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The design and synthesis of stable organic radicals with delocalized spin density 

distribution and low energy optical and redox processes is central to the development of 

magneto-conducting materials. Towards this end, a generalized synthetic methodology 

has been developed allowing for the synthesis of a series of annelated benzonitronyl 

nitroxide (BNN) radicals. The BNN radicals exhibited remarkably low reduction 

potentials (~0.0 V vs SCE) and a near-infrared absorption attributed to a HOMO–SOMO 

charge-transfer excitation. 

The annelated BNN radicals were found to be less stable than the closely related 

tetramethyl nitronyl nitroxide radicals, particularly in solution. A series of π-delocalized 

and heteroaromatic radicals were synthesized to determine if the instability was due to 

the delocalization of electron density onto the carbon skeleton or the low reduction 

potential. DFT calculations with the EPR-II basis gave rise to calculated electronic 

structures that were consistent with EPR spectroscopy and suggested changes in spin 

density distribution are occurring with perturbation of the annelated ring. Cyclic 

voltammetry revealed the heteroaromatic and π-delocalized radicals had reduction 

potentials lower than BNN, with some systems reducing at potentials of 0.2 V vs SCE, 

comparable to that of 7,7,8,8-tetracyanoquinodimethane. The distribution of spin 
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throughout the molecular framework and the low reduction potential of the annelated 

nitronyl nitroxide radicals were both found to contribute to the lowered stability of the 

annelated nitronyl nitroxides relative to the far less redox active tetramethyl nitronyl 

nitroxides. 

  The low reduction potential of the BNN radicals suggested that incorporation into 

acceptor–donor (A–D) systems would allow for investigation of the role of charge 

transfer interactions on the electronic structure and properties of neutral open-shell A–D 

radicals. Two D–A–D radicals were prepared using metal catalyzed coupling and furoxan 

condensation methodologies which resulted in incorporation of a second donor in the C5 

position of the BNN moiety. The radical D1–A–D2 triads, where D1 = thiophene and D2 = 

thiophene or phenyl, exhibited three intramolecular charge-transfer excitations (λmax = 

550, 580 and 1000 nm) that were investigated by variable temperature absorption 

spectroscopy. Structural characterization of the triads in the solid state by single crystal 

and powder X-ray diffraction revealed slipped π stacks that arise from intermolecular π–

π and D–A interactions, providing pathways for antiferromagnetic (AFM) and 

ferromagnetic (FM) exchange. While the phenyl substituted triad (Th–BNN–Ph) 

exhibited antiferromagnetic interactions and a room temperature conductivity of σRT = 

10−7 S cm−1, the thienyl substituted derivative (Th–BNN–Th) exhibited short-range FM 

interactions and increased conductivity (σRT = 10−5 S cm−1), giving rise to an organic 

semiconductor exhibiting FM exchange. The differences in conductivity and magnetic 

behavior were rationalized by the degree of slippage dictated by an interplay between π–

π and intermolecular D−A interactions. 
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Finally, a series of BNN–D radicals were investigated where the donor ability of D was 

systematically varied from Eox = 2.30 V vs SCE (benzene) to 0.32 V vs SCE 

(tetrathiafulvalene). Calculations of the near-infrared charge transfer excitation suggested 

that the HOMO–SOMO gap could be significantly decreased with increasing donor 

ability, consistent with charge transfer theory. A subset of the series of BNN–D radicals 

with D = anisole, benzo[b]thiophene, N-methylindole, N-ethylcarbazole, and N,N-

diphenylaniline were synthesized. Solution state spectroscopic studies of the series by 

EPR and electronic absorption spectroscopy revealed spin-delocalized structures with 

extremely low reduction potentials (~0 V vs SCE). The solid state properties of the 

BNN–D radicals were investigated by magnetometry and room temperature conductivity 

measurements. Due to primarily steric interactions, weak D–A coupling was observed, 

with weak intermolecular interactions in the solid state leading to paramagnetic and 

insulating behaviour. The BNN-(N,N-diphenylaniline) radical structure was characterized 

by single crystal XRD and found to exist as well isolated radical moieties with extremely 

weak intermolecular interactions, consistent with magnetometry and conductivity 

measurements. 
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Chapter 1: Stable Radicals as Building Blocks for Organic 

Spintronics 

1.1 Preamble 

Since Gomberg’s discovery of triphenylmethyl radical 1.11 many stable and persistent 

organic radicals have been reported. The structural motifs of today’s radicals go well 

beyond the original triphenylmethyl framework and numerous examples of both charged 

and neutral stable radicals are now known.2-4 

1.1  

Figure 1.1. Triphenylmethyl radical. 
 

Stable radicals have been used as in vitro and in vivo spin trapping agents5-11 and spin 

labels12-15 to obtain structural, environmental and reactivity information by means of 

electron paramagnetic resonance (EPR) spectroscopy. Radicals have also been 

investigated for their unique redox chemistry. This has led to the development of 

oxidation catalysts that transform alcohols to aldehydes,16,17 stable-radical-mediated 

living radical polymerization18 and more recently, organic radicals as charge storage 

layers in organic radical batteries.19-24 Radical redox chemistry is often maintained upon 

metal complexation and the growing fields of ligand non-innocence25-27 and valence 

tautomerism28-32 focus on the ability of certain metal-bound radicals to undergo a one-

electron transfer processes in response to external stimuli for switching applications.  



 

 

2
Because of the presence of an unpaired electron, stable organic radicals have also been 

used as spin-containing building blocks for the development of organic magnetic and 

conducting materials (Sections 1.3 and 1.4). The conventional molecular approach relies 

on intermolecular overlap between spin density on neighboring organic radicals. Our 

design strategy incorporates strong electron accepting organic nitroxide-based radicals 

into donor–acceptor dyads (D–A) and triads (D–A–D) to investigate how intra- and 

intermolecular electron transfer affects the solid state intermolecular spin–spin 

interactions that give rise to magnetic exchange and conductivity in molecular organic 

materials. By systematically varying the donor appended to the accepting radical we hope 

to develop structure–property relationships between the degree of intramolecular electron 

transfer (more specifically the electronic coupling matrix element, V) and the observed 

solid state phenomena, such as magnetic exchange and conductivity. The electronic 

structure of each new D–A molecule will be fully characterized using solution phase 

techniques. Following this the solid state interactions will be evaluated and compared to 

solid state structural information (when available). This will allow for an investigation of 

how the molecular electronic structure dictates packing interactions which ultimately give 

rise to magnetic exchange and conductivity pathways. 

This introductory chapter begins with an overview of the theory behind the motivation 

for our research program, organic spintronics. This is followed by a description of 

magnetism and magnetic exchange and a discussion of conductivity in molecular systems 

(from a chemist’s perspective). Finally, a summary of electron transfer theory is 

presented and the chapter is closed with an introduction to organic D–A radicals and our 

design strategy towards the realization of molecular magneto-conductors.  



 

 

3
1.2 Spintronics 

An electron is an elementary particle that has both a negative electric charge and an 

intrinsic angular momentum or spin (ms) of ½. Angular momentum is directly 

proportional to magnetic moment through a proportionality constant, the magnetogyric 

ratio (γ).  The component of electron spin magnetic moment in the direction of an 

external magnetic field (conventionally along the z direction) can be expressed as 

μz = γħmS = ± ଵ
 ଶ 

geβ where ge is the free electron g-factor (2.0023) and β is the Bohr 

magneton. As each electron spin has a magnetic moment associated with it, in the same 

way charges are manipulated by applying an electric field, spin can be manipulated upon 

application of a magnetic field. In this way the movement of spin, like the movement of 

charge, can transmit information. 

In conventional electronics, electric fields are used to control the motion of electron 

charges and electron spins are altogether ignored. This began to change in 1988 with the 

discovery of giant magnetoresistance33,34 (GMR) which gave rise to a new paradigm of 

electronics based on electron angular momentum; spintronics. This term was proposed by 

Bell Labs and Yale University during a press release in 1998 and was meant to describe 

devices intended for information storage based electron spin-encoded bits.35 Today 

spintronics enjoys a less rigorous definition and is generally used to describe the field of 

spin-based or spin transport electronics in which information is transmitted via electron 

spin. The field of spintronics includes research on spin-valve transistors,36-38 molecular 

spintronics,39-41 single-electron spintronics42,43 and magnetoelectronics,44-46 which 

specifically describes devices that utilize ferromagnetic materials, for example the read-

write heads present in computer hard drives. 



