subtle
differences in the geometries of intermolecular S•••S and S•••O contacts in the crystal structures. The S•••S
and S•••O contacts are the intermolecular pathways of magnetic exchange coupling which is sensitive to
contact geometry, yielding dramatically different magnetic properties for the Mn(II) complexes of 6,7Me2DTANQ and 5,8-Me2DTANQ. Prior issues with ferromagnetic impurities and synthetic abnormalities
are also resolved.
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Chapter 1: Introduction
1.1 Foreword
The supramolecular assemblies of molecule-based materials dictate their physical properties, from
solubility to magnetism, in the solid state. The study of noncovalent interactions reveals patterns of
directional preferences for contact geometries between specific atoms on neighbouring molecules. The
influence of noncovalent interactions in biological systems is well-studied (hydrogen bonding in DNA,
molecular recognition at binding sites, chalcogen interactions in protein folding, etc.). A better
understanding and application of these principles to molecular solids in materials chemistry is likely to
bring about significant progress in the design of technologically useful materials that exhibit interesting
magnetic, conductive, or luminescent phenomena, and combinations thereof. The concept of “crystal
engineering” has been alluded to for decades,1 though the early days of this endeavour saw substantial
unpredictability and slow progress due to a lack of data (crystal structures) and the huge expense in time
and computational resources required to collect and solve crystal data as well as calculate and model
molecular packing and interactions. The exploitation of noncovalent interactions in directing crystal
packing has re-emerged as a hot topic and significant progress is starting to be made as X-ray
diffractometers and computational equipment are becoming both more powerful and less expensive. The
normalization of single crystal X-ray diffraction as a relatively routine characterization technique has made
the analysis of hundreds of thousands of crystal structures possible with the Cambridge Structural Database
(CSD). Increases in computational power have allowed for crystal structures to be solved much more
quickly and the field of crystal structure prediction to develop. Even still, only very recently have the
crystal structures of even moderately sized, rigid organic molecules been predicted successfully and
computational requirements are still very high.2 In making progress in this area, examples of structure- and
function-determining intermolecular interactions must be identified and analyzed.
The focus of this thesis is to investigate the properties of solids composed of 1,2,3- dithiazole and
dithiazolyl derivatives, and their metal complexes. This work rationalizes the properties (magnetism in
particular) and characteristics of materials based on their supramolecular assemblies, and helps direct future
design of their molecular solids. The influence of fundamentally Coulombic interactions between specific
atoms on neighbouring molecules, and the directional character of particular interactions, has become a hot
topic in all areas of chemistry.3 The importance of hydrogen bonding is clear to even uninitiated chemists,
however acceptance of the importance of halogen bonding has been slow, and the impact of intermolecular
sulfur interactions is even less recognized outside very select fields, such as biochemistry. This bias exists
despite the fact that all of these noncovalent interactions exhibit highly similar properties and can arguably
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be grouped under the umbrella term, “sigma-hole bonding”.1,4 It is expected that a more nuanced
understanding of the impact of non-conventional interactions of moderate strength, especially involving
sulfur containing molecules, is bound to improve on the current understanding of biological systems and
the rational design of molecular materials with interesting properties.
This chapter presents background information useful for understanding the results and analyses
discussed in Chapters 2 & 3. Chapter 2 investigates the influence of noncovalent sulfur-oxygen interactions
on the polymorphism of the diamagnetic molecule 4-benzoyl-1,2,3-dithiazol-5-one. Chapter 3 discusses the
impact of sulfur contacts and steric pressures on the solid state magnetic properties of the dimethyl
derivatives of the 1,4-dioxo-naphtho[2,3-d][1,2,3]dithiazolyl radical ligand and their complexes with
Mn(II).

1.2 The Molecular Condensed State
In molecular crystals, molecules are packed into a repeating ordered array where the smallest
repeating unit that includes all symmetry elements is called the unit cell. The mathematics of group theory
restricts the number of space groups, which define these unit cells, to 230. 165 space groups describe nonchiral structures, i.e., there exists at least one improper symmetry operation. The other 65 space groups
describe chiral structures.

Figure 1.2.1: Flow chart of possible crystal compositions and space groups based on the composition of the system
as a liquid or in solution for rigid enantiomers. For achiral molecules, their rapid racemization in liquid/solution means
the composition always begins as a racemic mixture thus any homochiral form is necessarily a result of chiral
resolution.

The crystallization of an enantiopure system of rigid chiral molecules (i.e., molecules containing a
chiral stereocenter or an atropisomer) necessarily results in an enantiomorph, the space group of which is
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one of the 65 Sohncke space groups. It is not required however that a racemic mixture of enantiomers, or
that achiral molecules, crystallize exclusively in a centrosymmetric space group. Achiral molecules may
crystallize in a Sohncke space group by acquiring chirality via packing symmetry, and/or through adopting
chiral conformation(s) in the solid structure. Racemic systems of rigid enantiomers may crystallize in a
chiral space group through the packing symmetry, even though the crystal will contain both enantiomers,
or through chiral resolution, a process in which the enantiomers are separated into enantiomorphs during
the crystallization process.
Polymorphism in the context of molecular crystals is the ability of a molecular species to exhibit
more than one crystal structure. Since rigid enantiomers are technically different molecules, the relationship
between a racemic and homochiral form is not polymorphism in the classical sense. However if an achiral
molecule exhibits conformational chirality and is able to crystallize as a homochiral conglomerate and as a
racemate, the molecule is polymorphic.
The relationship between polymorphs is known to be either monotropic or enantiotropic.
Monotropy defines the relationship in which one form is always the thermodynamically stable form, and
the other is always the metastable form. In a plot of free energy vs. temperature, the free energy curve of
the stable form is always lower than that of the metastable form (Fig. 1.2.2). Enantiotropy defines the
relationship between two polymorphs where there exist regions wherein one form is stable and the other
form is metastable, and a transition temperature at which this hierarchy is reversed. In a plot of free energy
vs. temperature, the free energy curve of the two forms intersect at the transition temperature.

Figure 1.2.2: Generic free energy vs. temperature diagrams showing the relative stabilities of two forms (1 and 2) that
are monotropic (left) or enantiotropic (right). T1/2 are the melting points of from 1/2, T tr is the transition temperature,
enthalpy curves are labeled H1/2/l to denote the curve corresponding to form 1, 2 or liquid phase, respectively. The
same scheme is used to label the free energy (G) curves.
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Burger and Ramberger5,6 have developed a number of general rules that correlate the relationship
between polymorphs to the relative structural and thermodynamic characteristics of each form. Though not
inclusive, the following two rules are relevant to the discussion of results presented in this thesis and are
thus considered in depth. The enthalpy of fusion rule states that if the form that melts at lower temperature
has the larger enthalpy of fusion, the polymorphs are enantiotropic. This is readily visualized on a generic
G vs. T plot (Fig. 1.2.2). The density rule states that the denser form is that most stable at lower temperature
i.e., 0 K, and therefore in monotropic systems the stable form is denser.
The enthalpy of fusion and density rules are general extensions of fundamental thermodynamic
principles. The Gibbs free energy (G) of a chemical system is a measure of the ability of the system to
perform reversible work under constant pressure at a particular temperature. The Gibbs free energy is
function of the enthalpy (H) and entropy (S) of the system at the specified temperature (T) (equation 1).
Since the absolute enthalpy of a system cannot be determined, only the comparison of relative G values of
a system are meaningful. When considering changes in the arrangement of molecules in the solid state
(polymorphism), the arrangement (form) with the smaller G values is more thermodynamically stable at
the temperature specified.
∆𝐺 = ∆𝐻 − 𝑇∆𝑆

(1)

The enthalpy of fusion (𝛥𝑓𝑢𝑠 𝐻; where the Δ indicates the phase change thus is given the “fus”
subscript, and a subscript following the H would specify the system) is the enthalpy difference between a
solid and its liquid at its melting point. A larger enthalpy of fusion implies a greater lattice enthalpy, making
the form with the larger enthalpy of fusion that which is stable at 0 K (blue curve, Fig. 1.2.2). The lattice
enthalpy is the energetic sum of forces which hold the molecules together in a lattice and is therefore equal
in magnitude to the sublimation enthalpy (𝛥𝑠𝑢𝑏 𝐻) (energy required to bring a molecule from the lattice into
the gaseous state). In polymorphic systems, the vaporization enthalpy (𝛥𝑣𝑎𝑝 𝐻) is the same (the liquid state
is identical) and since enthalpy is a state function, the sublimation enthalpy will be larger for the form with
the higher enthalpy of fusion.
𝛥𝑠𝑢𝑏 𝐻 = 𝛥𝑓𝑢𝑠 𝐻 + 𝛥𝑣𝑎𝑝 𝐻

(2)

The relationship between lattice enthalpy and density has to do with the packing efficiency of the
molecules. Minimization of void space maximizes the contribution of dispersion interactions to the lattice
enthalpy, often yielding a lower energy structure. Strong noncovalent interactions can also be major
energetic contributors to the lattice enthalpy of molecular crystals. An amendment to the density rule
considers that structures exhibiting strong noncovalent interactions may not follow the rule.7 In crystals of
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relatively non-polar molecules, such as hydrocarbons, that lack strongly electropositive and/or
electronegative atoms, the density rule remains valid.
In addition to the enthalpy of fusion and density rules, the relation between the packing symmetries
of polymorphs can be generalized using fundamental thermodynamics and the correlation between density
and symmetry. As noted by Kitaigorodskii,8 to increase the symmetry of the molecular packing is to
decrease the efficiency in which the molecules occupy the total space. The assumption, of course, is that
the molecules remain in exactly the same conformation from one structure to the next and that the atoms
that compose them are unmalleable spheres. As mentioned above, the structure with maximum packing
efficiency in the absence of strong noncovalent interactions is that most stable at 0 K due to the
maximization of dispersion interactions, giving it the largest lattice enthalpy. The introduction of the
entropy term to the free energy (due to non-zero temperature) requires a balance of both enthalpy and
entropy. The lattice entropy of a crystal is defined by the lattice dynamics which are often correlated to the
symmetry. It can be recognized then that, due to the increased weighting of the entropy term with increasing
temperature, the symmetry of a system will generally increase with temperature, and the density will
decrease. This is natural and intuitive considering the characteristic differences in density and symmetry in
the dramatic phase changes of solids to liquids and liquids to gases. In an enantiotropic system, the lower
temperature form most often has the lower symmetry, and in monotropic systems the stable form most often
is of lower symmetry. Exceptions occur in cases where the density rule is invalid, the space group symmetry
is a poor indicator of the phonon energy level distributions, or the enthalpy function of one or both forms
has an uncommon dependence on temperature.
The influence of symmetry/entropy has additional relevance to systems of enantiomers. If there is
no enthalpy of mixing for the combination of two liquid components (e.g., both enantiomers) into one
homogeneous liquid, there is an entropy of mixing:
𝑆𝑙𝑚 = −𝑅(𝑥𝐷 𝑙𝑛𝑥𝐷 + 𝑥𝐿 𝑙𝑛𝑥𝐿 )

(3)

As a racemate, the mole fractions are equal (𝑥𝐷 = 𝑥𝐿 = 0.5) and thus:
𝑆𝑙𝑚 = 𝑅𝑙𝑛2

(4)

This is confirmed through experiment.9 During a chiral resolution the entropy of mixing is forfeit. A racemic
form will maintain this contribution of roughly 1.67 kJ/mol at room temperature to its free energy giving
racemic crystals an energetic advantage.9 This is postulated to be one of the reasons for the rarity of chiral
crystallization as only ~ 10% of enantiomers crystallize as a conglomerate.9
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Attractive noncovalent intermolecular interactions have been known for over a century, thanks to van
der Waals study of liquids and gases from which he produced his equation to relate the density of these
phases of matter to pressure, temperature, and volume. Van der Waals’ equation was the first to take into
account the attraction between molecules. A type of noncovalent interactions that is Coulombic in nature
is that of “sigma-hole bonding”, which includes halogen bonding, chalcogen bonding, and even hydrogen
bonding.4,10,11 An attractive Coulombic interaction between two molecules is essentially one in which a
region of excess electron density (a “negative charge”) interacts with a region of electron density deficiency
(a “positive charge”). In σ-hole bonding, a negative site (lone pair, anion, π-electrons) interacts with a
region of electron deficiency that occurs due to the polarization of the electron density of an atom arising
from bonding. The site of electron deficiency is along the extension of the bond and termed a σ-hole (Fig.
1.2.3). The size and depth of the σ-hole is related to the polarizability and electronegativity of the element
and the character of the bonded functional group.12,13 The specific position of a σ-hole is the fundamental
reason for the observed directionality of numerous intermolecular interactions, especially since an atom
exhibiting a σ-hole has regions of increasing electron density, often to the point of excess (“negative
charge”), that extends radially from the σ-hole and propagates in the direction of the bond. The strength of
a σ-hole bond is related to the disparity in electron density between the two interacting sites and can be
upwards of 40 kJ/mol.10,12,13

Figure 1.2.3: σ-Hole in 1,2-diiodoperfluoroethane (left) and SeFCl (right); red is a positive electrostatic potential,
blue represents negative potential. (Amended from Ref. 11 with permission from the PCCP Owner Societies)

Figure 1.2.4: Known geometric preferences for noncovalent intermolecular interactions with halogens (X, excluding
fluorine) and chalcogens (E, excluding oxygen) that coincide with the presence of σ-holes. R is any functional group,
Y is a negative site (anion, Lewis base). The bottom right bifurcated contact with both sulfur atoms is common in
cyclic disulfides due to the S-S bond dihedral angle being roughly planar.
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Interest in the study of intermolecular interactions in the solid state is due to their energetic contribution
to the lattice enthalpy, potentially directing crystal packing in a predictable manner. Intermolecular
interactions involving sulfur are of particular relevance to this thesis. Rosenfield et al.14 first studied the
geometric preferences of intermolecular contacts with divalent sulfur, recognizing that interactions with
Lewis bases occurred along the extension of one of the sulfur bonds, and interactions with electrophiles
occurred roughly 90° from the R1-S-R2 bond plane. Research into the spherical electron density of divalent
sulfur atoms, and sulfur atoms in various molecules and oxidation states, shows that there often exist σholes along the extension of their bonds, with a deeper hole along the extension of a bond with a more
electronegative element.15 The preferred geometries of divalent sulfur atoms observed by Rosenfield and
others16 align with the calculated positions of σ-holes (Fig. 1.2.4). The energies of σ-hole bonds with sulfur
are in the range of moderate hydrogen bonds.10,17

1.3 Magnetism18,19
All atom-based matter interacts with a magnetic field by either repulsion (diamagnetic response)
or attraction (paramagnetic response). Materials wherein all the electrons are paired repel a magnetic field
and are generally called “non-magnetic” as the existence of other magnetic phenomena is uncommon. The
diamagnetic response resulting from the motion of paired electrons, as well as the magnetic response from
nuclear spin, is roughly three orders of magnitude smaller than the magnetic response of an unpaired
electron. Materials in which there exist unpaired electrons exhibit a paramagnetic response to a magnetic
field.

Figure 1.3.1: Generic plot of M vs H, specifying the linear region of a paramagnetic response (positive χ) and also
showing the diamagnetic response (negative χ).

The magnitude of the magnetic response M of a material, is proportional to the applied magnetic
field, H (Fig. 1.3.1). There exists a range in which this response is linear and the magnetic susceptibility
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(which is the proportionality constant, χ) of the material is constant. Outside this regime, deviation from
linearity arises from magnetic saturation (all magnetic moments have aligned with the field). χ is the sum
of three terms which include the diamagnetic, paramagnetic and temperature independent paramagnetic
susceptibilities of a material. The diamagnetic susceptibility of a material is a small negative response to
the magnetic field from the orbiting of paired electrons. In non-conductors, the temperature independent
paramagnetic susceptibility (TIP) arises from the infrequent occurrence of coupling of a diamagnetic
ground state with a paramagnetic excited state, and as the name suggests, is independent of temperature.
The rarity, small magnitude and temperature independence of the TIP susceptibility makes it negligible in
most analyses of the temperature dependent magnetic susceptibility of a material. This thesis does not
discuss conductors or materials in which coupling between ground and excited states occurs. Therefore
χpara, which is the paramagnetic response that arises from unpaired electrons in the material, is the dominant
contributor to the magnetic susceptibility of the materials to be discussed and will be simply denoted χ. In
all magnetic data presented in this work, the diamagnetic susceptibility is accounted for using Pascal’s
constants,19 which are specific to an element and its chemical environment, and the background response
exhibited by the sample holder has been subtracted.

Figure 1.3.2: Generic orbital diagram with energy levels to illustrate the orbital overlap and relative energies of the
coupling interactions between two electrons.

When two unpaired electrons interact, one of two possible situations result. Either the electrons
align antiparallel in the ground state, called antiferromagnetic (AF) coupling, or they align parallel in the
ground state, called ferromagnetic (FM) coupling. In atomic matter, the interaction between two unpaired
electrons can be predicted based on the orbitals within which the electrons reside (Fig. 1.3.2). If the orbital
overlap is orthogonal then FM coupling occurs, and if the overlap is non-orthogonal then AF coupling
8

occurs. The magnitude of the coupling interaction between two electrons is denoted J. The sign of J
indicates FM or AF coupling depending on which definition of the energy scale is used. The convention
that will be used in this thesis is that of taking the difference in energy between the singlet state S = 0 and
the triplet state S = 1. By using the following phenomological Hamiltonian to fit magnetic data, the value
of J can be determined.
̂ = −2𝐽 ∑(Ŝ𝑖 Ŝ𝑗 )
𝐻

(5)

𝑖>𝑗

where Ŝi and Ŝj are spin operators for the spins i and j. The -2 coefficient is a common convention used to
simplify the equation when expanded and normalize the notation such that a positive J value is used for FM
coupling.
The magnitude of J is often on the order of thermal energy and thus the temperature dependence of
χ provides insight on the underlying coupling behaviour. The molar magnetic susceptibility of a material is
related to the average magnetization per mole (m in equation (6), NA is Avogadro’s number), which is
dependent on the magnetic moment (𝜇𝑒𝑓𝑓 𝜇𝛽 in equation (7), where 𝜇𝛽 is the Bohr magneton) of the
molecules that compose the material. The magnetic moment has a dependence on the number of unpaired
electrons, or spin, of the molecule and the environment of the electrons. The Landé g-factor, g, represents
the environment of the electron and is roughly 2 for a free electron.
𝑀 𝑚𝑁𝐴
=
𝐻
𝐻

(6)

(𝜇𝑒𝑓𝑓 𝜇𝛽 )2 𝐻
3𝑘𝐵 𝑇

(7)

𝜒=
𝑚=

𝜇𝑒𝑓𝑓 = 𝑔√𝑆(𝑆 + 1)

(8)

Presentation of magnetic data to determine the coupling interactions is usually done by plotting the χT
product vs T. If the χT value remains constant at all temperatures, the magnetic moment remains unchanged
at all temperatures and there is no energy gap between the singlet and triplet states (J = 0). In this case the
electrons are non-interacting and exhibit ideal Curie behaviour. The Curie constant (C) defines the relation
of an ideal paramagnet’s susceptibility with temperature, and is the combination of equations (7) and (8).
𝐶=

𝑁𝐴 𝑔2 𝜇𝐵2
𝑆(𝑆 + 1)
3𝑘𝐵

(9)

𝐶
𝑇

(10)

𝜒=

Any deviation from a horizontal line is easy to observe and a change in the χT value is a result of the
depopulation of the thermally populated excited state. Thus, if the two electrons are AF coupled, a decrease
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in the χT product will be observed with a temperature decrease. Conversely, increases in the χT product
with decreasing temperature indicates FM coupling (Fig. 1.3.3).
A real system is likely to include additional coupling interactions, and in the case of metal elements,
an increase in the number of unpaired electrons accompanied by magnetoanisotropy (a preferred direction
of magnetization), and all these features have the potential to substantially complicate the temperature
dependent behaviour of χT. There are a number of well-established theories and equations that are
commonly used to model magnetic data. In most real materials, some degree of coupling occurs and
depending on the character of the interactions, a number of models can be used to describe the behaviour
and yield physical constants such as the J-coupling.