 

 

4
1.2.1 Current spin-based electronic devices 

The physics underlying spintronic devices as they exist today had been known for 

some time.  In 1964, Mott proposed a two-current conduction model47 which was used by 

Fert and Campbell48,49 to explain the influence of spin on conductivity in itinerant 

ferromagnets, metals with an unequal population of spin up and spin down electrons at 

the Fermi level. In an attempt to observe direct evidence for spin-dependent electron 

transport, multilayered magnetic structures were fabricated. The simplest film developed 

was comprised of three layers, two ferromagnetic layers (F1, F2) of identical composition 

sandwiching a non-magnetic (M) metallic layer (Figure 1.2).  

 

Figure 1.2. Schematic representation of the spin-valve effect in a three-layer film with 
the current circulating in-plane when the magnetic layers are aligned antiparallel (a) and 
parallel (b) to each other.50 

 

When the magnetic dipole of the two magnetic layers are parallel (Figure 1.2, b),  

electrons whose spins are aligned antiparallel to those in the magnetic layers travel 

through the device virtually unscattered. In contrast, when the magnetic layers are 

antiparallel to each other (Figure 1.2, a), both electron spin states are scattered by one of 

the magnetic layers and the material exhibits high resistance. The net result is a large 

change in the electrical resistance in response to an applied magnetic field, termed 
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magnetoresistance. The relative magnetoresistance of the two configurations, ΔR/R, is 

expressed as the difference in  resistance of the antiparallel configuration (R↑↓) and the 

parallel configuration (R↑↑) divided by the resistance of the parallel configuration (ΔR/R 

= (R↑↓ – R↑↑)/R↑↑).51 Relative magnetoresistance has since become the figure of merit 

used to compare different device configurations. By tuning the composition and spatial 

configuration of the magnetic and spacer layers, these preliminary devices led to the 

development of spin-valve sensors which were introduced as read heads in magnetic hard 

disk drives by IBM in 1997. Since their introduction data storage density has increased 

by three orders of magnitude and the door was opened for mobile applications and 

unprecedented drive capacities (1 terabyte).50 GMR, as applied to magnetic data storage, 

made a remarkably rapid transition from inception to commercialization and in 2007 

Peter Grünberg and Albert Fert were awarded the Nobel Prize in Physics for their 

simultaneous discovery of GMR in Fe/Co/Fe layered ferromagnets.52,53 

 

1.2.2 New materials for spintronics applications 

All existing spintronic devices function in an analogous way to the spin-valves 

described above. They are magnetic memory devices or sensors that use the spin of the 

electron to store information. In addition to the improvement of spin-valve technology, 

there is also interest in adding a spin degree of freedom into semiconductor based 

technologies, namely field effect transistors (FETs) and light emitting diodes (LEDs). 

The development of spin-FETs and spin-LEDs requires magnetic semiconductors. These 

have been fabricated by doping inorganic semiconductors with ferromagnetic 

nanoparticles although thus far these materials are only ferromagnetic below room 
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temperature (Tc = 173 K in GaAs doped with Mn54,55) making them impractical for use in 

devices at ambient temperatures.  

For the field of spintronics to go forward, new materials that can inject and transport 

spin must be developed (Figure 1.3). When non-magnetic metallic systems are used to 

transport spin, spin-polarized electrons can be injected at the interface, however, spin 

dephasing and spin relaxation lead to equilibration of spin up (S = +½) and spin down 

(S = −½) during transport. In metal conductors and semiconductors the nonequilibrium 

spin is relatively long lived (ns timescale)56 making this technology viable, still, 

improvement on spin transport lifetime is necessary for advancement in this field.  

 

Figure 1.3. Schematic of a spin-valve. 
 

Until recently, spintronic devices have been based exclusively on inorganic based 

metal50 and semiconductor57 technology. Although organic electronics have been 

intensely researched for some time, the integration of organic (semi)conductors into 

spintronic materials has been largely unexplored. Organic molecules and polymers are 

particularly attractive for use as spin carriers in spintronic devices for several reasons. In 

addition to the usual advantages touted in favour of organic materials, namely less 

expensive device fabrication, uncomplicated integration into current technologies, and 
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chemical versatility, organic materials have remarkably long spin relaxation lifetimes. In 

inorganic materials, spin scattering occurs primarily through spin-orbit coupling58 which 

increases exponentially with atomic number. Carbon and other light organic elements (N, 

O) have negligible spin-orbit coupling and, as a result, slow spin dephasing rates. The 

weakness of the spin scattering mechanism means spin polarization may be maintained 

for long time periods (> 10 μs)59,60 and distances (10 – 100 nm)58 in organic materials, 

exceeding those detected in inorganic materials by orders of magnitude.40,56 At present, a 

handful of devices have been fabricated where organic materials have been incorporated 

into spin-valves as the non-magnetic (spacer) layer.61-71 Although the organic species 

have been shown to successfully transport spin, the observed magnetoresistance (ΔR/R) 

is only on the order of a few % at room temperature.64,71 Improvement in the magnitude 

of magnetoresistance and a fundamental understanding of spin transport in organics is 

therefore critical for future development of organic spintronics.  

The discussion thus far has focused on the development of organic materials that can 

transport spin, however, there is also a need for materials that can inject spin (Figure 1.3). 

Development of these materials is challenging as it requires systems that are inherently 

spin polarized and interface well with the spin transport layer. Completely spin-polarized 

metallic compounds have been realized. The aptly named half-metallic ferromagnets72 

(usually metal oxides) have an unequal population between majority and minority spin at 

the Fermi level (EF) (Figure 1.4). Additionally, a band gap is present in the minority 

density of states (DOS) resulting in a material whose conducting electrons are completely 

spin polarized.  
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Figure 1.4. Theoretical DOS for a half-metallic ferromagnet with an uneven population 
of minority and majority spin at EF and a band gap in the minority DOS. 

 

Organic spin transport layers incorporated into organic spin-valves (discussed above) 

use the highly polarized half-metallic manganite La0.7Sr0.3MnO3 (LSMO) or Co almost 

exclusively for the spin-injection layer.58 For the field of organic spintronics to progress, 

different spin polarized injectors must be developed that exhibit a large degree of spin 

injection at room temperature. The spin injecting electrode must also interface well with 

the organic spin transport layer. The natural way to solve this problem is to use organic 

ferromagnets as the spin injecting electrodes. Organic ferromagnets would have a DOS 

similar to that in Figure 1.4 as ferromagnetism would give rise to an uneven population of 

minority and majority spins at EF. The organic material may or may not have a band gap 

at EF, and the size of the gap would dictate the conductivity. Organic materials that are 

ferromagnetic at or above room temperature have yet to be realized (see Section 1.3.2) 

although the ferrimagnetic vanadium tetracyanoquinone (V(TCNE)x) polymers are often 

cited as examples of room temperature “organic” magnets. Amorphous organometallic 

V(TCNE)x was recently used as the spin injecting layer in a spin-valve configuration73 
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and successful injection of polarized electron was observed, however, even at low 

temperature the measured ΔR/R was small (2.3 % at 90 K, 0.5 V bias). Nevertheless, 

these results show that organic-based magnets can function as spin injectors suggesting 

the development of new organic ferromagnetic materials is critical to the advancement of 

organic spintronics. We propose using stable organic radicals, either as monomers or 

incorporated as spin bearing centres in the backbone of conjugated semiconducting 

organic polymers for investigation of molecular-based magneto-conducting materials that 

may find function in spin-based electronic devices.  

 

1.3 Magnetic exchange in organic radicals 

All materials are influenced to some extent by the presence of a magnetic field. Some 

materials are repelled by a magnetic field while others are attracted. The degree to which 

a material is influenced by an external field is its magnetic susceptibility χ. Susceptibility 

is defined as M = χH where M is the magnetization (magnetic moment per unit of 

volume) and H is magnetic field strength. Magnetic susceptibility is a dimensionless 

quantity but is conventionally expressed in units of emu/cm3. The molar magnetic 

susceptibility, χM, is obtained by multiplying χ by the molar volume and is reported as 

emu/mol. Magnetic susceptibility is a solid-state phenomenon arising from the bonding 

(intramolecular) and spatial (intermolecular) interactions between individual open-shell 

units in a crystal lattice. For this reason, a true understanding of the magnetic 

susceptibility of a system requires structural information obtained by crystallographic 

analysis.  
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The arrangement of spins in a bulk material can give rise to several different types of 

magnetism. The most common types of magnetic behaviours are diamagnetism, 

paramagnetism, antiferromagnetism, ferromagnetism, and ferrimagnetism (Figure 1.5). 