Figure 1.3.3: Generic plot of χT vs T. The horizontal line is consistent with the behaviour of 2 non-interacting
electrons. The curve that tends to 0 as temperature decreases is representative of 2 electrons that couple AF. The rate
at which χT approaches 0 as well as the temperature at which it begins to deviate from horizontal is dependent on the
coupling strength. Likewise with the curve representative of FM coupling, which has a χT value that increases with
decreasing temperature up to the value at which the depopulation of the singlet state is complete.

A model of particular magnetic behaviour relevant to this thesis is that of the 1-D Heisenberg chain.
In this model, the system behaves as an infinite one dimensional chain of spins which are coupled FM or
AF (Fig. 1.3.4).
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Figure 1.3.4: Illustration of the isotropic 1-D Heisenberg chain model with arrows representing spin vectors, a is the
cell parameter of the chain and 𝜉is the correlation length.

For the isotropic classical spin 1-D Heisenberg chain model, the Ŝ operators can be substituted for unit
vectors (𝑢
⃗ 𝑖 ) (equation 11) and when the coupling is FM there exists a correlation function, Γ = 〈𝑢
⃗ 𝑖𝑢
⃗ 𝑖+1 〉
(Γ n = 〈𝑢
⃗ 𝑖𝑢
⃗ 𝑖+𝑛 〉) that describes the relationship between nearest neighbours on the chain.20 For the classical
2JS2
𝑘 𝑇
) − ( 𝐵 2 ),
𝑘𝐵 𝑇
2JS

Heisenberg model, and using the Hamiltonian notation, Γ = coth (

allowing one to

determine the value of J through modeling with equation 12.
+∞

+∞

̂ = −2𝐽 ∑ Ŝ𝑖 Ŝ𝑖+1 = −2𝐽𝑆̂ 2 ∑ 𝑢
𝐻
⃗ 𝑖𝑢
⃗ 𝑖+1
−∞

(11)

−∞

𝑛=+∞

𝑛=+∞

𝑛=−∞

𝑛=−∞

𝜒𝑇
1+Γ
= ∑ 〈𝑢
⃗ 𝑖𝑢
⃗ 𝑖+𝑛 〉 = ∑ Γ n =
𝐶
1−Γ

(12)

As the temperature decreases to 0, the correlation function becomes close to 1 and in this limit the equation
can be simplified to:
𝜒𝑇 4𝐽𝑆 2
≈
𝐶
𝑘𝐵 𝑇

(13)

The correlation length is a measure of the number of spin carriers along the chain that are aligned before a
new set of spins align in a cooperative manner but in a different direction. Since the chain is isotropic, there
is no preferred orientation of the spins. The distance between spin carriers is defined a and the magnetic
correlation length, 𝜉, can be calculated:
𝜒𝑇
𝜉
≈2
𝐶
𝑎

(14)

In order for a material to exhibit magnetic ordering, long range correlation of spins must occur in
at least 2-D, forming domains. Similar to coupling interactions, there exists FM ordering wherein all the
magnetic moments in a 2 or 3 -D domain align parallel, and AF ordering where the magnetic moments
within a domain align anti-parallel (Fig. 1.3.5). A third case arises from incomplete cancellation of spin in
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AF ordered domains, by either miss-alignment of the magnetic moments (spin-canted antiferromagnetism)
or when two spin carriers of different magnitude compose the material (ferrimagnetic ordering).

Figure 1.3.5: Types of magnetic ordering. The magnetic moments are illustrated as vectors in 2-D, the vector arrays
shown may be extrapolated to 3-D for 3-D ordering.

When a material exhibits magnetic ordering of some sort, it will develop its own magnetic field
after a primary exposure to an external field that can maintain alignment of the magnetic domains in the
absence of the external field. This is known as the remnant magnetization Mrem and is one of the features of
a hysteresis loop, the other being the strength of the external field required to reverse the magnetization,
known as the coercive field Hc. A hysteresis loop is readily observed in a M vs H plot (Fig. 1.3.6). Because
of the internal magnetization, if H is oscillated at a high frequency, there will be a measureable lag in the
orientation of the magnetic moment of the material with respect to that of the applied field. This lag can be
presented as an in-phase (χʹ) and/or out-of-phase (χʹʹ) component of χ (where χ = (χʹ2 + χʹʹ2)1/2), to show the
dependence of χ on the frequency at which the magnetic field is oscillated. This phenomenon is referred to
as slow dynamics of magnetization/relaxation and is one of the crucial properties of magnetic materials
used in technological applications.

Figure 1.3.6: Generic hysteresis curve of a material that exhibits slow dynamics of magnetization.
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1.4 Thiazyl Radicals as Building Blocks for Magnetic Molecular Materials
The interest in thiazyl radicals for the design of novel molecular materials began with the discovery
of polysulfurnitride as the first non-metal conductor and super conductor.21 Synthetic procedures have since
been developed to functionalize sulfur-nitrogen heterocyclic radical moieties, improving their stability.22,23
Though many carbon fused and functionalized thiazyl radicals are still unstable in the presence of water or
oxygen, they do have good thermal stability and can be stored over long time periods (years) under inert
atmosphere. There is an increasing repertoire of new and interesting properties being reported in materials
composed of thiazyl radical derivatives and a great variety of thiazyl radicals can be synthesized.22,24-26 The
focus of this section however will be reserved to derivatives of the 1,2,3-dithiazolyl (DTA) radical moieties
(Fig. 1.4.1).

Figure 1.4.1: SOMO (left), line drawing and spin density (right) of the DTA radical moiety. (reproduced with
modifications with permission from ref. 23, © Elsevier)

The DTA radical moiety is a resonance-stabilized 5-membered ring with 7 π electrons. The nitrogen
atom carries additional electron density and the sulfur atoms are slightly electron deficient due to their
relative electronegativities. The unpaired electron resides in a π* orbital; the Singly Occupied Molecular
Orbital (SOMO) extends outside of the DTA ring which requires careful structural consideration of the R
groups to avoid irreversible dimerization via C-C bond formation.27 Locations of significant spin density
are found throughout the molecule, including the R group. Reversible dimerization frequently occurs
between radicals through overlap of the SOMOs of two molecules, forming so-called pancake bonds,28,29
which generally have about the same energy as a moderately-strong hydrogen bond. Various geometries of
pancake bonding (dimerization motifs) are known, seen in Fig. 1.4.2.
The dimerization motifs can be rationalized by considering the electronic and electrostatic
components. The sulfur atoms have larger SOMO coefficients, a larger radius and greater polarizability,
allowing for greater orbital overlap, increasing the magnitude of the stabilization for the electronic energy.
In aromatic-fused DTA derivatives, the delocalization of the SOMO over the entire molecule helps to
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minimize strong dimerization occurring through individual contacts.26 The electrostatic component reduces
the energy of the interaction when an atom of electron deficiency (sulfur) is in close contact with an atom
of excess electron density (nitrogen). Considered to be a weak bond (pancake bond), the reduction in
electronic energy through greater orbital overlap of the sulfur atoms yields the minimum energy state for a
dimer.

Figure 1.4.2: Illustration of the orbital overlap in the pancake bonding of DTA and generic molecular
orbital diagram to show the energetic favourability of dimerization. Various dimerization motifs are also
shown, along with an illustration of a common inter-dimer (S-S)∙∙∙N bifurcated contact.
The intermolecular interactions between pairs of dimers in the solid state usually involve the sulfur
atoms of the thiazyl ring in close contact with a negative site, such as the nitrogen from a neighbouring
DTA. These intermolecular sulfur contacts are consistent with the geometric preferences of divalent sulfur
σ-hole bonding, often a bifurcated contact is observed which allows the negative site to interact with the σhole of both sulfur atoms simultaneously (fig. 1.4.2). In cases where the thiazyl radicals remain
undimerized, a combination of steric hindrance and strong noncovalent sulfur interactions with a highly
electron rich atom is employed to overcome the dimerization energy.30 Interesting magnetic behaviour has
been observed in materials of undimerized thiazyl radicals, as dimerization is essentially the pairing of the
two electrons in a single molecular orbital; alternatively considered very strong “AF coupling” where the J
value is substantially larger than thermal energy at room temperature.
Application of the metal-radical approach31 to molecular materials has led to numerous metal
complexes of thiazyl radicals.25,32 The magnetic properties of metal complexes of thiazyl radicals has to do
with the intra- (between [rad•]-[metal]) and inter- (between complexes [rad•-metal]--[rad•-metal])
molecular coupling. The intramolecular coupling between the unpaired electron of the radical and an
electron on the metal can be predicted by considering the geometry of the metal complex and the metal’s
electron configuration, as well as the coordination mode of the radical ligand. Since the SOMO of DTAs is
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π type, interaction with the d-orbitals of the metal can occur via σ or π overlap (Fig. 1.4.3). σ overlap
through monodentate coordination tends to induce AF coupling regardless of electron configuration of the
metal because of the freedom of orientation of the ligand. Bidentate coordination imposes π overlap and
the coupling of the interaction depends substantially on the electron configuration and coordination
geometry of the metal. Whether the metal is in a high-spin or low-spin configuration (1st row transition
metals), the number of d electrons, the coordination environment and interacting orbital collectively
influence the resultant coupling with the radical ligand.

Figure 1.4.3: Orbital diagrams and coordination modes of DTA derivatives with transition metal centres in an
octahedral coordination environment useful in predicting the intramolecular coupling.

On the other hand, intermolecular coupling between metal complexes of thiazyl radicals is
generally AF. The resulting magnetic properties of the material depends on the intermolecular contact that
yields the strongest exchange coupling (based on orbital overlap) (Fig. 1.4.4). Dimerization of the radicals
coordinated to neighbouring metals through S∙∙∙S contacts via the sulfur atoms of the thiazyl ring results in
antiparallel alignment of the spins of the complexes. The magnetic behaviour of the metal can still be
studied and may yield interesting magnetic behaviour,33 though exotic molecular magnetism is not a
concern in the context of this thesis. The presence of electronegative substituents on the R group of the
DTA or on the ancillary ligands of the metal complex allow for alternative intermolecular close-contacts
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that compete with dimerization. S∙∙∙O contacts between the sulfur of the DTA and the oxygen of an hfac
(1,1,1,5,5,5-hexafluoroacetylacetonato) ligand in thiazyl-metal complexes have been observed to yield net
FM interactions between complexes.34-36 This is rationalized by computational analysis that predicts the
spin density of the metal extending onto the ligands. Thus, the intermolecular coupling is AF between the
magnetic moment of the radical ligand and the magnetic moment of the metal. The result aligns the net
magnetic moment of neighbouring complexes if the intramolecular coupling is also AF.

Figure 1.4.4: The influence of intermolecular interactions on the total spin of a system of radical-metal complexes
with AF intramolecular coupling. Magnetic moments (spin vectors) are represented as arrows with size proportional
to magnitude. Metals are illustrated as grey spheres and the organic radical ligands as blue ovals.
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Chapter 2
Solid State Structural Analysis of 5-Oxo, and 5-Thieno, -4-Benzoyl-1,2,3Dithiazole: Chiral Resolution, Polymorphism and Intermolecular Sulfur
Contacts
2.0 Overview
The following chapter discusses the synthesis, characterization and analysis of 4-benzoyl-1,2,3dithiazol-5-one (BzDTAO) and 4-benzoyl-1,2,3-dithiazol-5-thione (BzDTAT). BzDTAO exhibits
polymorphism that combines a rare combination of solid state characteristics and is relevant to the study of
the molecular condensed state. The polymorphism of BzDTAO is primarily covered in a communication
style manuscript draft (including SI) written by R. Alex Mayo. The finalized manuscript has been
published.1 Additional discussion regarding the properties of the polymorphic system follows, including a
comparison to the solid state properties of the structurally related compound BzDTAT. Various synthetic
conditions were attempted in order to optimize the yield of BzDTAO and minimize side products, one of
which being BzDTAT, and these synthetic trials are subsequently discussed. Finally, the coordination
complex of BzDTAO with La(hfac)3 is presented to validate its ligand ability and preliminary
electrochemical data suggests the possibility of coordination as a radical anion to suitable metals.
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2.1 Manuscript draft:
Solid-to-Solid Chiral Resolution of Achiral Thiazyl Influenced by Strong S∙∙∙O
Interactions
R. Alex Mayo,[a] David J. Sullivan,[a] Dmitriy V. Soldatov,[a] Travis A.P. Fillion,[a] Stefan W. Kycia,[b] and
Kathryn E. Preuss*[a]
[a] Department of Chemistry, University of Guelph, 50 Stone Rd. E. Guelph, ON, Canada, N1G 2W1
[b] Department of Physics, University of Guelph, 50 Stone Rd. E. Guelph, ON, Canada, N1G 2W1
ABSTRACT: New compound 4-benzoyl-1,2,3-dithiazol-5-one (1) has two crystal forms that are enantiotropically
related. The low temperature form LT-1 is less dense but the presence of multiple strong S∙∙∙O interactions gives this
form the larger crystal enthalpy; 1 adopts an unfavourable molecular conformation but crystallizes as a racemate in
Pbca. The high temperature form HT-1 is denser though notably lacking directional contacts; has a preferred
molecular conformation but includes only one conformational enantiomer, crystallizing in P212121. The characteristics
of each form are considered in explaining the interesting temperature-dependent phase behavior of this unusual system
which undergoes a reversible spontaneous resolution via solid-to-solid phase transitions at ca. 70 C in which half the
molecules must overcome an energy barrier of 9 kJ/mol and there is a drastic rearrangement of the molecules in the
solid state.

Since Pasteur’s observation of the spontaneous resolution of tartarate salts into enantiomorphous
crystals,2 the study of chiral resolution has become a multi-disciplinary,3-7 multi-billion dollar8,9 project. A
homochiral solution of rigid enantiomers will exclusively crystalize in a chiral space group, however it is
the chiral resolution phenomenon of crystallizing enantiomorphs from a racemic solution that is the topic
of great interest.10-12 Roughly 90% of rigid enantiomers crystallize as racemates13,14 and chiral
crystallization of achiral molecules is likewise remarkably uncommon.15-19 Although rigid enantiomers that
form both racemic and enantiopure crystals are well studied,13 the ability of an achiral molecule to display
this behavior is rather uncommon.12,14,20 In fact, the topic of conformational chirality is notably absent in
recent reviews on the topic of conformational polymorphism.21,22 Even the most well-known polymorphic
molecule, nicknamed ROY, which has 7 different solved crystal structures with 7 different molecular
conformations, does not exhibit a chiral morphology.23 Considering the relative rarity of chiral
crystallization and the criteria for a molecule to exhibit both a racemic and homochiral solid form, it is
perhaps unsurprising that there are only a handful of molecules that undergo a solid-solid chiral
resolution;13,24,25 the best-known case being 1,1-binaphthyl, an atropisomeric system extensively studied
because of this remarkable phenomenon.15,26-28
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Polymorphic systems provide an excellent opportunity to investigate the many energetic contributors to
crystal packing and their interplay. In molecular crystals, the difference in energy between polymorphs is
generally quite small.29-32 The small energy difference between polymorphs may correspond to minute
differences in the molecular arrangement; in other instances there exist drastic differences in the
conformation and/or arrangement of the molecules in the different forms. Variation of the conformation
adopted by a molecule through rotatable bonds adds an intramolecular component to the lattice energy and
results in a wider range of possible packing arrangements.31,32 Along with intermolecular potentials,
including dispersion interactions, dipole-dipole interactions, sigma-hole bonding and hydrogen bonding,
lattice dynamics must also be considered when assessing and predicting the relative stabilities of
polymorphs.30 The packing of molecules in the condensed state dictates the intermolecular contacts within
the structure, or perhaps the opposite,33-36 and these contacts define the bulk properties of the solid, which
is of utmost importance in the area of pharmaceuticals and molecular materials.7,37 The ideal application of
crystal engineering and crystal structure prediction in the area of materials chemistry is to rationally design
bulk properties, from solubility to magnetism, based on molecular properties and the “communication
pathways” between molecules before they are even synthesized in the lab. To this end, we present a system
that exhibits a rare combination of properties that holds promise as a benchmark model for further study
and insight in the field of crystal engineering.

Figure 2.1.1: Line drawing of 1 and crystal morphologies of HT-1 and LT-1.

4-Benzoyl-1,2,3-dithiazol-5-one (1; Fig. 2.1.1) exhibits a solid-to-solid phase transformation at ca. 70 C
from the racemic low-temperature form LT-1 to the homochiral high-temperature form HT-1. This
transformation is accompanied by a dramatic change in molecular conformation, molecular packing, and
re-organization of the strong, non-covalent intermolecular interactions, which is strikingly obvious at the
macroscopic level from the difference in crystal morphologies (Fig. 2.1.1). The system exhibits spontaneous
chiral resolution on heating and re-racemization upon cooling, catalyzed by seeding.
Analytically pure 1 is synthesized reproducibly at ~40% yield by treating α-isonitrosopropiophenone
with 2 eq. SCl2 in acetonitrile (-10 C; 4 h), then treating the isolated intermediate with wet DMSO,
followed by chromatographic work up and sublimation (see sec. 2.2 (SI) for details). Form LT-1 is reliably
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obtained from recrystallization at room temperature (m.p. = 92.5 °C; ΔH = 27 kJ/mol), and form HT-1 is
reliably obtained from recrystallization at 95 °C (m.p. = 100.4 °C; ΔH = 23 kJ/mol), both from
chlorobenzene (slow evaporation). The lower melting form LT-1 has the higher enthalpy of fusion (see sec.
2.2 (SI) for DSC), consistent with an enantiotropic system.38,39 Both HT-1 and LT-1 are orthorhombic,
however LT-1 belongs to the centrosymmetric space group Pbca whereas HT-1 belongs to the chiral
subgroup P212121 (see sec. 2.2 (SI) for crystal data). The chirality of HT-1 arises from a chiral conformation
of the molecular species 1, achieved by rotation about sigma bonds (torsion angles φ1 and φ2; Fig. 2.1.2).
In a single crystal of HT-1, only one enantiomer is present, with a conformation defined by φ1 = -11.5° and
φ2 = -50.9°. LT-1 is a racemic mixture of two enantiomers, with conformations defined by φ1 = ±20.7° and
φ2 = ±22.4° (Fig. 2.1.2). The energy surface as a function of rotation about the torsion angles has been
determined (Fig. 2.1.2). The conformation of 1 in LT-1 is 2.8 kJ/mol higher in energy than the conformation
exhibited in HT-1 based on the calculated energy surface, which strictly considers the dihedral angles.
However the conformational energy difference is 11 kJ/mol based on single point energy calculations of
the exact conformations observed in the crystal structures implying additional distortion of the molecular
conformation induced by the crystal field in LT-1(see sec. 2.2 (SI) for computational details).

Figure 2.1.2: Labeling of the torsion angles that define the conformation of 1 and the relative energy of 2592
conformations displayed as an energy surface as calculated by gas phase geometry optimization in Gaussian 40.

Typically, in polymorphic systems, the more dense form has the lower symmetry,41,42 and this holds true
in the present system as HT-1 has a higher density than LT-1. However, the density rule of polymorphism
states that the more dense form is also the most stable at low temperature31,38,39 and in the present case this
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is not true. LT-1 is the stable form at low temperature but also has the lower density. Another interesting
observation is that the higher symmetry (generally higher entropy30) form is usually favored at higher
temperature, and racemic crystals benefit from the entropy of mixing of two enantiomers,13,14 yet HT-1 is
the lower symmetry, homochiral form. Now, it is important to recognize that the enthalpy of fusion is larger
for LT-1 than HT-1, therefore lattice enthalpy is the source of stability for LT-1, but cannot arise from the
intramolecular energy (conformation) nor from the dispersion interactions (density), which both favor HT1. The density rule assumes a species governed by weak interactions. Exceptions to the rule arise from
strong intermolecular interactions (e.g., H-bonds) which can more than compensate for the energetic cost
of inefficient void space in the solid structure.31,38,39 It stands to reason that strong intermolecular
interactions must be present in LT-1.
To facilitate comparison between species that exhibit a large and complicated array of intermolecular
contacts, we make use of Hirshfeld surfaces,43,44 generated using CrystalExplorer3.1.45 The Hirshfeld
surface of 1 in HT-1 mapped with the dnorm function46 shows two red spots (Fig. 2.1.3; labeled 1 & 1ʹ)
indicating a single complementary contact point between neighboring molecules (O∙∙∙H-C) within the sum
of van der Waals radii. In LT-1 there are several pairs of large red spots (size and intensity is proportional
to normalized proximity) on the dnorm mapped Hirshfeld surface of 1 and it is immediately apparent that the
molecule is in a drastically different environment than in HT-1 (more on Hirshfeld surfaces in SI). Four
pairs of red spots (A/Aʹ, B/Bʹ, C/Cʹ, D/Dʹ) in LT-1 correspond to electrostatic S𝛿+ ∙∙∙ O𝛿- contacts.
Intermolecular contacts involving sulfur are frequently present in active pharmaceutical ingredients
(APIs),47 play a significant role in the folding of proteins,48 and influence the magnetic properties of
paramagnetic molecular materials.49-51 They also have well defined geometric preferences.52 Computational
modeling has recently determined particular S∙∙∙O contacts to be roughly equal in energy to a moderate
hydrogen bond, with increasing strength being related to an increasing degree of electron deficiency at the
sulfur atom (depth of sigma hole) and/or Lewis basicity of the oxygen atom. 53,54 Calculation (Tonto55;
B88LYP, 6-311G(d,p)) and mapping of the electrostatic potential (ESP) on the Hirshfeld surface of 1 (Fig.
2.1.4 for LT-1 and Fig. 2.2.12 for both forms) shows the sulfur atoms of 1 are considerably electron
deficient (blue regions), and oxygen atoms considerably electron rich (red regions) in each form. The S∙∙∙O
contacts present in LT-1 are favorable in their electrostatic complementarity and fit the geometric
preferences of S∙∙∙O contacts well (Table 2.2.3), suggesting they are a substantial energetic contributor to
the lattice enthalpy of this form.
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Figure 2.1.3: Intermolecular contacts in HT-1 and LT-1 as visualized in CrystalExplorer and Mercury. See Table
2.2.3 for contact labels

Remarkably, the two forms of 1 undergo solid-to-solid phase transformations when one of the forms is
kept at a temperature where it is metastable and seeded with the stable form (see sec. 2.2 (SI)). The two
forms have extended life spans outside their stability regions when pure, alluding to a high kinetic barrier
for nucleation. In transforming from LT-1 to HT-1 the strong S∙∙∙O interactions are “broken”, allowing half
of the molecules of 1 to relax directly to a more favorable conformation whereas the other half are required
to overcome an energy barrier of 9.2 kJ/mol (calculations; see sec. 2.2 (SI)) before adopting the more
favorable conformation. Ultimately the resultant homochiral form arranges into a more densely packed
structure that also benefits from a higher entropy despite being of lower symmetry, making it the stable
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form at higher temperature. Also interesting is the overwhelming likelihood of obtaining HT-1 from
crystallization of the melt (DSC; see sec. 2.2 (SI)), thus the liq-solid phase transition also exhibits a chiral
resolution.

Figure 2.1.4: S∙∙∙O contacts in LT-1 as visualized in CrystalExplorer with the Hirshfeld surface of 1 mapped with the
dnorm function (left) and electrostatic potential (right). See Table 2.2.3 for S∙∙∙O contact geometries.

The novel compound 1 displays rare phase behavior that makes it an interesting system of study in further
understanding the many factors that influence the solid state structure of molecular species. The exceptional
characteristics of this system lend insight to the field of chiral resolution due to the reversible racemate-tohomochiral phase transformation and liq-solid chiral crystallization. Strong non-covalent S∙∙∙O interactions
heavily influence the formation of LT-1, providing an exception to the density rule. This system also adds
to the neglected area of conformational polymorphism involving conformational chirality. There is a
marked difference in conformation observed in the two forms, and their interconversion involves half the
molecules overcoming an energy barrier. Finally, the occurrence of an experimentally reversible solid-solid
transformation between LT-1 and HT-1, considering the substantial differences between the two forms, is
certainly remarkable.

2.2 Supplementary Information for:
Solid-to-Solid Chiral Resolution of Achiral Thiazyl Influenced by Strong S∙∙∙O
Interactions
R. Alex Mayo,[a] David J. Sullivan,[a] Dmitriy V. Soldatov,[a] Travis A.P. Fillion,[a] Stefan W. Kycia,[b] and
Kathryn E. Preuss*[a]
[a] Department of Chemistry, University of Guelph, 50 Stone Rd. E. Guelph, ON, Canada, N1G 2W1

[b] Department of Physics, University of Guelph, 50 Stone Rd. E. Guelph, ON, Canada, N1G 2W1
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Experimental
General Considerations. Reactions were performed under Ar(g) using standard Schlenk techniques.
Anhydrous CH3CN, stored in a solvent keg filled off-site by Caledon Labs, was dispensed using a Solvent
Purification System (LC Technology Solutions Inc.) equipped with molecular sieves (3 Å). αIsonitrosopropiophenone and S2Cl2 were purchased from Sigma Aldrich, DMSO was purchased from
Fisher Scientific, and SCl2 prepared according to literature methods56,57. All commercial reagents were used
as received. IR (KBr pressed pellet) spectra were recorded on a Nicolet 4700 FT-IR spectrometer at 4 cm-1
resolution. NMR spectra were recorded at Guelph on a Bruker Avance-400 spectrometer at ambient
temperature (400 MHz for 1H; 100 MHz for

13

C). Elemental analyses were performed by MHW

Laboratories (Phoenix, AZ).
4-Benzoyl-1,2,3-dithiazol-5-one (1): α-Isonitrosopropiophenone (1.0260 g, 6.2879 mmol) was dissolved
in anhydrous CH3CN and cooled to -10 °C before addition of SCl2 (0.88 mL, 14 mmol). The solution was
allowed to stir for 4 h before separating the orange precipitate from the red solution by filtration. The solid
was rinsed with cold, anhydrous CH3CN, then dried under vacuum. DMSO (0.8 mL, 10 mmol) was added
to a slurry of the collected precipitate in dry CH3CN and the solids were consumed over the next 1.5 h to
yield a clear, orange solution. The solvents were allowed to evaporate overnight. The crude, orange solid
product was dissolved in CH2Cl2 and passed through a silica plug. The solvent was allowed to evaporate to
yield yellow, crystalline solid, identified as 1, with a small amount of elemental sulfur byproduct.
Purification of 1 was achieved by sublimation under dynamic vacuum (10-2 Torr), using a three-stage
programmable temperature-gradient tube furnace. Setting all three temperature zones to 60 °C removed S8
byproduct, then cooling the system to ambient temperature followed by a program of 70, 45, 30 °C
reproducibly sublimed crystalline 1; yield 0.5870 g (2.630 mmol, 42%). Elemental Analysis. Calc. for
C9H5NO2S2: C, 48.41; H, 2.26; N, 6.27. Found: C, 48.19; H, 2.50; N, 6.19. 1H NMR: (CDCl3, 25 °C, ppm)
δ 7.95 (2 H, d, CH), δ 7.65 (1 H, t, CH), δ 7.50 (1 H, t, CH). 13C NMR: (CDCl3, 25 °C, ppm) δ 187.8, 185.2
(2 C=O), δ 152.9, 135.3 (2 sp2 quaternary C), δ 134.7, 130.2, 128.8 (5 CH, Ph).
The crystal habit of 1 was a good indicator of the morphology. Diamond-shaped plates recovered from
sublimation were identified as LT-1. IR (KBr) ν/cm-1: LT-1: 3257 (w), 3060 (w), 1991 (w), 1910 (w),
1831 (w), 1665 (s), 1603(s), 1595 (m), 1527 (w), 1475 (s), 1445 (m), 1321 (w), 1309 (m), 1292 (s), 1184
(m), 1159 (w), 1149 (m), 1081 (w), 1024 (w), 999 (w), 954 (m), 943 (m), 934 (w), 854 (w), 833 (m), 799
(m), 754 (m), 730 (s), 689 (s), 646 (s), 529 (w), 508(w), 459 (m), 440 (m), 425 (m).

25

Microcrystalline blocks recovered from sublimation were identified as HT-1. IR (KBr) ν/cm-1: HT-1:
3257 (w), 3060 (w), 1991 (w), 1910 (w), 1831 (w), 1677 (s), 1645(s), 1593 (m), 1527 (w), 1498 (s), 1447
(m), 1314 (m), 1309 (m), 1287 (s), 1182 (w), 1148 (m), 1081 (w), 1024 (w), 999 (w), 954 (m), 939 (w),
854 (w), 828 (m), 796 (m), 758 (m), 721 (s), 694 (s), 653 (s), 621 (m), 614 (m), 532 (w), 504(w), 458 (m),
440 (m), 425 (m).

Figure 2.2.1: Comparison of the FTIR spectrum of the LT-1 (red) and HT-1 (blue) fingerprint region.

Computational Methods. Gas phase geometry calculations were performed using the Gaussian09,
Revision D.01 package for 64-bit Mac OSX.40 Single point energy calculations to determine the energies
of the conformations of 1 in LT-1 and HT-1 were performed using the solved crystal geometries, with
B3LYP/6-311+G(d,p). To create an energy surface related to the structural conformations, the energies of
a sequential series of conformations, related by rotation about torsion angles φ1 and φ2 (Fig. 2.2.2), were
calculated using B3LYLP/6-31G(d,p). To simplify the calculations and definition of torsion angles, the
phenyl and DTA rings were confined to planarity. Data points were collected by selecting a fixed value for
φ1, from 0° to 180° in 5° increments, then while holding φ1 constant at each of these 36 positions, φ2 was
rotated 360° in 5° increments, and the energy was calculated at each position, allowing relaxation of the
unconstrained geometric parameters. Conservative estimation of the error associated with the calculated
values is +/- 10-4 kJ/mol. These data are plotted as (φ1, φ2, energy) to generate the 3D energy surface (Fig.
2.1.2).
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Figure 2.2.2: Definition of torsion angles φ1 and φ2 for calculation of conformational energies of 1.

The energy surface mapped by these conformations has C2 symmetry about the origin due to the
chiral nature of the conformations of 1. An example of four conformations of 1 is given in fig. 2.2.3, where
only the sign of the angles is changed. It is apparent that there are two pairs of conformations, each pair
being energetically equivalent but non-superimposable (enantiomers).

Figure 2.2.3: Four of the 2592 conformations for which energies were calculated. (30, 60) and (-30, -60) are
conformational enantiomers with the same conformational energy and (-30, 60) and (30, -60) are a different pair of
conformational enantiomers with a conformational energy different from the (±30, ±60) pair.

There are two deep wells on the energy surface (Fig. 2.1.2) and the minima at the bottom of these
wells correspond to conformational enantiomers with identical energies. The torsion angles that define the
two conformers are related by inversion, (±6, ±45). The energies plotted are in kJ/mol relative to the least
favorable (highest) energy, assigned as 0 kJ/mol. The energy barrier separating one “handed” conformer
from the other is 9.2 kJ/mol.
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The energies corresponding to the exact geometries observed in the crystal structures differ by 11
kJ/mol, meaning that the two gas phase conformations with the same torsion angles as those observed in
the crystal structures must have considerably different geometries since the difference in energy on the
calculated surface is 2.8 kJ/mol. The dipole moment of 1 is larger in LT-1 at 5 D vs HT-1 at 4.7 D
Differential Scanning Calorimetry (DSC). Experiments were conducted using a TA instrument DSC
Q2000 calibrated with an indium standard. Samples of varying mass (2-5 mg) were added to aluminum
pans and thermograms recorded with a cooling and heating rate of 5 °C/min. A variety of temperature
intervals was used, all within the extremes of -90 and 150 °C. Only thermograms displaying a quality single
melting peak were used for enthalpy calculations in Universal Analysis 200058.
When analyzing samples of LT-1 (obtained by recrystallization at room temperature in CH2Cl2,
THF or chlorobenzene; or identified by crystal morphology, IR or PXRD) by DSC one of two different
thermograms may be observed. In some cases a single endotherm is observed indicating melting of LT-1
with an onset of 92.5(14) °C and enthalpy of fusion of 27(1) kJ/mol. In other cases, the endotherm indicative
of melting of LT-1 is followed by an exotherm as the melt crystallizes to HT-1 before undergoing another
endothermic process, indicating melting of the newly formed HT-1 (Fig. 2.2.4). Samples of HT-1 (obtained
by recrystallization at 95 °C from chlorobenzene or identified by IR or PXRD) exhibit a single exotherm
indicating melting at an onset temperature of 100.4(8) °C and an enthalpy of fusion of 23.0(8) kJ/mol. When
collecting data on a sample over more than one melt-solidification cycle, the melt crystallized as HT-1 most
often, determined by observing only one endotherm corresponding to melting of HT-1 on the second
heating after a crystallization exotherm. Instances where the melt crystallized as pure LT-1 (only a melting
peak at 92 °C on the second heating cycle) were observed, but these were very uncommon (~7% chance
based on 44 samples) and no correlation was found between the crystallization temperature of the liquid
and the form that crystallized (Fig. 2.2.5 and 2.2.6). The greater error in the values of LT-1 had to do with
the fewer instances of quality endotherms to analyze.
Table 2.2.1: Summary of DSC data that was used to calculate the melting point and enthalpy of fusion for LT-1 and
HT-1.

value
sigma
dataset

LT-1
HT-1
MP onset (°C) H (kJ/mol) MP onset (°C) H (kJ/mol)
93
27
100.4
23.0
1
1
0.8
0.8
8
4
62
34
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Figure 2.2.4: Top: DSC thermogram of pure HT-1. Bottom: Melting of LT-1 followed by crystallization of the liquid
to HT-1, and finally melting of HT-1.

29

Figure 2.2.5: DSC thermogram of LT-1 melting and crystallizing as HT-1 which then melts on the first cycle (top)
followed by crystallization to LT-1 at ~30 °C on cooling, then melting at ~ 93 °C on heating.
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Figure 2.2.6: Two thermograms that show the usual crystallization behaviour of the melt to HT-1, either on cooling
(top) or upon heating after supercooling of the liquid phase (bottom). Thermograms begin at 115 °C (after melt) and
cycle to lower temperature first, with heating beginning again at -20 °C up to 115 °C.
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Ambient Temperature Powder X-Ray Diffraction (PXRD)
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Figure 2.2.7: Ambient temperature powder X-ray diffractograms of LT-1 and HT-1. Experimental diffractograms
are in green and diffractograms calculated from the crystal structures are in black
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Diffractograms of LT-1 and HT-1 were acquired at the University of Guelph Department of
Chemistry X-Lab on a Panalytical Empyrean X-ray diffractometer equipped with an Empyrean Cu LFF HR
X-ray tube source (λ = 1.54184 Å; settings: 45 kV, 40 mA) and PIXcel1D-Medipix3 RTMS detector (slit
length 0.16 mm). Samples were prepared in custom flat brass sample holders and data
collected over 36.02° in 0.02° increments from 3.99-40.01°.
Powder diffractograms of HT-1 and LT-1 differ substantially from one another (Fig. 2.2.7). The
strong 002 reflection (at a Bragg angle of 7.5°) in the LT-1 pattern is easily identified and noticeably absent
in the diffractogram of HT-1. Conversely, there are two strong reflections between 10° and 15° (011 at
11.8°; 101 at 13.2°) in the HT-1 diffractogram, a region which is void of reflections in the LT-1
diffractogram, making it easy to discern between the two morphologies.

Figure 2.2.8: Diffractograms from the reversibility test immediately after grinding and after 6 and 14 days at room
temperature.

A PXRD experiment was conducted at the University of Guelph Department of Chemistry X-Lab
on a SuperNova Agilent single crystal diffractometer equipped with a microfocus CuKα (λ = 1.54184 Å)
radiation source and Atlas CCD detector to determine whether HT-1 would transform experimentally into
LT-1 in the solid state. The polycrystalline sample of HT-1 doped with just enough LT-1 to make a few
reflections visible, primarily the 002 reflection (Fig. 2.2.8, 0 days) was prepared in a short plastic tube
supplied by MiTeGen (diameter of 2 mm) and mounted on a SuperNova goniometer head. Two frames
were collected from different ω angular positions using 90° ϕ-scan and 90 s exposure time to cover the 2θ
range of 5-60°. Points on the powder diffractogram were generated using CrysAlisPro software 59 from the
original images with the step of 0.02° in 2θ, with each of the points representing readings from 60 to 500
pixels. The sample was kept at room temperature and another diffractogram recorded after 6 and 14 days.
After 6 days, the diffractogram had changed considerably, exhibiting increased intensity of reflections

33

associated with LT-1 at the expense of HT-1 reflections, consistent with transformation from HT-1 to LT1. After 14 days the diffractogram has transformed to look very similar to that of LT-1, reflections
associated with HT-1 are still visible, but very weak in intensity.
Variable Temperature-PXRD
A 0.5 mm glass capillary was charged with a sample composed of 99% LT-1 and 1% HT-1, mixed
by gentle grinding in a mortar. The sample was mounted on a Linkam LTS420 stage with a small amount
of Kapton tape. The apparatus was mounted on a custom instrument in the Department of Physics at the
University of Guelph, equipped with an ENRAF NONIUS FR571 rotating anode Cu source (λ = 1.5418 Å)
with Osmic multilayer optics (power settings 45 kV and 25 mA) and a Bicron NaI point detector. Data were
acquired using spec X-Ray diffraction software60. Data were collected only from the Bragg angles of 7° to
22° and 3 hours was required to complete one run. Chosen temperatures (35, 45, 55, 60, 65, 70, 75, and
then 65 °C) were consecutively set on the Linkam stage. Once the set temperature was attained the sample
was allowed to equilibrate for 0.5 hr before beginning data collection. Data from multiple consecutive
collections at a given temperature were averaged to yield a diffractogram representing the average state of
the sample over a particular time period at that temperature.

Figure 2.2.9: PXRD diffractograms of 1, monitored over time at set temperatures T = 65, 70 and 75 °C; each
diffractogram is the sum of multiple 3 hr data collections. Time gaps of approximately half an hour between set
temperatures allowed for temperature equilibration. Time t was arbitrarily reset to 0 once equilibration was established
at each set temperature. The varying intensities of HT-1 reflections observed are due to texture effects as the sample
annealed at 75 °C in the stationary capillary tube.