Diamagnetism and paramagnetism are discussed in some detail below. 

H
i) Paramagnetism ii) Antiferromagnetism

iii) Ferromagnetism v) Ferrimagnetism  

Figure 1.5. Different types of magnetism. 
 

The total magnetic susceptibility of a material is the sum of the paramagnetic and 

diamagnetic contributions to the overall magnetization, that is χtot = χP + χD. 

Diamagnetism is a property of all substances and arises from the interaction of paired 

electrons with a magnetic field. Diamagnetism was first modeled by Langevin74 as a 

current circulating in a closed loop. This gives rise to a small induced magnetic field in 

opposition to the external magnetic field. Diamagnetic susceptibility is negative in sign 

and generally small, ranging from −1 to −10−4 emu/mol75 and, to a first approximation, is 

independent of applied field and temperature. All molecules have filled orbitals with 

paired electrons that contribute to diamagnetic susceptibility. As diamagnetic 

susceptibility acts to diminish total magnetic susceptibility, it must be accounted for 

when calculating the paramagnetic susceptibility of an open-shell material. Diamagnetic 
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susceptibility of a molecular sample is additive75,76 and may be approximated based on 

molecular formula using Pascal’s constitutive corrections.77-80 Alternatively diamagnetic 

susceptibility can be separated from paramagnetic susceptibility by measuring the 

temperature dependence of the susceptibility.75 

 

1.3.1 Curie law 

Paramagnetism is observed in systems with unpaired electrons where the electrons are 

magnetically dilute, and consequently cannot exchange couple. In a perfectly 

paramagnetic material the electrons also exist in isotropic environments (no g-anisotropy, 

spin-orbit coupling or zero-field splitting). The origin of paramagnetism can be attributed 

to the angular momentum of each individual electron (Section 1.2). In the absence of a 

magnetic field, the different spin (ms) states are degenerate. The application of an 

external field resolves the degeneracy of the various states such that the spin states 

aligned with the field are stabilized relative to those antiparallel to the applied field 

(Figure 1.6). This Zeeman splitting gives rise to an energy gap between states of 

ΔE = gβSH, where β is the Bohr magneton, g is the electron g-factor or Landé constant 

(2.0032 for a free electron), S is the spin state (ms) and H is the magnitude of the external 

field.  

ms = +1/2, -1/2

ms = +1/2; E2 = +1/2(gβH)

ΔE

ms = -1/2; E1 = -1/2(gβH)

0 H
 

Figure 1.6. Energy levels of an electron in the presence of an applied field. 
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The population of the each spin state is governed by a Boltzmann distribution where 

Nupper/Nlower ∝ exp(-ΔE/kBT), and kB is the Boltzmann constant. When ΔE > kBT, only the 

lowest energy spin state is populated. This is akin to the classical physics model in which 

a system is described as having its spins “aligned with the external field” at lower 

temperature. When ΔE < kBT, each energy level is populated, resulting in the cancellation 

of individual magnetic moments and the net magnetization of the bulk material is small. 

At modest fields and temperatures, (H/kBT << 1), the magnetization (M) can be defined 

as M = Ng2β2HS(S+1)/3kBT (using a first approximation of the Brillouin function)76 and 

the molar magnetic susceptibility is defined as χ = M/H. Combining these two functions 

gives Equation 1 which is the Curie law, derived by Pierre Curie, where the Curie 

constant C = Ng2β2S(S+1)/3kB. 

  (1) 
 

Perfect paramagnets (Curie law magnets) are rare as electrons rarely exist in a spin 

dilute isotropic environment. Those systems that only deviate slightly from spin-only 

magnetism due to the existence of an internal field, the Weiss field (θ), can be described 

using a small modification of the Curie law. This is referred to as Curie–Weiss law where  

χ = C/(T – θ) and the Weiss constant θ has units of temperature. Rearranging this 

equation to that of a linear equation gives Equation 2. 

 
(2) 

 

χ = 
M
H

 = 
Ng2β2S(S+1)

3kBT
 = 

C
T

 

1
χ

 = 
C
T

–  
θ
C
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Thus a plot of 1/χ vs T has a slope equal to the Curie constant. The Weiss constant can 

be derived from the y-intercept and the sign and magnitude of the Weiss constant 

provides information about the nature and magnitude of the magnetic exchange 

interactions (Figure 1.7). A positive Weiss constant is consistent with ferromagnetic 

exchange, while a negative Weiss constant is consistent with antiferromagnetic exchange. 

Exchange interactions that occur in 2- or 3-dimensions lead to magnetic ordering with an 

ordering temperature referred to as Tc (critical temperature) when the interactions are 

ferromagnetic or TN (Néel temperature) when the interactions are strongly 

antiferromagnetic. Above the ordering temperature all magnets are paramagnets. 

T /K

1/χ

antiferromagnetic
θ < 0

ferromagnetic
θ > 0

paramagnetic
θ = 0

 

Figure 1.7. Reciprocal susceptibility 1/χ vs temperature demonstrating perfect Curie 
behaviour (―) and ferromagnetic or antiferromagnetic deviations from Curie behaviour 
(---) (Curie–Weiss). 

 

1.3.2 Intermolecular magnetic exchange interactions 

As two spin-bearing centres come into close physical proximity the magnetic orbitals 

come into contact and magnetic exchange interactions arise. With respect to this 

dissertation, the observed magnetic exchange interactions discussed in Chapters 2, 4 and 

5 occur exclusively via a direct exchange mechanism between two S = ½ units. For this 
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reason, the discussion of magnetic exchange pathways will be limited to McConnell I81 

and its extended version.82,83 

The quantification of magnetic exchange integrals based on the sign of spin density 

overlap has become known as the McConnell I mechanism. McConnell’s model for 

through-space magnetic exchange interactions was put forward in 196381 and suggests 

that when sites of spin density overlap, the sign and magnitude of the overlapping spin 

densities will determine the sign and magnitude of the magnetic exchange. The exchange 

interaction (Jij
AB) between two π-delocalized radicals A and B can be described by the 

Hamiltonian (3) below, where Si
A is the π-electron spin on atom i of molecule A and Sj

B 

is the π-electron spin on atom j of molecule B. 

  (3) 

 
Equation 3 can be re-written to give 4, where SA and SB are the total spin operators for 

molecules A and B and ρi
A and ρj

B are the spin densities on atoms i and j of molecules A 

and B respectively. 

 (4) 
 

Antiferromagnetic (−J) exchange is observed in systems that have overlap between 

atoms whose sign of ρ is the same (positive/positive or negative/negative). In π-

delocalized radicals, much of the spin density is positive and this explains the antiparallel 

spin coupling commonly observed along the direction of the π stack. In certain solid 

configurations there could be an atom of positive spin density exchange coupled to an 

atom of negative spin density, this scenario would give rise to ferromagnetic exchange 

contribution (+J).  

HAB = - ෍ Jij
ABSi

A·Sj
B

ij

 

HAB = -SA·SB ෍ Jij
ABρi

Aρj
B

ij
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Figure 1.8. Structure of p-nitrophenyl nitronyl nitroxide (a) and SOMO of tetramethyl 
nitronyl nitroxide (b). 
 

 

HOMO
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(i) Ground State
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(ii) Spin Polarization
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Figure 1.9. The ground state, spin polarization and spin delocalization configurations for 
an organic radical. 