At the relatively low concentration of 1% HT-1 in LT-1, reflections in the 10-15 regime associated
with HT-1 were not observed by PXRD at ambient temperature. No change in the diffractogram was
observed until 70 °C, at which point the 011 and 101 reflections of HT-1 became apparent (Fig. 2.2.9).
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Once the onset of the phase transition had been established to be ~70 °C, the temperature was set at 75 °C
to hasten the transition. The diffractogram was monitored over a period of 54 hours, during which time
reflections corresponding to HT-1 grew at the expense of LT-1 reflections until all LT-1 reflections had
completely disappeared below the baseline. After complete conversion to HT-1, the temperature was
reduced to 65 °C to investigate the reversibility of the transition. After 12 days, no reflections corresponding
to LT-1 had reappeared. The sample was retained and has been sitting at room temperature since, with no
evidence of conversion back to LT-1.
Single Crystal X-Ray Diffraction
LT-1. A thick yellow plate (0.35 × 0.35 × 0.18 mm) grown by sublimation at 70 °C under dynamic
vacuum (10-2 Torr) was selected, mounted and cooled under a stream of N2 at the University of Guelph Xlab. Data were collected at 150 K on an Agilent SuperNova single-crystal diffractometer equipped with
microfocus Cu  radiation ( = 1.54184 Å) and Atlas CCD detector using ω-scan technique. The unit cell
parameters were calculated and refined using the entire data sets. Unit cell refinement and data reduction
were carried out using CrysAlisPro software59. Absorption corrections were applied using the multiscan
method. The structure was solved (direct methods) and refined (full-matrix least-squares on F2) using SIR9261 and SHELXL-9762. The reflection data and systematic absences were consistent with orthorhombic
space group Pbca. All of the non-hydrogen atoms were refined with anisotropic thermal parameters. All H
atoms were included in calculated positions and allowed to refine in riding-motion approximation with Uiso
tied to the carrier atom. Full matrix least squares refinement on F2 gave R1 = 5.22% for 2σ data and wR2 =
14.5% for all data (gt =12.2) (GOOF = 1.116).
HT-1. An orange-yellow prism (0.45 × 0.3 × 0.1 mm) grown by slow evaporation of chlorobenzene at
95 °C was selected, mounted, and cooled under a stream of N2 at the University of Guelph X-lab. Data were
collected at 150 K on an Agilent SuperNova single-crystal diffractometer equipped with microfocus Cu 
radiation ( = 1.54184 Å) and Atlas CCD detector using ω-scan technique. The unit cell parameters were
calculated and refined using the entire data sets. Unit cell refinement and data reduction were carried out
using CrysAlisPro software59. Absorption corrections were applied using the multiscan method. The
structure was solved (direct methods) and refined (full-matrix least-squares on F2) using SIR-9261 and
SHELXL-9762. The reflection data and systematic absences were consistent with orthorhombic space group
P212121 All of the non-hydrogen atoms were refined with anisotropic thermal parameters. All H atoms were
included in calculated positions and allowed to refine in riding-motion approximation with Uiso tied to the
carrier atom. Full matrix least squares refinement on F2 gave R1 = 2.27% for 2σ data and wR2 = 6.2% for
all data (GOOF = 1.060).
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Table 2.2.2: Compilation of crystal data for LT-1 and HT-1

LT-1

HT-1

C9H5O2S2

C9H5O2S2

FW/g mol
Crystal system

223.26
orthorhombic

223.26
orthorhombic

Space group
Temperature/K
a/Å
b/Å
c/Å
α=β=γ/◦

Pbca
150(2)
7.17006(6)
11.34032(10)
22.9044(2)
90

P212121
150(2)
7.99603(12)
10.01680(13)
11.32452(15)
90

1862.37(3)
8
1

907.03(2)
4
1

232.80

226.76

1.593
45244
1956
0.0657
1.139
3.49
±18.8(2)
±23.1(2)

1.635
17711
1911
0.0347
1.073
2.28
-11.5(3)
-50.9(3)

Molecular formula
-1

Volume/Å3
Z
Z
Volume per molecule/Å3
Density/ g cm-3
Reflns measured
Independent reflns
Rint
GOOF
R-factor/%
1/◦
2/◦

Figure 2.2.10: Atom labeling scheme for 1.

Figure 2.2.11: Stick representation of the unit cell seen parallel to [010] for LT-1 and HT-1 with green dashed lines
indicating intermolecular contacts within the sum of vdWr.
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Table 2.2.3: Intermolecular contact distances for both forms determined in Mercury and associated labeled red spots
seen in Fig. 2.1.3 and Fig. 2.2.12 on the d norm mapped Hirshfeld surface in LT-1.

Intermolecular
contact
O∙∙∙H
S∙∙∙H
S∙∙∙O

S∙∙∙C
C∙∙∙H
O∙∙∙C
S∙∙∙S

VdWr
(Å)63
atoms
2.87 O8
H14

3.00 S2
3.25 S2
S2
S1
S1
3.55 S2
S2
2.87 C10
C11
3.12 O6
3.68 S1

H13
O6
O8
O8
O6
C10
C11
H12
H12
C7
S1

LT-1
Length (Å)
dnorm pair
2.57(2) I/I'

2.91(2)
3.088(1)
3.108(1)
3.162(1)
3.167(1)
3.292(2)
3.389(2)
2.84(2)
2.87(3)
3.009(2)
3.5651(6)

H/H'
B/B'
A/A'
C/C'
D/D'
F/F'
G/G'

HT-1
atoms
Length (Å)
O8 H11
2.59(2)
O6 H12
2.63(3)
O8 H14
2.64(3)
S1
H12
2.96(3)
S2
O6
3.288(2)

S2
S2

C13
C14

3.470(2)
3.484(2)

E/E'

Crystal Structure Analysis: Visualization and analysis of the crystal structures was accomplished using
Mercury 3.764 and CrystalExplorer 3.145. Hirshfeld surfaces were generated with CrystalExplorer 3.1 using
default van der Waals radii (vdWr) values for dnorm46 calculations. The electrostatic potentials (ESP)65
displayed on the Hirshfeld surfaces were calculated using the CrystalExplorer-linked Tonto55 computational
chemistry software with the hybrid method B88LYP and 6-311G(d,p) basis set.

Figure 2.2.12: Two representations of the crystal packing and close contacts in HT-1 based on the close contacts
identified by Hirshfeld surface analysis
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Figure 2.2.13: Top: dnorm and ESP mapped Hirshfeld surfaces in LT-1 and HT-1, the view being perpendicular to the
DTA ring. Bottom: fingerprint plot66 of each surface.
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The locations of partial charge on the ESP mapped Hirshfeld surfaces of 1 have a high degree of
similarity in each form (Fig. 2.2.13) but the difference in conformation does have an effect on the dipole
moments of the molecule (obtained from Gaussian calculations). 1 has a dipole moment of 5 D and 4.7 D
in LT-1 and HT-1 respectively and this difference in dipole moments coincides with a larger disparity
between the maximum and minimum ESP values calculated for 1 in each form, with ESP values ranging
from -0.80 (most red) to 0.84 au (most blue) in LT-1 and from -0.061 to 0.056 au in HT-1. The increase in
magnitude of electron excess or deficiency in LT-1 will increase the energetic gain from complementary
electrostatic contacts at these points.
A Fingerprint plot66 is essentially a 2D histogram of intermolecular distances (bin size 0.01 x 0.01
Å) that can be created in CrystalExplorer to provide a 2-D representation of the 3D Hirshfeld surface. The
fingerprint plot may be broken down into area of the Hirshfeld surface that is associated with intermolecular
contact between two specified atoms (where, for example, S∙∙∙O contact area includes the reciprocal O∙∙∙S
contact area) and presented as a bar graph (Fig. 2.2.14) for a quantitative comparison of different crystal
structures.46
The area of the Hirshfeld surface of 1 in each form associated with chosen atom∙∙∙atom contacts is
markedly different. This highlights the dramatic difference in molecular environment in each form and
provides a degree of quantification. Area associated with O∙∙∙H contacts in HT-1 make up 22% of the
Hirshfeld surface, in LT-1 only 9% of the surface is associated with O∙∙∙H contacts. S∙∙∙O contacts make up
15% of the surface area in LT-1, more than double the surface area associated with these contact in HT-1.
There is a large amount of surface area associated with strongly complementary electrostatic interactions
in LT-1 when considering both the bar graph and ESP mapped surface, additionally the dnorm surface shows
these contacts to also be well within the sum of vdWr. There is also a substantial amount of surface area
associated with C∙∙∙H and H∙∙∙H contacts in LT-1 due to the phenyl rings making up the space between
planes of close heteroatom contact, which is visually apparent in the [010] view of the unit cell of LT-1
(Fig. 2.2.10).
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Figure 2.2.14: Bar graph of the percent area of the Hirshfeld surface associated with a particular atom-atom contact
in HT-1 and LT-1.

Comparing S•••O contact geometries
Table 2.2.4: S•••O contact geometries according to the parameters defined in Rosenfield et al.

Form

LT-1
HT-1

Contact
B/B'
A/A'
C/C'
D/D'
S2⋯O6

d (Å)
θ (°)
 (°)
3.088
73.6
131.6
3.108
48.8
136.6
3.162
78.8
140.5
3.167
77.5
122.6
3.288
51.6
131.9

Figure 2.2.15: Mercury rendition of S•••O contact geometries in LT-1 (left) and HT-1 (right).

Rosenfield et al. have elucidated the geometric preferences of intermolecular sulfur contacts with
electronegative and electropositive atoms. The S∙∙∙O contacts present in LT-1 fall within the preferred
geometries based on the results which can be verified by comparing Table 2.2.3 to the polar graphs
presented in Rosenfield et al.
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2.3 Additional Discussion
It should be noted that the two forms of BzDTAO had been characterized by DSC and PXRD, and
the crystal structure of LT-1 obtained by Sullivan.67 This work includes obtaining crystals of HT-1 suitable
for single crystal X-ray analysis, and the analysis and comparison of the two forms that resulted from that
information, including computational studies which were performed by Prof. Kathryn Preuss. Additional
studies on the temperature dependent phase behaviour of BzDTAO to elucidate the transition behaviour by
DSC and PXRD, including a variable temperature PXRD experiment which was performed at the
University of Guelph by the Department of Physics AAC.
The polymorphism of BzDTAO is remarkable due to the characteristics of the two phases and their
relative stabilities with changes in temperature. BzDTAO is an achiral molecule that is dimorphic in the
solid state. The two forms are enantiotropically related with a transition temperature of ca. 70 °C and a
solid-to-solid phase transformation observed experimentally. LT-1 is a racemate, crystallizing in Pbca with
a density of 1.59 g/cm3 and displaying a complex network of favourable electrostatic intermolecular
contacts within the sum of van der Waals radii. HT-1 is a conglomerate, crystallizing in P212121 with a
density of 1.64 g/cm3 and the presence of intermolecular contacts well within the sum of van der Waals
radii being notably absent. The conformation of BzDTAO in HT-1 is favoured by 11 kJ/mol over that in
LT-1, as determined by single point energy calculations. LT-1 melts at 93 °C and HT-1 melts at 100 °C,
upon cooling of the melt (liq-solid phase transition), HT-1 crystallizes the vast majority of the time (41/44
trials).
It is concluded that strong non-bonding interactions in the structure of LT-1 are the energetic
driving force for the existence of this form, which is consistent with the numerous published studies on the
importance of S∙∙∙O interactions.47,48,53,68 Exceptions to the density rule are known to result from the
presence of strong non-bonding interactions, most often hydrogen bonding, in less dense forms which is
also consistent with the S∙∙∙O interactions being of substantial importance in LT-1.31 The dimorphic system
of BzDTAO adds additional evidence53,54,69-71 to the importance of S∙∙∙O interactions in influencing
molecular and supramolecular structure, since what constitutes as structure determining is constantly under
debate.33,35,36
In molecules that exhibit conformational chirality, crystallization of an enantiomorph is necessarily
a spontaneous resolution, meaning that there exist energetic contributions that overcome the penalty of Rln2
to the entropy term.13,14 A larger lattice enthalpy would be the most obvious form of energetic compensation
to yield a stable enantiomorph, either from a denser packing arrangement being possible (already a general
trend with decreasing symmetry41), and/or strong non-bonding interactions being maximized, in a chiral
space group over a centrosymmetric one. As the polymorphs of BzDTAO are enantiotropic and LT-1 has
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the larger lattice enthalpy (is stable at low temperatures) the denser packing of HT-1 cannot be the energetic
contributor that makes it stable at higher temperatures, although it certainly contributes to minimizing the
energetic gap between the two forms such that they are both observed experimentally.
The fact that P212121 is a direct subgroup of Pbca allows one to conclude that HT-1 is less
symmetric than LT-1. The symmetry of a crystal structure is often an indicator of the lattice entropy, though
lattice dynamics physically define the entropy of a solid.72 The organization and degeneracy of phonon
energy levels defines the ability of a solid to distribute energy throughout the system. The assignment of
lattice vibrations in real molecular crystals is not trivial but it is the only factor remaining that can
energetically favour HT-1, therefore, regardless of the space group symmetries, it must be that the lattice
dynamics of HT-1 have greater entropy than the lattice dynamics of LT-1. Lattice dynamics/entropy has
only recently become a consideration in the area of crystal structure prediction to determine the most
favourable crystal structure29,30 and analysis, or use as a benchmark, of real systems such as BzDTAO may
lend insight on how to better model lattice vibrations.
Another odd conclusion that is drawn from the larger entropy of HT-1 is that it is closer in entropy
to the liquid state (in which the molecules should racemize readily) than LT-1 (which is already racemic).
The propensity of the melt to crystallize as HT-1 upon cooling means that the system usually takes the
energetic path that results in the smallest reduction in entropy, though this is not a hard rule since there is a
7% chance that LT-1 will crystallize from the melt (from 44 trials). This is interesting because BzDTAO
can form another crystal structure that includes both enantiomers and has a larger lattice enthalpy (LT-1).
It would appear that the change in entropy is a deciding factor in which form is crystallized from the melt,
more-so than the enthalpy. It would also seem that kinetic factors should favour the growth of a racemic
form such that a concentration gradient is not developed by aggregation of only one enantiomer, but with
rapid interconversion being possible (barrier ~ 9 kJ/mol for BzDTAO), the energy required for a molecule
to overcome the barrier to change handedness is made up for by the stability of the crystal form.

2.4 Solid State Properties of BzDTAT
As will be discussed in section 2.5, the reaction conditions used by Sullivan to synthesize BzDTAO
yielded BzDTAT as a by-product. It should be noted that spectral characterization and XRD of BzDTAT
has been previously reported by Sullivan.67 The analysis of the solid state properties and their relation to
the polymorphism of BzDTAO is presented in this work. The recent determination of the crystal structure
of HT-1 has revealed that the crystal structures of BzDTAT and HT-1 are isomorphous. Consideration of
this isomorphism adds weight to arguments made in understanding the energetic factors that contribute to
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the interesting polymorphic behaviour of BzDTAO and aids in explaining certain aspects of the crystal
packing of these molecules.
Table 2.4.1: Compilation of crystal data for comparison of HT-1 and BzDTAT

Molecular formula
FW/g•mol-1
Crystal system
Space group
Temperature/K
a/Å
b/Å
c/Å
α=β=γ/◦
Volume/Å3
Z
Z
Density/ g cm-3
Reflns measured
Independent reflns
Rint
GOOF
R-factor/%
φ1/◦
φ2/◦

HT-1
BzDTAT
C9H5NO2S2
C9H5NOS3
223.26
239.30
orthorhombic orthorhombic
P212121
P212121
150(2)
150(2)
7.99603(12)
8.7510(5)
10.01680(13) 10.2750(6)
11.32452(15) 10.9530(6)
90
90
907.03(2)
984.86(10)
4
4
1
1
1.63
1.616
17703
4321
1909
1936
0.014
0.031
1.060
1.087
2.27
3.93
-11.5(3)
8.7(4)
-50.9(3)
59.8(4)

BzDTAT
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Bragg angle (θ)

HT-1
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40
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Bragg angle (°)

Figure 2.4.1: Experimental (orange) and calculated (blue) diffractogram for BzDTAT (experimental taken at 298 K
and calculated from the crystal structure collected at 150 K) (left), and HT-1 (right).

BzDTAT crystallizes in P212121 with unit cell dimensions very close to those of HT-1. The
molecule displays a chiral conformation with torsion angles similar to those observed in HT-1, but
43

depending on which crystals are selected, it may be of the other enantiomer (Table 2.4.1, Fig. 2.4.1). The
calculated and experimental diffractograms of BzDTAT and HT-1 are visually similar (Fig. 2.4.1), as are
the unit cells (Fig. 2.4.2). The use of Hirshfeld surface analysis allows for a quantitative analysis of the
similarities in packing and intermolecular contacts of BzDTAT and HT-1.
The Hirshfeld surfaces of BzDTAT and HT-1 are visually similar. The major difference between
the surfaces is appearance of an extended region about the thione S6 of BzDTAT compared to the region
about the O6 in HT-1, consistent with the larger atomic radius of sulfur compared to oxygen. The
breakdown of the surfaces into area corresponding to intermolecular atom∙∙∙atom contacts Fig. 2.4.3 can be
used to show quantitatively that HT-1 and BzDTAT are isomorphous. Since the two only differ by one
atom (O6 is replaced by S), the area associated with a contact involving O6 in HT-1 is converted to area
that is associated with sulfur in BzDTAT. For example, in BzDTAT, the area associated with the S∙∙∙H and
O∙∙∙H contacts is 27% and 12% (total of 39%) respectively and the area associated with these contacts in
HT-1 is 18% and 22% respectively (total of 40%); i.e. E∙∙∙HBzDTAT ≈ E∙∙∙HHT-1 where E = S, O. It follows
then that area associated with H∙∙∙H and C∙∙∙H contacts should remain virtually the same in each crystal,
which they do (22% in HT-1 and 23% in BzDTAT). S∙∙∙O and S∙∙∙S contacts make up 6 and 1% of the
Hirshfeld surface of BzDTAO in HT-1, and vice versa in BzDTAT. By contrast, S∙∙∙O contacts make up
15% of the surface area in LT-1, more than double the surface area associated with E∙∙∙E contacts in HT-1
and BzDTAT. The easily quantified balance of intermolecular contacts that are associated with the area of
the Hirshfeld surfaces in HT-1 and BzDTAT, and the stark differences in intermolecular contacts that
compose the surface in LT-1, are useful in providing a degree of quantification to the comparison of crystal
structures.
A closer look at the ESP mapped surface of BzDTAT shows an electron density pattern reminiscent
of a sigma hole along the extension of the sulfur in thione double bond (C5=S6) (Fig. 2.4.2) The electron
density pattern exhibits an electron deficient “hole” along the extension of a bond with radial bands of
greater electron density extending perpendicular to the direction of the bond about the atom. Sigma holes
are often observed in diffuse halogen elements bonded to relatively electronegative moieties and are well
studied in this area.73,74 Sigma holes are known for a variety of sulfur compounds, and are one of the major
characteristic that determine the strength of S∙∙∙O interactions as well as being determinant of their
geometric preferences.74,75 Sigma holes are also present along the extensions of the bonds of the sulfur
atoms of the DTA ring in both BzDTAT and BzDTAO (seen on the ESP mapped Hirshfeld surfaces in Fig.
2.2.13 and 2.4.2). The sigma holes of the sulfur atoms of the DTA rings are less visually apparent since
these sulfur atoms are completely electron deficient, showing no locations of excess electron density, just
locations of greater and lesser electron deficiency (colour of the surface is always blue-white, no regions of
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red). The sulfur bonded to the nitrogen atom in the DTA ring exhibits a greater degree of electron deficiency
along the extension of the N-S bond since it is bonded to a more electronegative element.