 

The McConnell I mechanism has since been expanded to distinguish between spin 

density induced by spin polarization and spin delocalization.82 Consider the case in which 

a nitronyl nitroxide radical is covalently attached to closed-shell nitrobenzene. The 

SOMO is localized on nitronyl nitroxide (Figure 1.8) and the ground state electronic 

configuration can be described by differential population of the HOMO, LUMO, and 

SOMO in Figure 1.9.83 The overall electronic structure of a radical is the sum of all 

available spin configurations. The spin polarization configuration described by the 

HOMO to LUMO triplet excitation (Figure 1.9, ii) gives rise to alternating negative and 
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positive spin density. Additionally, there are two charge-transfer configurations that 

contribute to the overall spin density distribution (Figure 1.9, iii). These charge-transfer 

configurations result in positive spin density distribution via spin delocalization. The 

charge-transfer configurations are usually not considered as they do not contribute 

significantly to the overall spin distribution, however, in open shell donor–acceptor 

molecules like p-nitrophenyl nitronyl nitroxide above, as well as systems presented in 

this dissertation, the charge-transfer contribution to overall spin density is non-zero. 

Despite the number of structurally diverse organic radicals synthesized to date, 

ferromagnetic single component organic solids are extremely rare. For a system to be 

considered a ferromagnet, as opposed to exhibiting ferromagnetic exchange, it must show 

long range ordering of spins in the solid state.  Because magnetic exchange between non-

bonded S = ½ units relies solely on orbital overlap, the nature and magnitude of the 

observed exchange is dictated by solid-state packing interactions which are often weak. 

Although strategies can be employed to direct assembly (H-bonding, π-stacking, 

electrostatic interactions) there is no way of rationally designing an organic ferromagnet. 

All known organic ferromagnets are shown in Figure 1.10. Their critical temperatures 

(Tc) and coercive fields (Hc) are given in Table 1.1 and are in general lower than 2 K. 

Increased critical temperatures are observed in the main group organometallic radicals 

1.7 and 1.8 in which spin-orbit coupling present in the larger S and Se atoms contributes 

to the magnetic anisotropy.  
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Figure 1.10. Organic ferromagnets. 
 
 
Table  1.1. Summary of Weiss constant (θ) or magnetic exchange (J), critical 
temperature and coercive field for the known series of organic ferromagnets. 

Magnet θ (K) J (cm−1) Tc (K) Hc (Oe) 
1.2a - - 1.48 < 1 
1.3b 0.7 - 0.38 - 
1.4c 0.69 - 0.4 5 

β-1.5d 1 - 0.60 1 - 2 
γ-1.5e - ~ 3 0.65 - 
α-1.6f - 0.93 0.51 < 20 
β-1.7g - - 35.5 ~ 1 
1.8h 19.3 - 12.3 590 

a See reference 84. b See reference 85. c See reference 86. d See reference 87. e See 
reference 88.  f See reference 89. g See reference 90,91. h See reference 92.  

 

A room temperature organic ferromagnet has yet to be realized although the 

organometallic donor–acceptor V(TCNE)x polymer (Tc ~ 400 K) is often cited as proof 

of principle.93 Undoubtedly synthesizing an organic ferromagnet is challenging. We aim 
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to investigate how systematically varying molecular (and thereby electronic) structure 

gives rise to alternate magnetic exchange pathways and perhaps a generalized strategy for 

organic ferromagnets with higher critical temperatures.  

 

1.4 Conductivity in organic radicals 

Besides magnetic applications, organic radicals are researched for their potential use as 

molecular metals. Historically, research towards organic conductors, both molecular and 

polymeric, has used charge transfer (CT) to generate charge carriers.94-99 Accordingly, 

these conductive systems are two component systems requiring both a donor (D) and 

acceptor (A) molecule (although more recently both D and A have been incorporated into 

a single molecule, Section 1.6). Neutral π-delocalized radicals have also been proposed 

as building blocks for organic electrical conductors.100,101 In these systems the unpaired 

electrons act as the charge carriers.  

 

1.4.1 A qualitative discussion of band theory 

The notion of using organic π-delocalized radicals as units in molecular conductors 

arises from the idea that a stacked arrangement of radicals will, on the basis of band 

structure, be associated with a ½-filled energy band and a metallic ground state. In order 

to understand how molecular conduction could arise, and the limitations associated with 

this prediction, a brief discussion of electronic energy band structure is necessary.  

For chemists, the theory of electronic structure in solids is often based on molecular 

orbital (MO) theory, where molecular orbitals are constructed from linear combinations 

of atomic orbitals. A facet of this theory is that the number of molecular orbitals is 
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equivalent to the number of atomic orbitals used in their construction. Consider an H2 

molecule. At the simplest level of theory there are two orbitals, the bonding and 

antibonding combinations shown in Figure 1.11. As hydrogen atoms are sequentially 

added to H2 to give an Hn polymer, the number of molecular orbitals increases. Each 

orbital can be characterized by the number of nodes which in turn dictate the energy of 

each orbital. As n approaches Avogadro’s number NA (far right, Figure 1.11) the energy 

gap between individual levels decreases.102,103 

 

 

 
Figure 1.11. The progression of molecular orbitals for a hypothetical hydrogen 
polymer.103 



 

 

20
The diagram in Figure 1.11 is often described in terms of a Bloch function, where 

Bloch’s theorem states that the wave function (Ψk) for a periodic potential is equal to the 

product of a propagating wave multiplied by a function with periodicity in the crystal 

lattice.104,105 If the hydrogen polymer above is described in terms of a lattice with n = 0, 

1, 2, etc. where 0, 1 and 2 represent lattice points separated by a lattice spacing a, and 

there is an H 1s orbital (χ0, χ1, χ2) at each lattice point (Figure 1.12), then a linear 

combination of the atomic 1s orbitals gives the wave function in equation 5.103 The lattice 

spacing a is the length of the unit cell in one dimension and k is the wave vector. 

  (5) 

 

n= 0 1 2 3 4 ...

χ0 χ1 χ2 χ3 χ4

a

 

Figure 1.12. Notation used to describe the wave function of a linear chain of 1s H 
orbitals. 

 

From equation 5 it can be shown that the wave function corresponding to k = 0 is the 

all bonding combination (Figure 1.13) which corresponds to the lowest energy MO in 

Figure 1.11, while k = π/a gives rise to the all antibonding combination (Figure 1.13) 

which is the highest energy MO in Figure 1.11. 

  

Ψk = ෍ eiknaχn
n
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χ0 χ1 χ2 χ3 χ4

all bonding configuration

= ....

 
 
 

 

χ0 χ1 χ2 χ3 χ4

all antibonding configuration

= ....

 

 
Figure 1.13. Orbital combinations generated using two specific values of k: 0 and π/a.103 

 

There is a unique range of values for k defined by –π/a ≤ k ≤ π/a which is called the 

first Brillouin zone. The number of k values is defined by the number of discrete 

translations in the crystal which is simply the number of unit cells in the lattice. The 

variation in energy with k is defined as the dispersion of the band and a plot of E(k) vs k 

is a dispersion curve (Figure 1.14) or alternatively, a band structure. Although the 

dispersion curve appears to be a continuous function, k is both quantized and finite but 

can take on as many values as there is n.  

 k  = π/a     ψπ/a = ෍ eπinχn
n

= ෍ሺെ1ሻ୬χn
n

 

 k  = 0     ψ0 = ෍ e0χn
n

= ෍ሺ1ሻχn
n
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Figure 1.14. Dispersion curves for s- and p-orbitals in a theoretical array of atoms 
bonded along the z-axis. 

 

An important feature of a band is its dispersion, or bandwidth. Bandwidth is 

determined by overlap of interacting orbitals and the greater the overlap, the larger the 

bandwidth. This is observed directly in a dispersion curve as bandwidth (or dispersion) is 

the difference in energy between the highest and lowest levels in the band. Bandwidth is 

clearly dependent on the physical distance between interacting species and in this 

dissertation, only distances less than the sum of the van der Waals radii of the two atoms 

under investigation will be considered significant. It is also apparent that in molecular 

systems (to a first approximation) bandwidth and magnetic exchange are complementary 

as the observation of significant values for either requires sufficient orbital overlap 

between neighbouring units. For this reason, molecules selected for use in molecular 

magneto-conducting materials must be free of steric bulk that would hamper close solid 

state packing. 
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Figure 1.15. Projection of a theoretical dispersion curve (a) onto a DOS (b) and block 
diagram of a half filled band used to depict DOS (c). 

 

Dispersion curves also provide information about the distribution of states at a given 

energy level. This distribution is referred to as the density of states (DOS) which is 

defined as the number of states between E and dE. For a 1D systme, the slope of a plot of 

E(k) vs k is inversely proportional to the number of states at that E. Projection of a plot of 

E(k) vs k onto a DOS diagram portrays the number of states present at a given energy 

(Figure 1.15, b). A DOS diagram can also be rendered as a block diagram (Figure 1.15, c) 

where the level of band filling is determined by the number of electrons in the system. 

The energy of the highest occupied state is the Fermi energy (EF).  

 

1.4.2 Peierls distortions and Mott Hubbard states 

Metallic conduction occurs in solids where empty electronic states exist that are easily 

accessed by electrons at or near the Fermi level. This is often described as the absence of 

a gap between the highest occupied level and lowest unoccupied level. The filled band is 

the valence band and the unoccupied (empty) band is the conduction band. In a metal 



 

 

24
there is no energetic barrier for promotion of electrons to the conduction band and 

electrons can migrate to the conduction band and are free to move throughout the solid.  

 

 
Figure 1.16. Block diagrams depicting the band structure of a different materials. 

 

When a gap opens at the Fermi level, it is referred to as a band gap and it is the 

magnitude of the gap that dictates whether the material is semiconducting or insulating. If 

the gap is large (E >> kBT) electrons cannot be thermally promoted to the conduction 

band and the material is insulating. When the band gap is small enough (E > kBT) some 

electrons are promoted to the conduction band and the material is intrinsically 

semiconducting. Semiconductors can also be generated by doping, a process which 

results in the presence of holes in the valence band (p-doping) or electrons in the 

conduction band (n-doping). When an insulator is doped with an electron rich (relative to 

the parent system) dopant it is n-doped. Conversely doping with electron deficient 

species is referred to as p-doping. The block diagrams representing the different types of 

band structures for the above materials are shown in Figure 1.16. 

Finally this discussion can return to the original goal of using organic S = ½ radical 

units as building blocks for molecular metals. On the basis of simple band theory, a stack 

of strongly interacting radicals should lead to the realization of a molecular system with a 
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metallic ground state in the same way the theoretical hydrogen network gave rise to a 

metallic band structure.  

 

Figure 1.17. A single radical (a) and an ideal stack of strongly interacting radicals 
leading to formation of a metallic band (b).101 

 

Unfortunately the ideal array presented in Figure 1.17 is prone to instabilities 

associated with 1D chains resulting in either a Peierls distortion or the formation of a 

Mott insulating state. A Peierls distortions is the solid state equivalent of a pseudo Jahn–

Teller effect102,106 whereby lattice distortions lower the overall energy of the solid. Peierls 

instabilities result in the formation of closed-shell or closely associated open-shell dimers 

and the opening of a band gap at the Fermi level. Polyacetylene is an example of a one-

dimensional system with a half-filled band that is prone to Peierls instability.107,108 The 

distortion in polyacetylene results in highly localized electronic states in which bond 

alternation and low conductivity are observed. Peierls distortions are somewhat intuitive 

as the formation of molecular H2 is exactly what we as chemists would predict if our 

theoretical chain of hydrogen atoms were exposed to ambient conditions.  

The most common synthetic strategy employed to suppress Peierls dimerization, the 

incorporation of sterically bulky groups, unfortunately also results in an insulating state, 

albeit for entirely different reasons. When radicals are stabilized towards dimerization by 
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incorporating steric bulk orbital dispersion is diminished. The net result is a decrease in 

bandwidth and radical spins become trapped on individual S = ½ units. The resulting low 

bandwidth and high Coulomb repulsion between each radical unit leads to formation of a 

Mott insulating state. 

 

1.4.3 Single component molecular conductors 

At this time a comprehensive review of all neutral radicals used to generate molecular 

metals is beyond the scope of this introduction, however, the majority of research in this 

field is based on phenalenyl 1.9 and thiazyl 1.11 radical derivatives and the resulting 

properties of the various materials are briefly reported below. 

X = NR2, O
Y = OY

B
X

X

Y
R1 R1

S S
NN

R N

Y
X

NN
X

Y

R2

R1

X, Y = S or Se

1.9 1.10

1.11 1.12  

Figure 1.18. Phenalenyl 1.9, spirobiphenalenyl 1.10, thiazyl 1.11, and thiadiazyl 1.12 
radicals. 

 

Unsubstituted phenalenyl radical 1.9 was the first neutral radical synthesized to test the 

theory presented above. Radical 1.9 was reported by Haddon et al. in 1975 but was prone 

to a Peierls instability and formed insulating σ dimers in the solid state.100 The 2,5,8-tri-

tert-butylphenalenyl and perchlorinated phenalenyl radicals were synthesized in an 
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attempt to overcome σ dimerization. The steric bulk of the tert-butyl groups inhibited 

σ dimerization, however, π dimerization was observed.109 While the perchlorinated 

derivative did not dimerize, the chlorine atoms increased molecular separation and it 

behaved as a Mott insulator with a conductivity of only 10−10 S cm−1.110,111  

More recently the spirobiphenalenyl boron-centred radicals 1.10 based on the original 

phenalenyl framework have been investigated. Unlike the parent phenalenyl radicals, 

these systems have one spin per two phenalenyl units giving rise to a ¼-filled band in the 

solid state. This reduces the on-site Coulomb repulsion and allows for closer packing of 

the phenalenyl units. The properties of each individual material is highly dependent on 

substitution at R1 (and R2 when X = NR2). In some systems σ dimerization112 or face-to-

face π dimerization113 was observed, although interestingly when R1 = H and R2 = ethyl 

the conductivity was high despite π dimerization.113 Worth noting was the synthesis of an 

X = N(cyclohexyl) derivative that formed superimposed phenalenyl π stacks in the solid 

state. In this system the C…C intermolecular distances were shorter than the sum of the 

van der Waals separation and a high room temperature conductivity (σRT = 0.3 S cm−1) 

was observed.114 Many of the X = Y = O spirobiphenalenyl radicals have been found to 

be conducting at room temperature, although the conductivity is still activated.115 In 

many of the highly conducting spirobiphenalenyl systems close intermolecular contacts 

are present along more than one crystallographic axis and the dispersion of orbitals in 

more than one dimension may be giving rise to high room temperature conductivity. 

Following the publication of the parent phenalenyl systems, Oakley et al. began 

preparing their first neutral radicals based on the thiadiazolyl framework 1.11 (Figure 

1.18).116,117 The thiadiazolyl class of radicals aimed to combine the delocalization of 
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phenalenyl with the conducting properties of the (SN)x polymer. The thiadiazolyl radicals 

1.11 were stabilized (relative to the phenalenyl systems) by incorporating electronegative 

heteroatoms into the ring system. Much of the early work focused on 1.11 with various R 

groups. Numerous systems were prepared, however, the R substituent is located at a 

nodal position in the SOMO and little perturbation of the radical electronic structure was 

observed.118 Regardless of substituent, intradimer S-S bonds formed below room 

temperature and the conductivity was on the order of 10−9 S cm−1.119-123 Replacing the 

sulfur in 1.11 with selenium resulted in an increase in conductivity,124 consistent with the 

more diffuse selenium orbitals giving rise to a greater bandwidth.125 

The greatest success in the Oakley group has come with the synthesis of the so called 

‘resonance stabilized’ bisdithiazolyl (Figure 1.18, 1.12) radicals. A number of derivatives 

of 1.12 differing in R1 and R2 have been isolated and characterized.126-129 In these 

bisdithiazolyl systems spin density is delocalized evenly between the two dithiazolyl 

rings and the stability of these nitrogen-centred radicals improves accordingly. The room 

temperature conductivities were typically on the order of 10−6 S cm−1. As before, the 

replacement of S with two or four Se atoms to give bisthiaselenazolyl130 or 

bisdiselenazolyl131 radicals increased the room temperature conductivity to as much as 

10−3 S cm−1, the highest observed yet for this class of radicals.131  

 

1.4.4 Conducting donor–acceptor charge transfer salts 

Molecular systems with high room temperature conductivities have also been explored 

through the synthesis of two-component donor–acceptor (D–A) charge transfer salts. 

These systems consist of co-crystallized donor and acceptor molecules whose redox 

potentials are such that they promote either partial or complete charge transfer between D 
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and A. In some cases these salts exhibit remarkable room temperature conductivity, 

metallic behavior, unusually strong magnetic exchange, and superconductivity. 