Fingerprint plots

Figure 2.4.2: Top: dnorm and ESP mapped Hirshfeld surfaces in LT-1, HT-1 and BzDTAT. Bottom: fingerprint plot
of each surface
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Figure 2.4.3: Bar graph of the percent area of the Hirshfeld surface associated with a particular atom-atom contact in
HT-1, LT-1 and BzDTAT.

Interestingly, the geometry of the intermolecular S∙∙∙S and analogous S∙∙∙O contact in BzDTAT and
HT-1 respectively have a subtle difference that maximizes the overlap of the more electron-rich regions of
one molecule with the more electron deficient regions of the neighbouring molecule specifically for this
contact (Fig. 2.4.4). In the crystal structure of BzDTAT, the C=S∙∙∙S-C contact geometry is more linear and
the distance is shorter than the C=S∙∙∙S-N contact which is at about the sum of vdWr and at an angle of
141.5° which allows for the more electron-rich region of S6 to be in closest contact with the more electron
deficient sulfur of the DTA ring (Fig. 2.4.4, encircled regions). In HT-1, O6 on a neighbouring molecule is
closer to S2 than S1 since O6 does not have a sigma hole (this S∙∙∙O contact geometry is consistent with
those found by Rosenfield et al.52 and Iwaoka et al.48) (Fig. 2.4.4). Although these contacts are just about
the sum of vdWr and specific directional contacts are not expected to be a substantial contributor to the
crystal structures of BzDTAT and HT-1, these observations regarding the intermolecular contact geometry
of the DTA sulfur atoms provide consistency with the hypothesis that sulfur contacts have a significant
(though not substantial in BzDTAT and HT-1) effect on the intermolecular contacts in the crystal structures
of these compounds.
BzDTAT being isomorphous with HT-1 confirms some arguments that are made to rationalize the
observed phase behaviour of BzDTAO. For BzDTAT to also undergo a chiral resolution both from solution
and from the melt indicates that the homochiral form is highly favoured, and that the most effective way of
packing a molecule of this shape is indeed in the P212121 space group. The confirmation that the homochiral
form is the best packing arrangement also confirms that the strong non-bonding interactions observed in
LT-1 are without doubt the driving force for the formation of the structure. O6 is responsible for two of the
four S∙∙∙O contacts formed in LT-1, and also participates in a strongly complementary electrostatic O∙∙∙C
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contact within the sum of vdWr. The substitution of O6 for S6 disturbs the electrostatic complementarity
of the hypothetical contacts that would be made in a crystal structure similar to LT-1 with the molecular
species BzDTAT. Additionally, the possible interactions with O8 are reduced due to the longer C=S bond
length which interferes with the achievable proximity of atoms on neighbouring molecules to O8 (seen in
the O8∙∙∙H11 contact being longer in BzDTAT, Table 2.4.2). The steric impact of the O to S substitution is
not so large however that a different packing arrangement from that observed in HT-1 is required to
efficiently pack the molecules, indicating that the packing of HT-1 has primarily to do with maximizing
density, not specific intermolecular interactions directing the packing.

Figure 2.4.4: S∙∙∙S and analogous S∙∙∙O contact in BzDTAT (left) and HT-1 (right) with one molecule being mapped
with the ESP Hirshfeld surface to highlight the electrostatic complementarity of the contacts and their subtle difference
in geometries.

The difference in energy of the molecular conformations observed in HT-1 and BzDTAT from
their ideal gas phase conformations are similarly very small, meaning that the packing of the molecules in
the crystal structure is able to maintain as closely as possible the ideal conformation of the molecule.
Identical calculations to those discussed for BzDTAO (section 2.2) were performed for BzDTAT. The
results yield a similar energy surface with two deep wells with a C2 symmetry about the origin, naturally a
result of the conformational chirality (Fig. 2.4.5). One clear difference between the two energy surfaces is
the shape of the energy wells. The BzDTAO surface has a widening of the deep wells which also lack a
shoulder. Another difference is the presence of a clear maximum energy conformation at (0, 180) for the
BzDTAT surface which corresponds to S6 being essentially overlapped with H14. The energy scales are
relative so only comparison of the relative stabilities of particular conformations are meaningful. Traversing
of the energy barrier between enantiomer wells now proceeds through one of two symmetry/energetically
equivalent lower energy saddle points. Passing through the (0,0) conformation instead requires an extra ~1
kJ/mol. The energy barrier to switch between enantiomers for BzDTAT is 19 kJ/mol, considerably higher
than the 9.2 kJ/mol for BzDTAO.
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Figure 2.4.5: Left: 3D energy surface mapped by the conformations from variation of φ 1 and φ2 for 2. Right: contour
plot with relevant conformations indicated

conformation

global max
global min
local max
Saddle/barrier
BzDTAT

φ1(◦)

φ2(◦)

global max

0
0
0
±25
9

±180
±75
0
±10
60

0
-67.1
-47.0
-48.1
-66.3

Energy difference ( kJ/mol)
Saddle
global min
local max
/barrier
0
20.1
19.0
0.73

0
-1.1
-19.4

0
-18.3

BzDTAT

0

Table 2.4.3: Compilation of relevant relative energies and corresponding conformations of BzDTAT

2.5 Synthesis
Previous work by Sullivan to produce BzDTAO followed reaction conditions reported by Rakitin
76

et al.

for a generic synthesis of 5-phenylimino-, 5-thieno- and 5-oxo-1,2,3-dithiazoles from ethanone

oximes, BzDTAO was prepared from α-isonitrosopropiophenone and isolated by column chromatography
in low yield (< 15%)67. BzDTAT was also isolated as a major side-product (~3%) from this reaction, which
generated many other unidentified by- and side-products (Fig. 2.5.1).

Figure 2.5.1: Unoptimized synthesis of BzDTAO, yielding BzDTAT as a major side-product

Due to the ineffectiveness of the reaction conditions to produce 5-oxo substituted 1,2,3-dithiazoles
in general, (considering the lack of examples presented by Rakitin)76 and low yields of BzDTAO using
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these reaction conditions, numerous synthetic experiments have been performed to determine new reaction
conditions that improved the selectivity of the reaction for the desired product. To optimize the synthetic
procedure for BzDTAO, the effect of altering the solvent system (CH3CN vs. CH2Cl2), temperature, reaction
time, equivalents of pyridine, and sulfur reagent (S2Cl2 vs. SCl2) were examined.
If α-Isonitrosopropiophenone is simply treated with sulfur monochloride in dry CH3CN and stirred
for 24 h at room temperature under inert atmosphere, BzDTAO is generated in roughly equivalent yield
and specificity to that of the previous multi-reagent synthesis (14% after chromatography). The use of base
in the reaction of N-nucleophiles with Appel’s salt is known to produce 4-chloro-1,2,3-dithiazole-5-thione
as a major product when using a weak nucleophile77 and it was observed that BzDTAT was absent in the
many byproducts when pyridine was omitted (Fig. 2.5.2).

Figure 2.5.2: Simplified synthesis of BzDTAO in poor yields, though without BzDTAT side-product

Rakitin et al. postulate that the reaction of a generic ethanone oxime with sulfur monochloride
yields an “Appel’s salt type” chloride derivative (Fig. 2.5.1),76,78 which can then be converted to the desired
5-oxo-substituted 1,2,3-DTA by reaction with formic acid (FA) in situ.76 The conversion of Appel’s salt to
its 5-oxo derivative can be accomplished in good yield by treatment with one equivalent of wet DMSO.79
Production of 4-benzoyl-5-chloro-1,2,3-dithiazolium chloride is very low yielding from the oxime with
sulfur monochloride under all conditions attempted, however conversion of the chloride salt derivative to
BzDTAO can be accomplished relatively cleanly with wet DMSO in CH3CN (~85%). The decrease in
byproducts from the DMSO method permits simplification of the purification procedure, the crude product
could now be purified by eluting it through a short silica plug with CH2Cl2, followed by sublimation.
The use of SCl2 over S2Cl2 had a significant effect on the yield of 4-benzoyl-5-chloro-1,2,3dithiazolium chloride provided the right physical conditions were used. The optimal conditions were
determined to be two equivalents of SCl2 in CH3CN without base at -10 C for 4 h. After isolation and
treatment of the resulting chloride salt with DMSO, followed by chromatographic work up and sublimation,
the yield of BzDTAO is currently optimized at 42% pure, sublimed material, as calculated from the αisonitrosopropiophenone starting material, an increase of 300% from the route presented by Sullivan (Fig.
2.5.3).
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Figure 2.5.3: Improved synthetic conditions to obtain BzDTAO in moderate yield

2.6 BzDTAO as a Ligand
Sullivan67 developed BzDTAO to increase the structural diversity of spin bearing ligands.
BzDTAO was to be used as a ligand capable of coordinating to metal centres as a radical anion, improving
the strength of the coordination bonds and the magnetic coupling interactions. These design changes were
made in order to improve upon the known weaknesses of other 1,2,3-DTA radical ligands.
The redox activity of BzDTAO was determined by cyclic voltammetry (CV) in CH3CN by Sullivan.
The voltammogram showed an irreversible reduction peak only. For greater usefulness in comparing
electrochemical properties with other thiazyl compounds, the redox activity of BzDTAO has been measured
in CH2Cl2 by CV, which also only shows a single irreversible reduction peak at -1.1 V when recording a
full cycle and sweeping to the oxidative potential first (Fig. 2.6.1 left). When recording a full cycle, from 0
V and first sweeping to a reductive potential of -1.5 V, followed by sweeping to a positive potential of
+1.75 V, a broad oxidation peak is seen centered at 0.83 V upon the immediate sweeping to the positive
potential (Fig. 2.6.1 right). This may be some decomposition product from the reduction of BzDTAO that
is oxidized, or a very (electronically) stable reduction product that is structurally very different from the
neutral compound. Further study of this event purely by CV is unlikely to yield conclusive results. These
preliminary experiments suggest it might be possible to reduce BzDTAO to a radical anion species, which
although apparently unstable on its own, may be stabilized by coordination to a metal centre.

-2

-1

0

1

2

-2

-1

0

1

2

Figure 2.6.1: Cyclic voltammograms of BzDTAO. Left: one cycle swept to the oxidative potential first. Right: one
cycle swept to the reductive potential first.
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Figure 2.6.2: BzDTAO, and its hypothetical radical anion as a result of a one electron reduction

Although electrochemical studies have thus far been inconclusive, here is presented the first
coordination of BzDTAO, to La(hfac)3, as a neutral closed-shell species which yields the interesting bridged
complex [La(hfac)3]BzDTAO2[La(hfac)3] (Fig. 2.6.3), and proving its suitability as a ligand. The La
complex of BzDTAO is synthesized by treating La(hfac)3DME with BzDTAO in CH2Cl2. The crude
product obtained from removal of the solvent is purified by sublimation and yields translucent white block
crystals suitable for single crystal XRD. The crystal structure is interesting and unlike any known structures
for a 1,2,3-DTA metal complexes. The complex incorporates two BzDTAO molecules to bridge two La(III)
centres. There exists an inversion centre at the midpoint between the two La centres of a complex, resulting
in both conformational enantiomers of BzDTAO being included in a complex since half of the complex is
generated by application of the inversion symmetry operation (Zʹ = 0.5) (Fig. 2.6.3). The geometry of the
coordination bonds made by the BzDTAO oxygen atoms to the La centres are very similar to the geometry
of the S•••O contacts seen in LT-1 (Fig. 2.6.3). Along with the coordination geometry, the conformation of
BzDTAO is highly similar in the La complex (1 = ±22.3°, 2 = ±23.7°) to that seen in LT-1(1 = ±18.8°,

2 = ±23.1°), even though it is a less than ideal conformation.

Molecular formula
FW/(g mol-1)
Crystal system
Space group
Temperature/K
a/Å
b/Å
c/Å
α/◦
β/◦
γ/◦
V/Å3
Z
Z'
1
2
R-factor/%

[La(hfac)3]BzDTAO2[La(hfac)3]
C48H16F36La2N2O16S4
1966.66
triclinic
P-1
150
11.9150(2)
12.4154(2)
12.8565(2)
111.3683(18)
104.3718(17)
101.676(17)
1622.79
1
0.5
±22.4(2)
±23.7(2)
2.99

Table 2.6.1: Compilation of crystal data for [La(hfac)3]BzDTAO2[La(hfac)3]
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Figure 2.6.3: Visual comparison of intermolecular O∙∙∙S contacts in LT-1 and the O-La coordination bond geometries.

Figure 2.6.3: Intermolecular close-contacts between La complexes highlighted by green dotted lines.

Although no σ-hole bonding between the DTA ring and oxygen is observed in this structure, there
are still σ-hole interactions. Close contacts between the sulfur and nitrogen of the DTA moiety on
neighbouring complexes fit the preferences of σ-hole bonding, although it is not a bifurcated contact.
Additionally, there is a bifurcated (S-S)∙∙∙F contact between complexes at a distance just outside the sum of
vdWr, but of ideal geometry (fig. 2.6.4).

Figure 2.6.4: Illustration of the (S-S)∙∙∙F contacts between complexes of [La(hfac)3]BzDTAO2[La(hfac)3].
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2.7 Conclusion and Future Work
The remarkable combination of characteristics that define the polymorphism of BzDTAO is sure
to make it a system of interest in the ongoing pursuit of manipulating and modeling of the molecular
condensed state. The study of polymorphs is useful due to the fact that the molecules that compose a crystal
remain unchanged, but the crystal structure formed by the molecular constituents does change. In this
regard, having the polymorphic system of BzDTAO and the structurally related compound, BzDTAT,
which differs by a single atom and is isomorphous to one of the polymorphs (HT-1), provides an additional
perturbation to study in terms of the composition-structure-property relationship of the system. Future work
in this area could be done with more rigorous mathematical modeling, for example using the PIXEL80-82
method to determine relative interaction contributions to the intermolecular potentials. Quantum
mechanical calculations to see whether the crystal structures of BzDTAO can be predicted could be
performed. If such calculations prove unfeasible, more in-depth studies of the physical properties of
BzDTAO’s polymorphs may prove useful.
Though the CV data obtained is inconclusive, further tests that combine CV and EPR could
potentially provide more evidence to determine the result of the one electron reduction of BzDTAO. It is
also possible that with the right metal centre, isolation of BzDTAO as a radical anion could be achievable
by stabilizing the radical anion as a complex. The coordination of BzDTAO to La(hfac)3 is proof of concept
for its ability as a ligand, a variety of metal centres could be used and redox properties measured to acquire
the first BzDTAO•- metal complex.

2.8 Experimental
General Considerations. Reactions were performed under Ar(g) using standard Schlenk techniques.
Anhydrous CH2Cl2, stored in a solvent keg filled off-site by Caledon Labs, was dispensed using a Solvent
Purification System (LC Technology Solutions Inc.) equipped with molecular sieves (3 Å). La(hfac)3DME
starting material was prepared according to literature methods.83 BzDTAO was prepared according to
section 2.2 above. All commercial reagents were used as received. IR (KBr pressed pellet) spectra were
recorded on a Nicolet 4700 FT-IR spectrometer at 4 cm-1 resolution.
La2(hfac)6(BzDTAO)2: Under argon, La(hfac)3DME (119.3 g, 0.1403 mmol) and BzDTAO (32.5 mg,
0.136 mmol) were dissolved in dry DCM. After stirring overnight, solvents were removed under reduced
pressure yielding a yellow-white solid. The crude product was purified by sublimation on a four stage
gradient tube sublimation furnace with temperature settings 135/85/60/30 °C at 10-5 Torr. The purified
product (25.0 mg, 0.0254 mmol, 19%) was collected as clear/white block crystals which were suitable for
single crystal x-ray diffraction. FTIR (KBr, cm-1): 2963 (m), 1649 (s), 1598 (w), 1559 (w), 1529 (w), 1491
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(m), 1260 (S), 1207 (m), 1145 (s), 1096 (s), 1022 (m), 862 (w), 800 (s), 740 (w), 685 (w), 659 (m), 583
(m), 527 (w), 461 (w)
Single crystal XRD
La2(hfac)6(BzDTAO)2: A translucent while block (0.20 × 0.20 × 0.12 mm) was selected, mounted and
cooled under a stream of N2 at the University of Guelph X-lab. Data were collected at 150 K on an Agilent
SuperNova single-crystal diffractometer equipped with microfocus Mo-α radiation source (λ = 0.71073
Å) and Atlas CCD detector using ω-scan technique. The unit cell parameters were calculated and refined
using the entire data sets. Unit cell refinement and data reduction were carried out using CrysAlisPro
software59. Absorption corrections were applied using the multiscan method. The structure was solved
(direct methods) and refined (full-matrix least-squares on F2) using SIR-9261 and SHELXL-9762. The
reflection data and systematic absences were consistent with triclinic space group P1̅. All of the nonhydrogen atoms were refined with anisotropic thermal parameters. All H atoms were included in calculated
positions and allowed to refine in riding-motion approximation with Uiso tied to the carrier atom. Significant
residuals correspond to F atoms due to CF3 disorder. Full matrix least squares refinement on F2 gave R1 =
2.99% for 2σ data and wR2 = 7.40% for all data (GOOF = 1.094).
Cyclic Voltammetry
BzDTAO: Electrochemical data were collected at a scan rate of 100 mV/s, using Pt wire as the working,
reference and counter electrodes, with a BASi Epsilon-EC Bioanalytical Systems, Inc. Version
2.10.73_USB (2009). A 1.0 mM solution of BzDTAO and 0.05 M nBu4NPF6 in dry CH2Cl2 was prepared
under inert atmosphere. Ferrocene was added as an internal standard (E1/2(fc/fc+) = +460 mV vs. SCE in
CH2Cl284).
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Chapter 3
Naphthoquinone Fused 1,2,3-Dithiazolyl Based Radical Ligands and Their
Metal Complexes: Intermolecular Sulfur Contacts and Bulk Magnetic
Properties
3.0 Overview
This chapter discusses research and analyses performed on the structure-property relationships of novel
1,2,3-DTA ligands and their metal complexes. Ongoing research in the Preuss group includes the
development of novel naphthoquinone-fused 1,2,3-DTA radical ligands and their coordination to transition
metal and lanthanide centres. para-Naphthoquinone-fused derivatives of the 1,2,3-DTA moiety (DTANQs)
were developed by Morgan1 and Sullivan2 and these have been coordinated to a number of metal centres.
The magnetic properties of the Co and Mn complexes of 5,8-Me2DTANQ, and the Nd and Dy complexes
of 6,7-Me2DTANQ are presented for the first time in this chapter. Analysis of intermolecular contacts in
the crystal packing and the effect of steric pressures induced by methyl groups on the naphthoquinone
backbone are presented for the free DTANQ ligands to illustrate patterns of supramolecular assembly. The
effect of the same steric pressures in the Mn(hfac)2 complexes of 6,7- and 5,8- Me2DTANQ are presented
in the format of a manuscript draft, rationalizing the dramatic differences in magnetic properties between
the two complexes with subtle geometric changes in intermolecular S∙∙∙S and S∙∙∙O contacts.