The first reported example of a co-crystallized D–A complex exhibiting partial charge 

transfer and high conductivity came in 1973 from Ferraris et al.132 In 1974 Wudl et 

al.133,134 confirmed the electronic properties exhibited by the tetrathiafulvalene 1.13 

7,7,8,8-tetracyanoquinodimethane 1.14 (TTF:TCNQ) salt (Figure 1.19).  

S
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1.13

N

NN

N

1.14  

Figure 1.19. Tetrathiafulvalene (TTF, 1.13) and tetracyano-p-quinodimethane (TCNQ, 
1.14). 

 

The crystal structure of 1:1 TTF:TCNQ was reported soon after its synthesis.135 1:1 

TTF:TCNQ packs parallel to the b-axis in separated uniform columns of TTF radical 

cations and TCNQ radical anions (Figure 1.20, a). The cationic TTF interplanar stacking 

distance is 3.47 Å, while the anionic TCNQ interplanar stacking distance is 3.17 Å. The 

columns themselves pack as slipped π-stacks in a herringbone motif (Figure 1.20, b). 

Charge transfer occurs between TTF and TCNQ molecules that are in the same plane, 

while the direction of conductivity is parallel to the column. This directional 

orthogonality between charge transfer and conductivity is common for charge transfer 

salts. 
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Figure 1.20. Segregated π-stacked columns (left, centre) and sketch illustrating 1D 
herringbone stacking (right) in a 1:1 TTF-TCNQ charge transfer salt.135,136 

 

When considering organic charge transfer salts, the conductivity pathway is along the 

direction of greatest orbital overlap, giving rise to bandwidth parallel to the π stacks. 

Partial band filling as a result of incomplete electron transfer creates holes and is 

responsible for the conductivity observed along the stack. Partially filled bands can be 

deliberately introduced by controlling the stoichiometry of the donor and acceptor. If, for 

example, the donor and acceptor are present in a 2:1 ratio (complex salt), complete 

charge transfer will result in a non-integer oxidation state in two of the molecules.  

Since the initial report of TTF-TCNQ,132 hundreds of derivatized TTF-TCNQ charge 

transfer salts with a range of different properties have been reported.94,95 Isostructural 

analogues of many of these systems have been synthesized with heavier selenium and 

tellurium atoms replacing sulfur atoms.131,137 Aside from TTF derivatives, several charge 

transfer salts exist where benzo[1,2-d;4,5-d′]bis[1,3]dioxole derivatives, 1,2,5-thiadiazole 

derivates, N,N,N,N-tetramethyl-p-phenylenediamine and DMPH (5,10-dimethyl-5,10-
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dihydrophenazine) act as donor molecules.96,97 To date there is still a very small pool of 

acceptors and most acceptors are TCNQ/TCNE (TCNE = tetracyanoethylene) 

derivatives, although C60
98 and quinones, such as dichlordicyanoquinone (DDQ),96 have 

also been used as acceptors.  

The conductivity in charge transfer salts is critically dependant on intermolecular 

interactions in the solid state.  Crystal packing is manipulated through the use of planar 

π-delocalized molecules and nearly all molecules used in charge transfer salts fit this 

description. Planarity allows for the closest possible packing arrangement, while 

π delocalization results in strong π overlap, creating a pathway for the conducting 

electrons. Delocalization also stabilizes excess charge through resonance. Since partial 

charge transfer is desired, as it tends to result in higher conductivity,94,138 the difference 

between the first oxidation potential of the donor and the first reduction potential of the 

acceptor is also considered. Partial charge transfer is estimated to occur when the donor 

and acceptor have a difference in redox potentials of EA − ED ≤ +0.25 V.138 

 

1.5 Electron transfer theory in organic donor–acceptor systems 

As we propose using open-shell covalently bound donor–acceptor systems as building 

blocks for magnetic conductors, a short introduction to electron transfer theory is 

necessary. This includes a brief discussion of Marcus theory followed by an overview of 

the Robin–Day classification system.  

Marcus’ fundamental relationship in electron-transfer theory, namely the dependence 

of the rate of electron-transfer (kET) on the reorganization energy (λ) and free energy 
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(ΔGº), can be derived mathematically by treating two overlapping potential energy wells 

(as described above) as simple parabolae (Figure 1.21).  

 

Figure 1.21. Free energy curve for an asymmetric (ΔGº ≠ 0) electron transfer event. 
Reproduced as in reference 139. 

  

The free energy curves in Figure 1.21 were solved in terms of the free energy barrier 

ΔG‡ to give equation 6.140,141  

 (6) 

Substitution of 6 into the Arrhenius equation gives 7, which has since become the most 

influential relationship in electron transport theory.139,142-144 

  
(7) 

 
This fundamental relationship describes how the rate of electron transfer depends 

critically on the reorganization energy and free energy of the reaction. The reorganization 

energy can be broken down into two parts as given in 8, where λi is the inner-sphere 

reorganization energy and λo is the outer-sphere reorganization energy.  

 (8) 

kET = A exp ൥
(-∆Go+λ)2

4λkBT
൩ 

λ = λo+ λi 

∆G‡=
1
4λ

(λ +∆Go)2 
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The inner-sphere reorganization energy is the energy associated with the population of 

various intramolecular vibrational modes. The outer-sphere reorganization energy is the 

energy required to reorient the permanent solvent dipole moment and polarized electron 

cloud before and after a charge transfer event. The redistribution of the electron cloud is 

rapid when compared to the rate of electron transfer, however, the reorientation of 

permanent dipole moments can be slow. For this reason, the rate of some electron transfer 

reactions may be controlled by the polarity of the solvent.140-143 

Perhaps the most interesting and experimentally valuable phenomenon related to 

electron transfer is the ability to use the energy of the optical transition to calculate the 

thermal barrier to charge transfer. This relationship was derived by Hush and included as 

an addendum to Marcus theory resulting in the development of the experimentally 

practical Marcus–Hush theory.145 

 

Figure 1.22. Potential energy curves illustrating an optically induced electron transfer for 
both the (a) symmetrical (ΔGº = 0) and (b) non-symmetrical (ΔGº ≠ 0) cases. Adapted 
from reference 146. 

 

An optically induced electron transfer is illustrated in Figure 1.22. The energy and 

shape of the absorption band is dictated by the intramolecular and solvent vibrations, λi 

and λo. These are the same λi and λo that determine the rate of thermal electron transfer. 
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When the potential energy curves in Figure 1.22 are considered, a relationship between 

the optical transition and λ can be derived for both symmetrical (equation 9) and 

unsymmetrical (equation 10) cases.142,146 

 (9) 

 (10) 

If the unsymmetrical case is considered and 10 is substituted into equation 6, the 

thermal activation energy (ΔG‡) may be determined from equation 11.146,147 

 
 (11) 

 

Experimentally, Marcus–Hush theory is extremely useful as the energy of the optical 

absorption can be used to calculate the thermal barrier to electron transfer. In reality this 

relationship becomes much more complex but can still be used to calculate ΔG‡ as well 

as several other electron transfer parameters, including the electronic coupling matrix 

element (V) and kET.148  

 

1.5.1 Characterization of electronic coupling in solution 

It has been over 40 years since Robin and Day first introduced their electron transfer 

classification system.149 Robin and Day divided donor–acceptor systems into three 

classes based on the degree of the electronic coupling interaction; these three classes are 

depicted in Figure 1.23. It should be noted that the electronic coupling matrix element is 

represented in the literature by several different letters or symbols with the most common 

being V or Hab. For the sake of continuity this dissertation will use V explicitly. 

 

Eop = λ = λo+ λi 

Eop = λ + ∆Go 

∆G‡ =
(Eop)2

4(Eop- ∆Go)
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Figure 1.23. Potential wells depicting the Robin–Day classification system.147 
 

The classification of a system as either class I, II or III depends on the strength of the 

electronic interaction (V) between the donor and acceptor moieties. In class I, the 

interaction between redox centers is negligible (V = 0)150 and the complex only exhibits 

spectroscopic properties associated with each individual oxidation state. Class I systems 

are common when the system has a large internuclear separation or highly localized 

orbitals on the donor and acceptor. The class I systems are non-adiabatic (diabatic) as the 

electron must cross over a thermal barrier to a different potential energy surface during 

electron transfer.146,147 In class I systems, the main mechanism for electron transfer is 

electron tunneling.  

The class II systems are those which are weakly coupled electronically (0 < V < 

λ/2).150,151 The weak electronic coupling will slightly alter the properties of each redox 

site and the system may also exhibit new spectroscopic properties that are not 

characteristic of either redox center. A thermal barrier to electron transfer still exists but 

the overlap is strong enough that the system is now classified as weakly adiabatic. In an 

adiabatic electron transfer process the electron remains on a single potential energy 

surface.146,147 The class III systems are strongly electronically coupled (V > λ/2).150,151 

The electron is considered fully delocalized and a thermal barrier to electron transfer no 
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longer exists. The class III systems exhibit new spectroscopic properties owing to the fact 

that the redox sites now have an averaged valency. These new properties are often quite 

distinct from those of the original isolated redox sites. 

Purely organic donor–acceptor systems were not investigated until well after electron 

transfer theory had been established with respect to inorganic complexes. This is 

predominantly because one-electron processes are much less common in organic 

chemistry. Additionally, organic donor–acceptor systems are theoretically more difficult 

to evaluate as the electron is usually delocalized over a number of atoms and the redox 

center is not well defined. This is contrary to inorganic complexes where the electron 

transfer occurs predominantly between the transition metal atoms. Although the decay in 

electronic coupling as a function of distance is similar in organic and metal 

compounds,152 the electronic coupling in organic systems is stronger on average than that 

in metal-based systems.153 This alone makes organic molecules attractive targets for use 

in molecular electronic devices. 

 

1.6 Our stratagem towards organic magneto-conductors 

We are interested in elucidating relationships between the electronic structure of the 

individual radical units and their observed bulk properties with the expectation that this 

will ultimately lead to rational design of magneto-conducting materials. For this reason 

we must be able to obtain structural information and have elected to study molecular 

systems. In particular, we are interested in understanding how D/A interactions affect the 

interplay between electronic structure and solid state packing which in turn affects 

magnetism, conductivity and solid state absorption spectroscopy. In some ways we are 
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bringing together the two schools of thought on molecular conductivity. We are still 

using the single molecule S = ½ subunits, however, we are introducing the D–A 

interactions used by the charge transfer salt community to realize high conductivities.  

Chemically bonding the donor and acceptor removes some of the serendipity 

associated with packing in a two-component system, yet the conduction electrons can still 

be supplied by an electron transfer event between D and A. Our proposed molecular 

architecture covalently bonds accepting planar π-delocalized benzonitronyl nitroxide 

radicals with donors of varying strengths in D–A and D–A–D type motifs (Figure 1.24). 

Planar π-delocalized systems are attractive from a crystal engineering perspective as they 

often form π stacks with close intermolecular contacts. Electrostatic D–A interchain 

interactions are expected to lead to slippage along the stacks, leading to an offset of the 

Peierls distortions often associated with 1D π stacks. Maintaining a neutral charge is also 

important as coulomb repulsion between individual units will be minimal. 
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Figure 1.24. Donor–acceptor (left) and donor–acceptor–donor (right) benzonitronyl 
nitroxide radicals. 
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Figure 1.25. Neutral open-shell donor–acceptor systems. 
 

There are very few examples of neutral delocalized open-shell donor–acceptor 

molecules, those known are shown in Figure 1.25. Solution phase electron transfer in 

parent electron-donating triphenylamine/electron-accepting perchlorinated 

triphenylmethyl radical 1.15 and its derivatives has been scrupulously studied.  Each 

radical in series 1.15 exhibits weak absorption bands in the NIR (11 000 – 13 000 cm−1) 

attributed to an optically induced charge transfer transition between the accepting 

perchlorinated phenylmethyl radical and the donating triphenylamine.154,155 Charge 

transfer was confirmed by measuring the absorbance of the transition in twelve different 

solvents, ranging from nonpolar n-hexane to strongly polar acetonitrile. Although the 

solid state properties have not been investigated in these systems, this series of 

comprehensive solution phase experiments is important within the context of our work as 
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it demonstrates electron transfer in open-shell organic D–A systems behaves exactly as it 

would in a closed-shell analogue. Similar solution phase behavior, namely the 

observation of a low energy CT transition, was observed in ferrocene perchlorinated 

triphenylmethyl radical 1.16 and its derivatives.156-158 The tetrathiafulvalene (TTF) 2,5-

di-tert-butyl-6-oxophenalenoxyl 1.18 neutral D–A radical also exhibited a 

solvatochromic solution phase charge transfer band. EPR and UV–vis spectroscopy 

showed reversible thermochromic interconversion between the neutral radical and charge 

separated oxophenalenoxyl anion/TTF cation.159 This temperature dependent equilibrium 

has been well studied in cationic dihydrazine D–A species148,160,161 and is an interesting 

solution phase phenomena that, if present in the solid state, could lead to thermally 

accessible conducting and magnetic states and switching applications.  

Conductivity was only measured in two of the above systems (Figure 1.25, 1.17 and 

1.19), both of which were found to be semiconducting at room temperature. In the case of 

the TCNQ derivative162 1.17 the powder conductivity was 3.2 x 10−5 S cm−1 while the 

conductivity of a polycrystalline sample of tetramethyl nitronyl nitroxide derivative163 

1.19 was 9 x 10−4 S cm−1. Magnetic exchange interactions have only been examined in 

1.19 where the exchange was weakly ferromagnetic along π stacks 

(intrachain J/kB = 6.5 K) and weakly antiferromagnetic between chains (interchain 

J/kB = −1.1 K).163 
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Figure 1.26. Metal dithiolene complexes. 
 

Although not solely organic, metal dithiolene complexes (where A is an electron poor 

metal) are examples of neutral D–A−D systems. Bis-1,2-dithiolene complexes contain 

unpaired electrons and a planar delocalized electronic structure164 that has resulted in the 

observation of ferromagnetic ordering (Tc = 4.5 K),165-167 metallic conductivity,168 and 

superconductivity. The first conducting M(dmit)2 salt (dmit = 4,5-dimercapto-1,3-

dithiole-2-thione), (Bu4N)2[Ni(dmit)2]7·2CH3CN was reported in 1983.169 Since then a 

number of metal dithiolene complexes have been reported.164,168,170 The first metal 

dithiolenes were one-dimensional systems with dispersion along chains of stacked 

molecules with short S…S contacts.168 They showed conductivities on the order of those 

observed for the 1D organic phenalenyl and thiadiazolyl radicals and were subject to the 

same types of lattice instabilities discussed above. Increasing the dimensionality of the 

solid state structure eliminated the Peierls instability and later bisdithiolene complexes, 

such as Ni(tmdt)2 1.20 (tmdt = trimethylenetetrathiafulvalenedithiolate)171 in Figure 1.26, 

showed remarkably high conductivities, genuine 2- or 3D Fermi surface and metallic 

ground states.168 Metal dithiolenes are important within the context of this research as 

they show both the importance of higher dimensionality band structure on conductivity 
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and that high conductivity can be achieved through orbital overlap between smaller p-

block elements (in this case sulfur).  

Only a handful of organic open-shell donor acceptor compounds have been 

synthesized, likely because very few organic radicals exist that are either strongly 

accepting or donating. Annelation of tetramethyl nitronyl nitroxide has provided us with 

a planar delocalized radical with redox properties appropriate for incorporation into D–A 

molecular systems.172 By incorporating the benzonitronyl nitroxide radical into D–A 

molecules we aimed to investigate the effect of intramolecular electron transfer of the 

solid state properties of open-shell systems. 

 

1.7 Scope and organization of this dissertation 

Research in the Frank group has been driven by the need for new stable spin 

delocalized organic radicals with unique solid state properties for magneto-conducting 

applications. Prior to this work, the synthesis of a number of benzonitronyl nitroxide 

radicals was shown to be feasible, however, radical generation suffered from poor yield 

and reproducibility and the radicals were not isolated in high purity.  