57

3.1 Introduction
Morgan1 and Sullivan2 designed and synthesized the novel thiazyl radicals pDTANQ, 5,8Me2DTANQ and 6,7-Me2DTANQ to be used as ligands. The properties of these radicals, including
electrochemical data, crystal structures, and magnetic susceptibilities, along with spectral characterization,
are reported in the doctoral and M.Sc. theses of Morgan and Sullivan, respectively. They also report the
first coordination complexes of these ligands: p-DTANQ with Mn(hfac)2, Ni(hfac)2 and Gd(hfac)3; 5,8Me2DTANQ with Mn(hfac)2 and Co(hfac)2 (coordinations performed by Mayo); and 6,7-Me2DTANQ to
Mn(hfac)2, Ni(hfac)2, Gd(hfac)3, Dy(hfac)3 and Nd(hfac)3 (Nd coordination performed by Mayo).1-3

Figure 3.1.1: ChemDraw scheme compilation of the DTANQs and their coordination complexes with lanthanide and
transition metal centres.

The lanthanide complexes of DTANQs are coordination polymers with 9-coordinate Ln centres bridged by
the DTANQ ligand coordinating in both a bidentate and monodentate fashion (Fig. 3.1.1). The transition
metal complexes also see the DTANQ ligands bridging TM centres to yield trinuclear complexes due to the
6-coordinate restriction of these metal centres, with the exception of the Ni complex of p-DTANQ which
is a 1:1 mononuclear species (Fig. 3.1.1). Crystal structures of these complexes are reported by Morgan and
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Sullivan. The synthetic yields of metal complexes of p-DTANQ were too low to obtain quantities sufficient
for meaningful magnetic analysis, and the magnetic data of the Co and Mn complexes of 5,8-Me2DTANQ
are unreported prior to this work. The magnetic data of the 6,7-Me2DTANQ complexes with Gd and Mn
have been reported by Sullivan2,3 prior to this work which presents the magnetic properties of the Nd and
Dy complexes.

3.2 FM Impurities and Coordination by Grinding
A curious anomaly was observed during magnetic analysis of a number of the new complexes with
DTANQ ligands. A significant quantity of an unknown FM impurity was detected in the magnetic
measurements despite the samples having passed elemental analysis. The lack of FM impurities in virtually
all other samples prepared within the Preuss group led to the hypothesis that this impurity was characteristic
of the DTANQ class of ligand. The synthesis of quinones is known to require metal catalysts, lending
credibility to the possibility that a FM impurity could be introduced from commercial quinone starting
materials used. The presence of FM impurities in the magnetic data of some DTANQ ligands and complexes
and not others also appeared to correlate to different commercial sources of quinone starting materials.
In order to validate this hypothesis, a combination of inductively coupled plasma optical emission
spectroscopy (ICP-OES) to identify the presence of trace metals, and magnetic measurements with a
superconducting quantum interference device (SQUID) magnetometer were used to correlate the presence
of certain metals with a FM response. Significant effort was put into developing a sample preparation
procedure for ICP-OES because of the complete lack of solubility of the compounds that required analysis
in aqueous media, the only medium compatible with the instrument. Nitric acid digestion was employed to
maximize the amount of material that could be made soluble in a minimal volume. Nitric acid however
reacted with the sample compounds to yield unknown products, resulting in significant evolution of NOx
gases and an unknown pH after digestion. This prevented a consistent neutralization process from being
developed to bring the pH of the sample within the required range of the instrument.
The successful method developed to prepare samples for ICP-OES analysis was to digest a known
quantity of material in a minimum of nitric acid, heating after the completion of the strong exothermic
reaction, followed by neutralization with NaOH solution, monitored with a pH meter, rinsing to maintain a
known quantity of material in the solution, and finally dilution in a volumetric flask to a known volume,
allowing the concentration to be known and therefore the concentration of a detected metal to be calculated.
Preliminary ICP-OES results indicated trace quantities of a number of metals in the samples
including Mn, Co and Fe. When magnetic measurements were performed however, a negligible amount of
FM impurities were present in the same samples. A newly synthesized batch of a metal complex was
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analyzed and showed a negligible amount of FM impurity, providing contradictory results for the
hypothesized systematic presence of FM impurities in the DTANQ class of ligand. It is concluded that the
source of FM impurities was that of contamination during sample packaging; the increased presence of FM
impurities in the DTANQ complexes stemmed from their having been handled and packaged around the
same time. Since no other sample types were packaged at that time, the result was a misconception that the
FM impurities were inherent to the DTANQ ligands.
Continuing work on the synthesis and coordination of the DTANQ ligands and the investigation of
their magnetic properties lead to the use of a different method of coordination. Although 5,8/6,7 –
Me2DTANQ were designed in part to improve the solubility of the molecule, excessive amounts of solvent
were still required for coordination reactions.1,2 Experiments were conducted to determine the suitability of
mechanochemical methods in driving the coordination reaction forward and minimize or eliminate the use
of solvent. Coordinations of 6,7-Me2DTANQ to Tb and Dy were performed by grinding with mortar and
pestle for 2 hours under inert atmosphere, followed by sublimation. The final purified yields of these
reactions were on par or better than those previously reported, exemplifying the suitability of
mechanochemical methods for metal coordination reactions of dimethyl DTANQ ligands with
Ln(hfac)3DME starting materials.

3.3 Supramolecular Assembly of the DTANQ Radicals in the Solid State
The crystal structures of the DTANQs have been previously reported, 1-3 however an in depth
analysis and comparison of the supramolecular assembly of these molecules in the solid state has not been
performed. The DTANQs form pancake bond dimers (sec. 1.4) in the solid state. p-DTANQ is polymorphic.
In one of its forms, p-DTANQ exhibits a previously unknown dimerization motif that occurs through S∙∙∙O
contacts, a motif it shares with 6,7-Me2DTANQ. The other form of p-DTANQ exhibits the cis-cofacial
dimerization motif, which it shares with one of the forms of 5,8-Me2DTANQ, which is also polymorphic.
The other form of 5,8-Me2DTANQ exhibits the twisted-cofacial dimerization motif. Crystal structures
illustrating the dimerization motifs of these species are presented in Fig. 3.3.1. It is interesting that the
methylated DTANQs do not share a dimerization motif with each other, but each shares a dimerization
motif with one of the forms of the unmethylated p-DTANQ. 5,8-Me2DTANQ is polymorphic but 6,7Me2DTANQ is not. The position of the methyl groups clearly has a significant influence on the packing of
the molecules.
Beyond participation in the various dimerization motifs, the sulfur atoms of the DTA moiety in all
structures are involved in close contacts with a Lewis base, either oxygen from the quinone and/or nitrogen
from the DTA moiety of a neighbouring molecule. A contact geometry which has been identified in small
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organic molecules with cyclic S-S moieties as a “bifurcated contact”4 is apparent in all these structures.
These contact geometries follow closely the known preferences for σ-hole bonding as the bifurcated contact
allows the Lewis base to interact with the σ-holes of both sulfur atoms.

Figure 3.3.1: Illustration of the dimerization motifs of the DTANQs in the solid state. Coloured boxes are used to
highlight the same dimerization motifs in different structures (dashed lines) and to collect polymorphs of the same
molecule (solid lines).

In the two forms of p-DTANQ, the bifurcated contact occurs between the sulfur atoms of the DTA
ring and the quinone oxygen of a neighbouring molecule, resulting in ribbons of (S-S)∙∙∙O contacts. The
difference between the two forms of p-DTANQ is the interaction between the ribbons via dimerization and
in the orientation of the neighbouring ribbons in the ribbon plane. The interactions between (S-S)∙∙∙O
ribbons are C(Ar)-H∙∙∙O contacts in both forms, but the geometry and relative orientations of the (S-S)∙∙∙O
ribbons are different (fig. 3.3.2). The crystal form of cis-cofacial dimers of p-DTANQ exhibits a
herringbone arrangement whereas that with S∙∙∙O dimers has a planar sheet-like arrangement. The ribbons
of (S-S)∙∙∙O interactions are a commonality in both structures regardless of dimerization motif and interribbon interactions. Thus, it is reasonable to conclude that the (S-S)∙∙∙O interactions have a significant role
in influencing the crystal structures of p-DTANQ. The variability of the geometries of the C(Ar)-H∙∙∙O
contacts (weak H-bond) indicates a lesser influence on the structure, and these have also been identified to
play a role in directing crystal packing and protein folding.5-7
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Figure 3.3.2: Illustration of the ribbons of p-DTANQ formed through S•••O contacts and the inter-ribbon C(Ar)H•••O interactions. The form that dimerizes cis-cofacial is on the left and through S•••O contacts on the right.
Perpendicular view (top) to show the similarity of the ribbon assembly and parallel view (bottom) to highlight
differences in inter-ribbon contacts and packing.

The crystal structure of 6,7-Me2DTANQ exhibits a number of close contacts with the sulfur atoms
of the DTA that are consistent with σ-hole bonding. There is a bifurcated (S-S)∙∙∙N contact and two S∙∙∙O
contacts per molecule (fig. 3.3.3). The structure has similarities to p-DTANQ in that there are ribbons
formed through σ-hole bonding with the DTA sulfur atoms. The connectivity of the ribbons in 6,7Me2DTANQ is different however from that in p-DTANQ, with the bifurcated contact to the nitrogen of the
DTA ring rather than to a quinone oxygen. This arrangement results in substantially more S∙∙∙X interactions
as the sulfurs of the DTA ring are in close contact with the nitrogen and quinone oxygen of one neighbour
and the other quinone oxygen of the other neighbour. It also allows for a C(Ar)-H∙∙∙O contact between the
same neighbours that are involved in σ-hole bonding, strengthening the ribbons themselves, but leaving no
means of establishing favourable electrostatic interactions between ribbons in the ribbon plane.
Neighbouring ribbons are oriented to form a plane and fit neatly together with the methyl groups of the
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back bones pointing towards each other. Only one dimerization motif is observed between ribbon planes,
and that is through the S∙∙∙O contacts.

Figure 3.3.3: Illustration of the network of S∙∙∙X and C(Ar)-H∙∙∙O interactions forming ribbons of 6,7-Me2-DTANQ,
and inter-ribbon packing.

The position of the methyl groups in 5,8-Me2DTANQ inhibits the formation of ribbons as a pattern
of supramolecular assembly via S∙∙∙X interactions like that seen in the crystal structures of p-DTANQ and
6,7-Me2DTANQ. S∙∙∙X contacts are still observed in the two forms of 5,8-Me2DTANQ, however the pattern
of long-range connectivity is considerably different (fig. 3.3.4). The bifurcated (S-S)∙∙∙X contacts create “3
member rings/triads” of 5,8-Me2DTANQs in the cis-cofacial form and C(Ar)-H∙∙∙O contacts exist between
these triads. The S∙∙∙X contacts form helices in the twisted-cofacial form, with a periodicity of 4. C(Ar)H∙∙∙O contacts exist between helices of S∙∙∙X contacts in the twisted-cofacial form as well.
By altering the positions of the methyl groups on the backbone of the DTANQ ligands, the C(Ar)H hydrogen atoms that are available to participate in the C(Ar)-H∙∙∙O contacts is altered. Methylation of the
6 and 7 positions leave the 5 and 8 positions to make this contact, which matches the C(Ar)-H∙∙∙O contacts
made in the S∙∙∙O dimer form of p-DTANQ. The relative orientation of neighbouring ribbons is very similar
in these two crystal structures, forming 2-D sheets of ribbons, and the primary interaction between these
sheets is the dimerization motif which is the same (S/O). The cis-cofacial form of p-DTANQ includes
C(Ar)-H∙∙∙O contacts with both the 5 and 6 positions, making the pattern of supramolecular assembly
incompatible with symmetric dimethylation of any positions on the backbone. Methyl groups at the 5 and
8 position of the backbone force a new pattern of assembly altogether since the ribbon pattern would no
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longer be effective in forming favourable contacts to efficiently pack of the molecules. The pattern of
assembly that is adopted by the two forms of 5,8-Me2DTANQ is cyclic in nature, with methyl groups
directed towards each other as seen in the structure of 6,7-Me2DTANQ but also with the presence of C(Ar)H∙∙∙O interactions which involve the 6 and 7 positions between triads to make sheets (cis cofacial dimer
form) or between the columns formed by the helices (twisted cofacial form).

Figure 3.3.4: Packing of the cis-cofacial form of 5,8-Me2DTANQ (top) to form triads (left) via S∙∙∙X interactions and
the C(Ar)-H∙∙∙O contacts between triads to form sheets (right). Packing of the twisted cofacial form of 5,8Me2DTANQ (bottom) to form a helix (left) via S∙∙∙O interactions and the C(Ar)-H∙∙∙O contacts between helices (right).

3.4 Structure and Magnetic Properties of Metal Complexes of Dimethyl DTANQs
To date, all lanthanide complexes of DTANQs form linear coordination polymers. There are few
close contacts between polymer chains, but an asymmetric bifurcated (S-S)∙∙∙F contact between the DTA
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ring and a fluorine atom of an hfac ligand is present in these structures. The unit cells and simulated PXRD
patterns of the Gd, Nd and Dy crystal structures are all nearly identical.

Figure 3.4.1: Two views of the packing of Ln(hfac)3 DTANQ coordination polymers. The Dy(hfac)36,7-Me2DTANQ
complex was chosen as representative. Intermolecular S•••F contacts are illustrated with green dotted line.

To date, all transition metal complexes of DTANQs form linear trinuclear complexes, with the
exception of the Ni complex of p-DTANQ (which is excluded from the following discussion). The
intermolecular contacts of note between trinuclear complexes involve the sulfur atoms of the DTA ring
with each other and with the oxygen atom of an hfac oxygen. The geometry of these contacts dictates the
long range magnetic correlations in the material, as discussed in section 3.5.

Figure

3.4.2:

Two

views

of

the

transition

metal

(M)

complexes

of

DTANQs

M(hfac)2[DTANQ]M(hfac)2[DTANQ]M(hfac)2. Mn3(hfac)6[5,8-Me2DTANQ]2 was chosen as representative to show
the intermolecular contacts involving sulfur.
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The magnetic properties of Nd(hfac)3(6,7-Me2DTANQ) have been measured. The magnetic data
show that the Nd(III) centre and radical ligand are strongly AF coupled via the N-O bidentate pocket and
more weakly AF coupled via the monodentate O coordination. The coupling motif essentially divides the
coordination polymer into Nd(rad) spin dimers which are AF coupled to one another. The overall AF
behaviour is evident as a continuous decrease in the χT product with decreasing temperature. The magnetic
behaviour of this complex is similar to that seen for the Gd complex.2 The room temperature χT value is in
agreement with the presence of one Nd(III) ion and one S = 1/2 organic radical. Accurate modeling of the
data is not possible due to the intrinsic magnetic complexity of the Nd(III) ion, however it is clear that no
interesting magnetic phenomena are exhibited by this material and the above qualitative assessment defines
the properties of the material adequately.

Figure 3.4.3: Magnetic data of Nd(hfac)36,7-Me2DTANQ, plot of χT vs T.
Preliminary magnetic data collected on the Dy(hfac)36,7-Me2DTANQ complex indicates the
magnetic coupling between 6,7-Me2DTANQ and Dy(III) is AF, likely via the bidentate N-O pocket which
is expected to provide the strongest coupling pathway. The coupling between dimer units is expected to be
AF as in the Gd and Nd complexes. The non-superposed curves traced at various temperatures in the M vs.
H plots indicate some type of spontaneous magnetization. Very rough preliminary χʹʹ AC data shows a
dependence on the oscillation frequency of the applied field below ca. 4.5 K, indicative of a phase change
from a paramagnetic phase to one that is ordered, presumably AF.
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Figure 3.4.4: Magnetic data of Dy(hfac)36,7-Me2DTANQ. Left: plot of χT vs T. Right: M vs H data at various
temperatures.

The 5,8-Me2DTANQ complex with Co is trinuclear with two 5,8-Me2DTANQ ligands bridging the
Co centres. The coupling between 5,8-Me2DTANQ and Co centres cannot be confirmed due to the
anisotropy of Co(II) being the same order of magnitude as the J-coupling thus the decrease in the χT product
with decreasing temperature could indicate intramolecular AF coupling and/or simply be a result of the
anisotropy of Co. Intermolecular contacts within the sum of vdWr between atoms of significant spin density
(S∙∙∙O, S∙∙∙S) exist, which suggests the possibility of intermolecular exchange coupling. The rise in the χT
product at low temperatures with an applied field of 1000 Oe and the quenching of this behaviour with a
stronger applied field of 10000 Oe indicates that there is in fact weak intermolecular exchange coupling
that is FM in nature. Additionally, rapid magnetization in the M vs H plots at low temperatures indicate
some weak net FM interactions. Meaningful modeling of the magnetic data is again impossible due to the
intrinsic magnetic complexity of the Co(II) ion in combination with both intra- and inter-molecular
coupling.

Figure 3.4.5: Magnetic data for Co3(hfac)6(5,8-Me2DTANQ)2; χT vs T (left) and semi-logarithmic plot (right)
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Figure 3.4.6: Magnetic data for Co3(hfac)6(5,8-Me2DTANQ)2; M vs H and M vs H/T data at various temperatures

The magnetic behaviour of the 5,8-Me2DTANQ complex with Mn is modeled as a 1-D Heisenberg
chain in which S = 13/2 spins are coupled FM. The following is a communication style manuscript that
describes the magnetic behaviour of this complex along with analysis of relevant structural features and a
comparison to the previously reported3 Mn complex of 6,7-Me2DTANQ.

3.5 Manuscript Draft for:
S∙∙∙S vs S∙∙∙O Interactions: Steric Pressure Alters Magnetic Properties in Mn(II)Radical Complexes
R. Alex Mayo,a Ian S. Morgan,a Rodolphe Clérac,b Dmitriy V. Soldatova and Kathryn E. Preussa*
a

Department of Chemistry, University of Guelph, Guelph, ON, Canada

b

Univ. Bordeaux, CRPP, UPR 8641, F-33600 Pessac, France

Abstract
The 1-D Heisenberg chain behaviour of a Mn(II)-[rad]-Mn(II)-[rad]-Mn(II) complex arises from intermolecular
coupling through close sulfur-oxygen contacts. The impact of steric pressure on the supramolecular assembly is
considered in a structural comparison with an isomeric complex. The subtle differences in the geometries of
intermolecular S∙∙∙S and S∙∙∙O contacts in the crystal structures of the isomers result in dramatically different bulk
magnetic properties.
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Noncovalent interactions play a major role in the self-assembly of molecules in liquid media and the solid
state. The structure and function of proteins and DNA,8-10 molecular recognition in biological systems,11-13
and the properties of molecular solids14,15 all have a crucial dependence on noncovalent interactions. Strong
intermolecular interactions are fundamentally Coulombic in nature and can have deciding influence on
structure and function in bio- and materials chemistry.6,16-18 σ-hole bonding is a term used to describe a
specific subset of Coulombic interactions.17 Halogen bonding is the classic example of σ-hole bonding,
where an electron deficient “hole” is induced along the extension of an R-X bond (R is some functional
group and X a halogen not including fluorine) and a negative site (Lewis base, anion) interacts favourably
with this location through close contact. The anisotropy of electron density that is a σ hole gives these
interactions their directionality as the binding energy is related to the interaction geometry.19,20 Divalent
chalcogen atoms (R1-E-R2 where E is some chalcogen not including oxygen) are known to also exhibit σholes along the extensions of each of the R-E bonds.21 So-named “Chalcogen bonding” and even Hydrogen
bonding (arguably) are also examples of σ-hole bonding.17,22
The geometric preferences and energies of hydrogen bonds have been well-studied and their
importance in supramolecular chemistry is widely recognized.6,10,23,24 As the role of noncovalent
sulfur∙∙∙oxygen interactions are increasingly identified in the folding of proteins,4 conformations of
molecules with biological activity,25 directing of crystal packing and influencing the magnetic properties of
molecular materials,4,26 study of their strengths and geometric preferences are being revisited. 4,27-32 S∙∙∙S
contacts are also commonly observed in protein structures as they are the interaction that precedes disulfide
bond formation between sulfur containing amino acids and there often exists S∙∙∙S contacts between
disulfides.

8,9,33,34

S∙∙∙S contacts are also a major contributor to the electronic and magnetic properties of

organic conductors such as tetrathiafulvalene (TTF) salts,35-37 and polythiophenes38,39
Examples of sulfur contacts determining the conductive and magnetic properties of thiazyl radicals
and their complexes have also been noted.40-44 Thiazyl radicals are known to exhibit pancake bonding45,46
through S∙∙∙S contacts to form a diamagnetic dimer in the solid state. Prohibition or impairment of pancake
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bonding can lead to magnetic ordering and high conductivity in thiazyl radical based materials.41,42,47-50
Specifically, intermolecular S∙∙∙O contacts have been identified as a structural source of spin enhancement
in Mn(hfac)2(thiazyl) complexes.50-52
Herein

we

present

a

new

radical

ligand

1

(5,8-dimethyl-1,4-dioxo-naphtho[2,3-

d][1,2,3]dithiazolyl), created to differ from our previously reported3 ligand 2 (6,7-dimethyl-1,4-dioxonaphtho[2,3-d][1,2,3]dithiazolyl) only by the position of the methyl groups on the naphthoquinone
backbone (Fig. 3.5.1). The molecular structure of the Mn(II) complex Mn-1 is very similar to that of
previously reported3 complex Mn-2, however subtle differences in the supramolecular arrangement give
rise to dramatic differences in magnetic properties. The bulk magnetic behaviour of Mn-1 is modeled as a
1D Heisenberg chain of ferromagnetically (FM) coupled S = 13/2 spins due to close S∙∙∙O contacts. This is
in sharp contrast to the bulk magnetic behaviour of Mn-2, which is dominated by the S∙∙∙S contacts of
pancake bonds resulting in net antiferromagnetic (AF) coupling between complexes in the solid state.

Figure 3.5.1: Line drawings of radical ligands 1 and 2 and coordination complexes Mn-1 and Mn-2; methyl positions
highlighted for clarity

Radical ligand 1 is prepared from an 8 step synthesis that is described in the ESI (sec. 3.6). The
metal complex Mn-1 is formed by treating 1 with Mn(hfac)2(THF)2 in a 2:3 ratio. The complex is purified
by sublimation, yielding dark brown block crystals (ESI, sec. 3.6). The molecular complex is a linear
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oligomer of three Mn(hfac)2 metal centres that are bridged by two radical ligands. Coordination to the
terminal Mn centres occurs via the N-O bidentate pocket of 1 and monodentate coordination of the other
quinone oxygen atoms occur in the axial positions of the central Mn (Fig. 3.5.1). Mn-1 packs in P1̅,
occupying a special position with an inversion centre located at the central Mn atom (Zʹ = 0.5). The above
description also accurately describes the structure and packing of complex Mn-2.
The intermolecular S∙∙∙O and S∙∙∙S contacts between trinuclear complexes in the crystal structure
of Mn-1 differ from those in Mn-2 in subtle but important ways (Table 3.6.1). The S∙∙∙S contact distance
is longer in Mn-1 (3.5275(7) Å) than in Mn-2 (3.388(2) Å) and there is a significant difference in the
geometry of this contact (Fig. 3.5.2, Table 3.5.1). In Mn-1, the vertical distance between the planes formed
by the thiazyl rings (z component) is larger, the horizontal distance (y component) is the same, within error,
and the “slip” distance (i.e., offset of the neighbouring S along the extension of the S-S bond; x component)
is more than twice that of Mn-2. The geometric requirements for pancake bonding of thiazyl radicals are
stringent46,53 and the observed geometric changes from Mn-2 to Mn-1 are sufficient to significantly
decrease the orbital overlap between sulfur atoms such that Mn-1 does not exhibit strong AF interactions
between neighbouring radical moments (vide infra).
Table 3.5.1: S∙∙∙S and S∙∙∙O contact geometry parameters for Mn-1 and Mn-2

S∙∙∙S Geometry

S∙∙∙O Contact A

Complex
x (Å)

y (Å)

z (Å)

d (Å)

θ (°)

φ (°)

S∙∙∙O Contact B
d (Å)

θ (°)

φ (°)

Mn-1

0.46(1)

1.71(1)

3.05(1) 2.885(2)

67.6(1) 125.6(1)

3.102(2)

57.8(1) 114.2(1)

Mn-2

0.21(1)

1.72(1)

2.91(1) 2.915(3)

72.9(1) 127.5(1)

3.188(3)

60.8(1) 113.2(1)
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Figure 3.5.2: Bottom left: Mercury visualization of the crystal structure of Mn-1 to show the S∙∙∙S contact geometry
parameters and labeled S∙∙∙O contacts. Only 1/3rd of the complex and only oxygen atoms from the hfac ligands are
shown for clarity. Top left, and right: Two views (related by rotation of 90°) of just the ligands 1 and 2 as they appear
in their complexes to highlight the intermolecular S∙∙∙S contact geometry differences.

A large slip distance in S∙∙∙S contact geometry of Mn-1 corresponds to close S∙∙∙O contacts in the
structure. The lengths of the S∙∙∙O contacts observed in both structures (A and B, Fig. 3.5.2 ) are 2.885(2)
and 3.102(2) Å in Mn-1, and 2.915(3) and 3.188(3) Å in Mn-2 (Table 3.5.1). The geometries of the S∙∙∙O
contacts have also been compared, defined by the parameters assigned by Rosenfield et al.27 (Table 3.5.1),
which correspond with the theoretical preferences of σ-hole bonding with chalcogens. Unsurprisingly, the
S∙∙∙O contact with the more ideal geometry corresponds to the contact with the sulfur with the deeper
σ-hole (N-S∙∙∙O, contact A).
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The magnetic properties of Mn-1 were investigated between 300 and 1.8 K. Coupling between
bridging SRad = 1/2 and the SMn = 5/2 centres is AF, yielding a spin ground state for one trinuclear complex
of SMn-1 = 13/2. Evidence for this is present in the decrease in χT value with decreasing temperature from
300 to 160 K, and magnetic saturation of the material at 13 μB (M vs. H plot; Fig. 3.6.4).

Figure 3.5.3: Temperature dependence of the χT product for Mn-1 under various applied magnic fields; the insert
uses a semi-logarithmic temperature scale to accentuate the magnetic behaviour at low temperatures. Right: 1D model
(red line) fitting the experimental data down to ca. 4 K

For a Stot = 13/2 system with g = 2, the χT value is expected to reach a maximum of 24.375 cm3 K
mol-1. Upon decreasing the temperature below 10 K, the χT value of Mn-1 far surpasses the expected χTmax
under all applied fields (Fig. 3.5.3) indicating additional FM interactions between Stot = 13/2 units. The
magnetic data is best modeled as a 1-D Heisenberg chain of classical S = 13/2 spins that are FM coupled
(Fig. 3.5.4). The modeling of a 1-D isotropic chain of FM coupled classical-spins has been determined by
Fisher54:
𝜒𝑇 1 + Γ
=
𝐶
1−Γ
2JS2
𝑘𝐵 𝑇
̂ ̂
̂
∑+∞
where Γ = coth ( 𝑘 𝑇 ) − (2JS
−∞ 𝑆𝑖 𝑆𝑖+1 is used.
2 ) and the isotropic Heisenberg Hamiltonian, 𝐻 = −2𝐽
𝐵

This model fits the data adequately down to 4 K with J/kB = +0.32 K (Fig. 3.5.4, left). The correlation length
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of the chain at χTmax in zero field is ca. 75 Å, corresponding to a correlation length of approximately five
complexes. The decrease in χT below 4 K cannot be explained by the model, however the onset of a
magnetically ordered phase at 2.7 K implies that non-negligible inter-chain interactions are present in the
system. AC susceptibility data shows a frequency dependence of χʹ and χ″ (Fig. 3.5.4) below 2.7 K,
indicative of an ordered phase. Unfortunately, the onset of ordering is near the lower limit of temperature
for our instrumentation, making a conclusive determination as to the origin of ordering unfeasible.

Figure 3.5.4: AC data showing the frequency dependence of χʹ (left) and χʹʹ Right: at temperatures below 2.7 K.

Intermolecular S∙∙∙O contacts in Mnx(hfac)2xthiazyly systems have resulted in spin enhanced
dimers,51 1D ribbons of FM coupled complexes that order AFM below 4 K,50 and spin enhancement in
disordered 1D chains.52 Rationalization and understanding of the exchange coupling through the S/O orbital
overlap has identified these contacts as a reliable structural source of FM interactions between
Mnx(hfac)2xthiazyly species in the solid state. The modeling of Mn-1 as a 1D Heisenberg chain exhibiting
long range FM interactions is consistent with the trend of spin enhancement in Mn-thiazyl materials through
S∙∙∙O contacts. In Mn-1, the sulfur and oxygen atoms that participate in the intermolecular contacts are
within the sum of vdWr and have non-negligible spin density, filling the necessary criteria for magnetic
coupling. AF exchange coupling between the magnetic moments of the radical (S = ½) of one complex and
the Mn (S = 5/2) of its neighbour via the sulfur oxygen contact results in the alignment of the net magnetic
moment of the complexes (S = 13/2), yielding a net FM interaction (Fig. 3.5.5).
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Figure 3.5.5: Reduction of the chemical complex and intermolecular interactions to the 1-D Heisenberg chain model,
illustrated to show relevant contacts, spin carriers, and coupling. Only the hfac oxygen atoms are shown in the stick
drawing of the complex for clarity.

In conclusion, the minor structural changes between 1 and 2 result in minor but significant changes
in the packing of Mn-1 and Mn-2 in the solid state. These structural features dictate the intermolecular
contact geometries and therefore the magnetic properties of the bulk material. The drastic difference in
magnetic properties of Mn-1 vs. Mn-2 is remarkable considering the minor degree to which the system is
perturbed. It is clear that the S∙∙∙O supramolecular synthon is resilient and reliable in the directing of FM
interactions between Mn complexes, and that pancake bonding through S∙∙∙S contacts is susceptible to
moderate geometric changes. This information is likely to be of use in the future design of thiazyl based
molecular materials and in developing a ranking of the influence of the types of noncovalent sulfur
interactions.

3.6 Supplementary Information for:
S∙∙∙S vs S∙∙∙O Interactions: Steric Pressure Alters Magnetic Properties in Mn(II)Radical Complexes
R. Alex Mayo,a Ian S. Morgan,a Rodolphe Clérac,b Dmitriy V. Soldatova and Kathryn E. Preussa*
a

Department of Chemistry, University of Guelph, Guelph, ON, Canada
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Figure 3.6.1: Preparative procedure for 1.

Experimental
General considerations. 1,4-Benzoquinone was purchased from Acros Organics, 2,5dimethylthiophene from Alfa Asar, meta-chloroperoxybenzoic acid (mCPBA), Amberlyst® A21 freebase,
NaS·9H2O, MnO2, triphenyl antimony and S2Cl2, were obtained from Sigma Aldrich. The solvents CH2Cl2,
CHCl3, NH4OH and reagent Br2(l) were obtained from Fisher. NH3(g) was obtained from BOC Gas, and
anhydrous ethanol from Comercial Alcohols. All commercial reagents were used as received, with the
exception of: 1,4-benzoquinone which was purified by sublimation immediately before use, manganese
dioxide which was activated by heating to 100 °C for a minimum of 24 h prior to use, and triphenyl
antimony which was recrystallized from acetonitrile. Where indicated, solvents were dried on an SP-1 Stand
Alone Solvent Purification System from LC Technology Solutions Inc, using molecular sieves.
Mn(hfac)2∙2THF was synthesized according to literature methods.55 5,8-Dimethyl-napthoquinone was
prepared with a slight modification of literature methods.56 Where indicated, reactions performed under
Ar(g) atmosphere were achieved using standard Schlenk and glove box techniques. IR spectra were recorded
on a Nicolet 4700 FT-IR spectrometer at 4 cm-1 resolution. NMR spectra were recorded on a Bruker
Avance-300 spectrometer at RT. Crystal data was collected by Prof. Dmitriy Soldatov at the University of
Guelph on a SuperNova Cual with Atlas CCD System and solved by Dr. Michael Jennings of Freelance
Crystalography. Magnetometry data was collected on Quantum Design SQUID magnetometer MPMS-XL
by Dr. Rodolphe Clérac of the University of Bordeaux, Pessac, France. Elemental analyses were performed
by MHW Labs, Phoenix, AZ, USA.
2,5-Dimethylthiophene-1,1-dioxide: mCPBA (28.66 g, 165.7 mmol) was slowly added to 2,5dimethyl thiophene (8.0857 g, 72.7 mmol) in CH2Cl2 (250 mL) at 0 °C and stirred for 6h, and then at 25 °C
for 3 days. Excess mCPBA was filtered off and the burgundy filtrate was cooled with an EtOH/CO2(s) bath
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and filtered a second time. Excess A21 resin was added to the filtrate and stirred until the solution turned
yellow. The resin was filtered off and the yellow filtrate evaporated. The resulting yellow solid was
recrystallized in MeOH and dried in vacuo, (2.0842 g, 14.45 mmol, 20% yield). 1H NMR (300 MHz, CDCl3,
25 °C, ppm) δ: 6.267 (s, 2H), 2.101 (s, 6H).
5,8-Dimethyl-1,4-naphthoquinone: 2,5-Dimethylthiophene-1,1-dioxide (2.0842 g, 14.45 mmol)
was reacted in CHCl3 (100 mL) with freshly sublimed 1,4-benzoquinone (1.3078 g, 12.10 mmol). The
reaction mixture was gently refluxed, monitoring by 1H NMR. After 8 days, the reaction came to 98%
completion. The solvent was flash distilled and dry toluene (75 mL) was added followed by excess MnO 2
and left to reflux overnight. The solution was filtered through a bed of Celite and washed with toluene until
the filtrate ran colourless. The filtrate was evaporated leaving a yellow crystalline solid. (1.5982 g, 8.583
mmol, 78% yield) 1H NMR (300 MHz, CDCl3, 25 °C, ppm) δ: 7.376 (s, 2H) 6.818 (s, 2H), 2.684 (s, 6H)
2,3-Dibromo-5,8-dimethyl-1,4-naphthoquinone: A solution of Br2 (2.7432 g, 17.65 mmol) and
CH2Cl2 (~10 mL) was added to a dropping funnel. 5,8-Dimethyl-1,4-naphthoquinone (1.5982 g, 8.583
mmol) was added to a reaction vessel with 10 mL CH2Cl2 under Ar(g). The Br2/ CH2Cl2 mixture was added
dropwise to the orange suspension in darkness and allowed to stir in the dark for 3 days. The reaction was
removed from the dark and Ar(g) bubbled through the resulting red/brown solution, a white gas evolved and
a yellow solid precipitated out of solution. At a minimum of CH2Cl2, the resulting yellow slurry was filtered
and rinsed with a small amount of CH2Cl2. The filtrate was added to a beaker and bubbling continued. This
step was repeated until a yellow/orange paste remained in the beaker, which was rinsed with EtOH and
filtered. All filtration residues were combined and dried in vacuo overnight leaving a bright yellow
crystalline material. (2.5155 g, 7.3125 mmol, yield: 85%). 1H NMR (300 MHz, CDCl3, 25 oC, ppm) δ: 7.42
(s, 2H), 2.69 (s, 6H).
2-Amino-3-bromo-5,8-dimethyl-1,4-naphthoquinone: Under Ar(g), 2,3-dibromo-5,8-dimethyl1,4-naphthoquinone (2.5155 g, 7.3125 mmol) was added to a reaction vessel with anhydrous EtOH (120
mL) and fitted with a condenser. Ammonium hydroxide (14 M, 51 mol) was added and a balloon attached
atop the condenser. The solution was saturated with NH3(g) then brought to reflux. After 24h, Ar(g) was
bubbled through the brown/red solution and warmed with a water bath. Once the solvent had evaporated,
the remaining orange powder was recrystallized in denatured EtOH. (1.5547 g, 5.550 mmol, yield: 76 %).
FTIR (KBr, cm-1): 3496.1 (m), 3382.4 (m), 2965.9 (w), 2923.8 (w), 1659.2 (m), 1639.1 (m, sh), 1618.0 (s),
1588.9 (s), 1547.5 (s), 1384.5 (s), 1366.6 (s), 1328.1 (m), 1235.8 (s), 1123.0 (w), 1070.6 (m), 996.1 (w),
826.5 (w), 784.7 (w), 755.3 (m), 743.1 (w, sh), 693.0 (w), 582.3 (w), 513.2 (w). 1HNMR (300MHz, CDCl3,
25oC, ppm) δ: 7.38 (d, 1H), 7.29 (d, 1H), 5.45 (br s, 2H), 2.74 (s, 3H), 2.68 (s, 3H).
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2-Amino-3-thioacetate-5,8-dimethyl-1,4-naphthoquinone:

2-Amino-3-bromo-5,8-dimethyl-

1,4-naphthoquinone (1.5547 g, 5.550 mmol) was added to a degassed solution of water (65 mL)/EtOH (10
mL) and NaS∙9H2O (2.666 g, 11.1 mmol). The solution was heated and stirred for 3 hours resulting in a
deep purple solution. The solution was cooled with an ice bath and acetic anhydride added until an
orange/red solid precipitated out of solution at a pH of 4-6. The precipitate was collected by suction
filtration and washed with water. The orange solid was dried in vacuo. (1.5280 g, 5.5499 mmol, yield:
93%). FTIR (KBr, cm-1): 3489.4 (w), 3369.1 (m), 2965.1 (w), 2925.9 (w), 1701.6 (m), 1675.5 (w), 1607.8
(s), 1578.0 (m, sh), 1541.2 (m), 1378.8 (s), 1328.6 (s), 1260.9 (w, sh), 1237.9 (s), 1196.2 (w), 1117.5(w),
1033.2 (w), 994.5 (w), 950.2 (w), 815.2 (w, sh), 798.9 (w), 763.3 (w), 701.1 (w), 616.8 (w), 593.9 (w).
5,8-Dimethyl-4,9-dioxo-naphtho[2,3,d]-1,2,3-dithiazol-2-ium chloride: Under Ar(g), dry
acetonitrile (50 mL) was added to 2-amino-3-thioacetate-5,8-dimethyl-1,4-naphthoquinone (1.3842 g,
5.0276 mmol) in a Schlenk flask. S2Cl2 (2.05 mL, 25.54 mmol) was syringed into the reaction flask. The
reaction mixture was stirred and heated with a warm water bath for 2 hours. The solution was allowed to
cool to 25 °C, an orange precipitate suspended in a deep red solution was apparent. The precipitate was
collected using a fritted filter stick and washed with cold acetonitrile. The orange/brown “pucks” were dried
in vacuo for 2 days, (1.2201 g, 4.097 mmol, yield: 81.5%). FTIR (KBr, cm-1): 2963.0 (w), 2917.3 (w),
2848.9 (w), 1685.2 (m), 1654.6 (m), 1647.9 (w), 1637.6 (w), 1617.9 (w), 1609.1 (w), 1544.7 (w), 1375.7
(m), 1318.4 (m), 1263.1 (w), 1222.3 (s), 1171.1 (w), 1101.3 (m), 1031.6 (w), 950.7 (w), 921.5 (w), 859.7
(w), 811.8 (m), 800.1 (m), 744.9 (w).
5,8-Dimethyl-naphtho[2,3-d]dithiazolyl-4,9-dione (1): Under Ar(g), a solution of SbPh3 (0.7220
g, 2.0449 mmol) in dry acetonitrile (30 mL) was cannulated into a vessel containing 5,8-dimethyl-4,9dioxo-naphtho[2,3,d]-1,2,3-dithiazol-2-ium chloride (1.2130 g, 4.073 mmol) dissolved in dry acetonitrile
(60 mL). The solution turned purple/blue with a suspended solid and was stirred for 2 hours then filtered
with a fritted filter stick. The blue/purple precipitate was dried under vacuum. (0.9688g, 3.6931 mmol,
yield: 91%). 200-250 mg portions were sublimed on a dynamic gradient furnace at a pressure of 6.0 × 10-2
Torr, 135/90/60 oC. Sublimation yields: 30% FTIR (KBr, cm-1): 2969.1 (m), 2925.7 (s), 2851.8 (m), 1675.1
(s), 1655.1 (sh, w), 1603.3 (s), 1577.4 (w), 1571.3 (w), 1560.3 (w), 1550.3 (m), 1419.6 (m), 1375.7 (sh, m),
1368.5 (m), 1328.1 (m), 1292.4 (w), 1262.5 (w), 1222.5 (s), 1187.4 (sh, w), 1177.6 (w), 1106.1 (m), 1033.3
(w), 1004.3 (w), 939.1 (w), 909.7 (w), 827.2 (w), 813.9 (w), 771.0 (w), 744.8 (w), 629.4 (w), 526.4 (w),
497.4 (w). EA calculated: C: 54.94%, H: 3.07%, N: 5.34% experimental: C: 54.78% H: 3.23% N: 5.21%
EPR: 3 line pattern, WinSim57 simulation parameters: g = 2.0093, aN = 4.836 G. CV: E1/2(0/+1) = 0.77 V,
ΔEpp(0/+1) = 230 mV; E1/2(-1/0) = -0.47 V, ΔEpp(-1/0) = 360 mV
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Mn3(hfac)6 5,8-Me2DTANQ2 (Mn-1): Under Ar(g), 5,8-Me2-DTANQ (61.0 mg, 0.2325 mmol) and
Mn(hfac)2THF2 (142.6 mg, 0.2325 mmol) were dissolved in toluene (350 mL) with light heating to provide
an emerald green solution. Once the solution turned orange, the solvent was removed by flash distillation
and the purple/blue residue collected. Crude: (170.0 g, 0.2325 mmol, yield: 100%). The crude material was
put on a dynamic vacuum-gradient tube furnace and sublimed at 10-5 Torr, 115/90/60 oC. The light brown
microrystals were recovered under Ar(g) (46.5 mg, 0.00636 mmol, yield: 20%). FTIR (KBr, cm-1): 3142.1
(w), 2963.3 (w), 2917.3 (w), 2849.1 (w), 1647.5 (s), 1602.0 (m), 1560.2 (m), 1541.5 (m), 1482.9 (s), 1465.8
(m), 1449.7 (w), 1396.3 (w), 1382.5 (w), 1368.2 (w), 1341.4 (w), 1259.7 (s), 1203.8 (s), 1148.6 (s), 1095.6
(w), 1032.9 (w), 948.6 (w), 922.3 (w), 847.0 (w), 803.5 (s), 781.9 (sh, m), 742.3 (w), 665.4 (s), 585.5 (m),
528.4 (w). EA: calculated: C: 33.57%, H: 1.15%, N: 1.45%; experimental: C: 33.41%, H: 1.20%, N: 1.43%.
Static sublimation of the purified product at 10-6 Torr, 110 oC, yielded brown block crystals.
Electron paramagnetic resonance
The experimental X-band EPR was recorded on a Bruker EMX spectrometer at room temperature.
The EPR cell was prepared in a glovebox with dry CH2Cl2 and a minimum of 1. With a single unpaired
electron coupling to one 14N nucleus a three-line pattern is expected and observed. The spectrum can be
simulated using WinSim software57 with the following parameters: aN = 4.836 G, g-value = 2.0093 which
fits to 99.7%, indicating no significant hyperfine coupling to the protons.
Cyclic Voltammetry
Electrochemical data were collected at a scan rate of 100 mV/s, using Pt wire as the working, reference and
counter electrodes, with a BASi Epsilon-EC Bioanalytical Systems, Inc. Version 2.10.73_USB (2009). A
1.0 mM solution of 1 and 0.05 M nBu4NPF6 in dry CH2Cl2 was prepared under inert atmosphere. Ferrocene
(fc) was added as an internal standard (E1/2(fc/fc+) = +460 mV vs. SCE).58
Single crystal XRD
General: Crystals were mounted at the University of Guelph X-lab. Data were collected at 298 or 150 K
on an Agilent SuperNova single-crystal diffractometer equipped with microfocus Mo Κα radiation source
(λ = 0.71073 Å) and Atlas CCD detector using ω-scan technique. The unit cell parameters were calculated
and refined using the entire data sets. Unit cell refinement and data reduction were carried out using
CrysAlisPro software59. Absorption corrections were applied using the multiscan method. The structure
was solved (direct methods) and refined (full-matrix least-squares on F2) using SIR-9260 and SHELXL9761. All of the non-hydrogen atoms were refined with anisotropic thermal parameters. All H atoms were
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included in calculated positions and allowed to refine in riding-motion approximation with Uiso tied to the
carrier atom.
α Form: large red needle (0.50 × 0.03 × 0.03 cm) grown from slow evaporation of CH3CN was selected
and data were collected at 298 K. The reflection data and systematic absences were consistent with a
monoclinic space group: P21/c; a = 8.0663(16), b = 7.8899(16), c = 34.794(7) Å; α = γ = 90°, β = 100.20(3)°;
V = 2179.37 Å3. There are two molecules in the asymmetric unit (Z = 8). Full matrix least squares
refinement on F2 gave R1 = 4.96% for I > 2σI data and wR2 = 13.6% for all data (GOOF = 1.120).
β Form: a red-purple block (0.1 × 0.1 × 0.1 cm) grown by sublimation was selected and data were collected
at 298 K. The reflection data and systematic absences were consistent with a triclinic space group: P1̅; a =
16.9485(3), b = 17.0034(4), c = 23.4658(5) Å; α = 86.653(2)°, β = 81.895(2)°, γ = 78.748(2)°; V = 6562.87
Å3. There are twelve molecules in the asymmetric unit (Z = 24). Full matrix least squares refinement on F2
gave R1 = 5.46% for I > 2σI data and wR2 = 14.95% for all data (GOOF = 1.067).
Mn-1: a brown block (0.33 × 0.06 × 0.02 cm) grown by sublimation was selected and data were collected
at 150 K. The reflection data and systematic absences were consistent with a triclinic space group: P1̅; a =
16.9485(3), b = 17.0034(4), c = 23.4658(5) Å; α = 86.653(2)°, β = 81.895(2)°, γ = 78.748(2)°; V = 6562.87
Å3. There are twelve molecules in the asymmetric unit (Z = 24). Any significant residuals correspond to
CF3 disorder. Full matrix least squares refinement on F2 gave R1 = 4.23% for I > 2σI data and wR2 = 10.13%
for all data (GOOF = 1.128).
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Figure 3.6.2: Packing of the cis-cofacial form of 5,8-Me2DTANQ (left) to form triads via S∙∙∙X interactions and the
C(Ar)-H∙∙∙O contacts between triads to form sheets (bottom). Packing of the twisted cofacial form of 5,8-Me2DTANQ
(right) to form a helix via S∙∙∙O interactions and the C(Ar)-H∙∙∙O contacts between helices (bottom). The unit cell
figures are viewed down the a axis in both forms and show the dimerization motifs.
Table 3.6.1: Compilation of crystal data for the polymorphs of 1 and complex Mn-1

Crystal
molecular formula
FW/g mol-1
Crystal system
Space group
Temperature/K
a/Å
b/Å
c/Å
α/◦
β/◦
γ /◦
V/Å3
Zʹ
Z
S∙∙∙S /Å
S∙∙∙O /Å
S∙∙∙N /Å
R1/%
wR2/%
GOOF

α-1
C12H8NO2S2
262.31
Monoclinic
P21/c
298
8.0663(16)
7.8899(16)
34.794(7)
90
100.20(3)
90
2179.37
2
8
3.252
3.087
3.184
4.96
13.6
1.120

β-1
C12H8NO2S2
262.31
Triclinic
P1̅

Mn-1
C54H22F36Mn3N2O16S4
1931.77
Triclinic
P1̅

298
16.9485(3)
17.0034(4)
23.4658(5)
86.653(2)
81.895(2)
78.748(2)
6562.87
12
24
3.048 - 3.400
2.809 - 3.137
3.133 - 3.240
5.46
14.95
1.067

150
11.4539(3)
12.8715(3)
13.3872(3)
115.3383(19)
92.5796(18)
93.895(2)
1773.66
0.5
1
3.527
2.885; 3.102
N/A
4.23
10.13
1.128

81

1 has two polymorphs depending on the method of crystallization (sublimation or solution
recrystallization) which have different modes of dimerization (cis-cofacial and twisted-cofacial
respectively). Interestingly, the novel dimerization mode displayed by 2 through S∙∙∙O contacts is not
observed in either polymorph of 1. Both forms do still contain S∙∙∙O contacts. Thus a significant effect on
the solid state packing of the molecule, and its complex with Mn(hfac)2, can be attributed to the position of
the methyl groups. The change in position of the methyl groups on the naphthoquinone backbone is
accompanied by a minimal difference in calculated electron densities within the molecule.

Figure 3.6.3: SOMO (left) and spin density (right) diagrams for 1 (top) and 2 (bottom)

Magnetic measurements
The magnetic susceptibility measurements were obtained at the Centre de Recherche Paul Pascal
in Bordeaux, France with the use of a Quantum Design SQUID magnetometer MPMS-XL and PPMS-9
susceptometer. This magnetometer and susceptometer work between 1.8 and 400 K for dc applied fields
ranging from -7 to 7 T. Measurements were performed on polycrystalline samples of 20.9 mg, prepared in
a glove box under argon and sealed in a plastic bag in order to avoid any contact with air or water. AC
susceptibility measurements have been measured with an oscillating ac field of 1 to 6 Oe and ac frequencies
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ranging from 10 to 10000 Hz (PPMS) and 1500 Hz (MPMS). The magnetic data were corrected for the
sample holder and the diamagnetic contribution.

Figure 3.6.4: Left: M vs H plot for Mn-1 showing saturation at 13 μB. Right: plot of M vs H/T for Mn-1 with the line
trace of the Brillouin function (in red) to show that saturation occurs more quickly, indicative of additional FM
interactions.
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Figure 3.6.5: Graphs of the in- and out-of-phase components of χ (left and right plots respectively) at various
temperatures and applied fields (top two plots and bottom two plots respectively) indicating a significant frequency
dependence at low temperature and field.

3.7 Conclusion and Future Work
The crystal structures of the DTANQs all share similar electrostatic contacts. The molecular
assembly is dependent on the position of methyl groups, as well as chalcogen σ-hole bonding and
C(Ar)-H∙∙∙O interactions. The similarities in the assembly of the p-DTANQ and 6,7-Me2DTANQ into
ribbons and this similarity resulting in the same S/O dimerization motif (in one form of p-DTANQ) suggests
that dimerization can be affected by strong non-covalent intermolecular interactions. Modification of both
dimerization motif and long range assembly has been accomplished by inducing steric pressure with methyl
groups. The chalcogen σ-hole bonding remained a constant in all structures and although the pattern of
assembly changed with methylation at the 5 and 8 position, the geometries of these contacts were relatively
constant. Modifications to the backbone to yield more directional and/or stronger intermolecular
interactions that directly compete with the required geometries of pancake bonding should impair or prevent
dimerization entirely. Continued research in this area of purposefully directing molecular packing of DTA
radicals is likely to be highly experimental and serendipitous as enough structures to study packing patterns
are just becoming available.
The magnetic data for metal complexes of the dimethyl derivatives of DTANQs are presented.
Even coordinated to metals, the sulfur atoms of the DTA ring are involved in bifurcated (S-S)∙∙∙X contacts,
whether to a fluorine atom (Ln complexes) or an oxygen atom (TM complexes). For metal complexes that
can be compared, ie the Mn complex, the minor structural changes imposed by methylation of p-DTANQ
at either the 6,7 or 5,8 positions affect the intermolecular S∙∙∙S and S∙∙∙O contact geometries sufficiently to
alter the magnetic coupling that occurs through these intermolecular contacts. This geometry change
reversers the long range interactions from AF in the 6,7-Me2DTAQ Mn complex due to the dominance of
coupling through the S∙∙∙S contact, to FM in the 5,8-Me2DTANQ Mn complex due to the dominance of
coupling through the S∙∙∙O contacts. S∙∙∙X σ-hole bonding is thus both a predictable, energetically favoured
feature of DTA radical molecular species, and directing of FM coupling in Mn(hfac)2 complexes. This
structure-property relationship can be made use of in future design of thiazyl radical-metal materials.
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Appendix 1: Hirshfeld Surface Analysis
In the past decade, calculation and mapping of the Hirshfeld surface has become popular as a way
of describing and illustrating the environment of a molecule in a crystal. Since the inception of this
technique,1 additional features and tools have been developed to increase its usefulness in describing and
comparing crystal structures.2 This appendix contains a condensed summary of some basic mathematical
background on how these surfaces are generated as well as a description of some useful functions with
which they can be mapped. For a more comprehensive review on the subject the reader is referred to
Spackman and Jayatilaka.2
Hirshfeld surfaces are an extension of “Hirshfeld’s stockholder partitioning” which divides the
electron density of a molecule into its respective atomic fragments.3
𝑤(𝑟) = 𝜌𝐴 (𝑟)⁄

∑

𝜌𝐴 (𝑟) =

𝐴∈𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝜌𝑎𝑡𝑜𝑚 (𝑟)
𝜌𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 (𝑟)

𝜌 is the electron density and (r) indicates the dependence of this function on radius. This concept was used
by Spackman and Byrom1 to partition the electron density of a crystal into its molecular fragments.
𝑤(𝑟) =

∑
𝐴∈𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒

𝜌𝐴 (𝑟)⁄

∑
𝐴∈𝑐𝑟𝑦𝑠𝑡𝑎𝑙

𝜌𝐴 (𝑟) =

𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 (𝑟)
𝜌𝑝𝑟𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙 (𝑟)

By setting the weight function, 𝑤(𝑟), to 0.5, the boundary surrounding the molecule defined by this function
envelopes the space in which the electron density of the molecule inside the surface exceeds that of its
surroundings (the crystal, all other molecules).1 This is the Hirshfeld surface.
The Hirshfeld surface of a molecule is represented by many thousands of points from which
measurements are made and visualized on the surface.4 The distance from a point on the Hirshfeld surface
to the closest nucleus on the molecule inside the surface (the promolecule) is denoted di and the surface can
be colour coded based on the length of that distance (referred to as mapping the surface with the di function).
Similarly, the distance from a point on the Hirshfeld surface to the closest nucleus external to the surface
(i.e., a neighbouring molecule) is denoted de. The di and de distances for each point on the Hirshfeld surface
can be calculated and binned to yield a 2D histogram of di vs. de, referred to as a fingerprint plot. These
plots are colour coded from blue (low frequency) through green to red (high frequency) to represent the
occupancy of a (di,de) bin (which have default widths of (0.01 × 0.01) Å).4
By introducing the dnorm function,5 the breakdown of the Hirshfeld surface and fingerprint plots to
highlight the (di,de) distances associated with specific atom···atom contacts (i.e., specific intermolecular
distances) is possible. The dnorm function incorporates the identity of the atoms (by including the vdWr) to
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which the di and de measurements are being made so that the distance between the nuclei can be put into
context (normalized distance, hence dnorm).
𝑑𝑛𝑜𝑟𝑚 =

𝑑𝑖 − 𝑟𝑖𝑉𝑑𝑊 𝑑𝑒 − 𝑟𝑒𝑉𝑑𝑊
+
𝑟𝑖𝑉𝑑𝑊
𝑟𝑒𝑉𝑑𝑊

Therefore, a point on the Hirshfeld surface that uses the vdWr of atom A to normalize its d i measurement,
and the vdWr of atom B to normalize its de measurement represents a point of intermolecular A···B contact
in the structure. The points corresponding to a specific A···B (and/or B···A) contacts on the Hirshfeld
surface of a molecule can be summed to provide the total percent area of the Hirshfeld surface associated
with A···B (and/or B···A) contacts and displayed as a bar graph to quantify intermolecular contacts.5
Mapping of the Hirshfeld surface with the electrostatic potential can be performed by combining
the program used to generate the Hirshfeld surface of a molecule from a .cif, CrystalExplorer,6 and ab initio
calculations, using Gaussian7 or Tonto8 (the latter being integrated with the CrystalExplorer3.1 software).
The result is that the calculated electron density at the points on the Hirshfeld surface can be displayed as
a colour-coded electron density surface that illustrates areas of electron density excess (-ve potential) and
deficiency (+ve potential).9
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Appendix 2: Compound data sheets
Compound Name: La(hfac)3[BzDTAO]2La(hfac)3

FW: 1966.65 g/mol

Appearance: Clear/translucent-white block crystals

First made on date: August 28th 2014

Lit. and/or notebook # and page: RM02-18

Made by: R. Alex Mayo

Experimental Data:
IR(KBr) υ/cm-1: 2963 (m), 1649 (s), 1598 (w), 1559 (w), 1529 (w), 1491 (m), 1260 (S), 1207 (m), 1145
(s), 1096 (s), 1022 (m), 862 (w), 800 (s), 740 (w), 685 (w), 659 (m), 583 (m), 527 (w), 461 (w)
Crystal data: SuperNova diffractometer with Atlas CCD detector and MoK/α radiation source,
wavelength = 0.71073 nm at University of Guelph; T = 150 K; Triclinic; P-1; a = 11.9150(2), b =
12.4154(2), c = 12.8565(2) Å; α = 111.3683(13)°; β = 104.3718(17)°; γ = 101.676(17)°; V = 1622.79 Å3;
Z = 1; R = 2.99%.
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Compound Name: Tb(hfac)3[6,7-Me2DTANQ]

FW: 1045.98 g/mol

Appearance: Orange microcrystalline solid

First made on date: May 8th 2016

Lit. and/or notebook # and page: RM03-28

Made by: R. Alex Mayo

Experimental Data:
IR(KBr) υ/cm-1:d 1652 (s), 1578 (m), 1559 (w), 1529 (w), 1499 (m), 1400 (m), 1341 (w), 1313 (w), 1254
(s), 1208 (s), 1144 (s), 1100 (w), 905 (w), 835 (w), 797 (m), 765 (w), 741 (w), 660 (m), 585 (m), 527 (w),
494 (w), 426 (w)
Elemental Analysis (%): calc: C: 31.00; H: 1.06; N: 1.34. Found: C: 31.19; H: 1.15; N:1.31.
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