The second chapter of this dissertation describes the development of a mild synthetic 

methodology allowing for the synthesis of a number of benzonitronyl nitroxide 

precursors, of which a subset was selected for radical generation. The electronic structure 

of the series benzonitronyl nitroxide radicals were investigated through solution phase 

techniques (EPR, UV–vis–NIR, and cyclic voltammetry) and compared to computational 

results. Annelation was found to result in a remarkably low reduction potential (relative 

to the parent tetramethyl nitronyl nitroxide) making this class of radicals ideal for use as 
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electron acceptors in donor–acceptor systems. The solid state packing was investigated 

through X-ray crystallography and the crystallographic data was used to interpret the 

observed magnetic exchange. 

The focus of the third chapter is on understanding the effect of increased conjugation in 

this class of benzannelated radicals. A series of π-delocalized and heteroaromatic radical 

precursors were synthesized and fully characterized. The electronic affinity (EA) and 

electronic structure of each radical was evaluated computationally and compared to their 

respective reduction potential and EPR spectrum in order to gain insight into the 

relationships between spin density distribution, redox potential and radical stability 

(solution phase lifetime). 

The fourth chapter describes the synthetic methodology developed to allow for 

incorporation of benzonitronyl nitroxide radical acceptors into donor–acceptor–donor 

arrays. Solution phase techniques were used to evaluate the spin density distribution and 

electronic structure of these triads. A charge transfer excitation was observed in the 

visible region of the absorption spectrum and was studied using variable temperature 

spectroscopy and modeled computationally in order to gain insight into the solution phase 

structure, extent of radical delocalization and nature of the excited state. The solid state 

packing was determined by single crystal or powder diffraction crystallography. The 

effects of intermolecular donor–acceptor interactions on solid state packing, magnetic 

exchange and conductivity were explored. 

Chapter five describes the synthesis of a series of benzonitronyl nitroxide donor–

acceptor molecules where the difference in potential (ΔE = Eox − Ered) between donor 

(Eox) and acceptor (Ered) was systematically decreased. The effects of decreasing ΔE on 
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radical electronic structure and electronic coupling (V) were assessed through solution 

phase spectroscopy and cyclic voltammetry. The conductivity and magnetism of the D–A 

radicals was measured and when possible interpreted in terms of solid state packing. 
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Chapter 2: Synthesis of π-Delocalized Benzannelated Nitronyl 

Nitroxide Radicals 

2.1 Stable radicals for multifunctional materials 

Radicals are often thought of as highly-reactive short-lived species. Loss of the spin 

bearing centre occurs through dimerization, hydrogen abstraction and disproportionation 

and often the activation barrier to these reaction pathways is negligible. When designing 

stable radicals, certain architectures can impart thermodynamic or kinetic stability. 

Radicals in which the spin density is delocalized over a number of atoms have greater 

thermodynamic stability toward dimerization and H-atom abstraction due to resonance 

stabilization. In addition, lower electrochemical disproportionation energies and lower 

lying excited states are typically observed, making them appropriate for use in materials 

science applications.  

Many otherwise unstable radicals can be kinetically stabilized by the incorporation of 

sterically bulky substituents, however, the very features providing stability obstruct 

potentially interesting solid state interactions which would otherwise be observed through 

close intermolecular contacts. As our interests lie in designing magneto-conducing 

systems, we require organic radicals that are thermodynamically stable towards 

dimerization and whose kinetic stability does not rely on steric protection. 
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Figure 2.1. Classes of neutral stable organic radicals. 
 

The oldest, and arguably most well-known example of a stable carbon-based radical is 

Gomberg’s radical (triphenylmethyl radical 1.1)1 though it was not isolated in its free 

radical state for some time. At 5 ºC in benzene, only 2 – 3 % of triphenylmethyl radical is 

present in its dissociated form while the remainder exists as a head-to-tail dimer 2.6 

(Figure 2.2).173,174 The existence of such a dimer is evidence that the unpaired electron 

does not reside solely on the central carbon, but is delocalized into the phenyl rings. The 

SOMO (Figure 2.3) reflects this delocalization and is consistent with EPR spectroscopy 

which indicates ~30 % of the spin density resides on the central carbon, with significant 

spin populations at the ortho and para positions of the phenyl substituents.175 

Chlorination of triphenylmethyl radical 1.1 increases the radical stability towards 

dimerization by steric protection by the large chlorine atoms on the aryl rings with little 

change in spin density distribution.176 This subset of triarylmethyl radicals, the 

perchlorotriphenylmethyl (PCTM) radicals are remarkably stable, having lifetimes on the 

order of decades – even when stored under ambient conditions.176-178 
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Figure 2.2. Equilibrium between triphenylmethyl radical and its dimer. 
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Figure 2.3. Resonance structures and SOMO of triphenylmethyl radical 1.1. 
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Figure 2.4. Phenalenyl radical and SOMO. 
 

Phenalenyl 1.9 is a neutral π-conjugated hydrocarbon radical that is in many ways 

similar to the triphenylmethyl radical. Phenalenyl radicals possess a fused polycyclic 

planar structure whose unpaired spin is delocalized over the periphery of the molecular 

skeleton with the central carbon occupying a nodal position (Figure 2.4).179,180 

Unsubstituted phenalenyl is kinetically unstable and immediately undergoes 

σ dimerization, consequently it cannot be isolated in the solid state. Introducing 
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substituents at the β carbon renders phenalenyl radicals inert to σ dimerization,109,111 

however, certain derivatives have been shown to form face-to-face π dimers (Section 

1.4.3). 

Phenoxyl radicals 2.1 are electron deficient oxygen-centered radicals, with the majority 

of spin density located on the oxygen heteroatom.181 A smaller percentage of spin density 

is located at the ortho and para positions and the overall spin density distribution is best 

described using resonance structures analogous to those described above for the 

triphenylmethyl radical 1.1. To date, the most stable phenoxyl radicals are those 

substituted with bulky alkyl or aromatic groups at the ortho and para positions, with the 

tert-butyl and methyl (oxidized BHT) derivatives 2.7 being the most ubiquitous. Among 

phenoxyl radicals, the galvinoxyl radical182 2.8 (Figure 2.5) has received much attention 

due to the observed ferromagnetic-to-antiferromagnetic phase transition and exceptional 

stability.183 

OO
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Figure 2.5. tert-Butylphenoxyl and galvinoxyl radicals. 
 

The nitroxide 2.2 and nitronyl nitroxide 2.3 radicals (Figure 2.6) are undoubtedly the 

most comprehensively studied class of stable radicals.184-192 Nitroxides have substantial 

spin density delocalized over both nitrogen and oxygen,193 with little spin present on any 

other atoms in the molecule. Nitronyl nitroxides are further stabilized by delocalization of 

the unpaired electron over the O–N–C–N–O moiety with a node on the central (C2) 
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carbon atom. Nitroxides are inherently stable and σ dimers have never been observed as 

the N–O–O–N heteroatom chain formed upon dimerization would be a highly reactive 

species as a result of lone pair-lone pair repulsion. The overall nitroxide stability is 

dependent on the N-substituents and radical decomposition tends to occur by 

disproportionation. Nitroxides have been intensively studied for use as spin traps and 

labels,194-198 while nitronyl nitroxides have been used as building blocks for magnetic 

materials188,192,199-201 with p-nitrophenyl nitronyl nitroxide representing the first example 

of an organic ferromagnet.83,87,88 
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Figure 2.6. Nitroxide radical 2.2, nitronyl nitroxide radical 2.3, and nitronyl nitroxide 
SOMO. 

 

 

N1
N2 N4

N5
R' R''

R

R''' R''''

N
N N

N
R' R''

R

N
N N

N
R' R''

R

2.9 2.10 2.11

O S

6

 

Figure 2.7. Verdazyl 2.9, oxoverdazyl 2.10 and thioxoverdazyl 2.11 radicals. 
 

The nitrogen centered verdazyl radicals202-205 have been extensively studied as a result 

of their exceptional chemical stability.202 Verdazyls are categorized according to the 

nature of the C6 carbon which is either sp3 or sp2 hybridized and substituted with two 
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hydrocarbon R groups 2.9, oxygen 2.10 or sulfur 2.11 (Figure 2.7). Verdazyl EPR spectra 

are dominated by a nine-line pattern arising from coupling to four nearly equivalent 

heterocyclic nitrogen atoms. Consistent with this, the greatest degree of positive spin 

density is present on the four nitrogen with a small amount of negative spin density at C3. 

Verdazyl radicals have primarily been investigated for use as spin-bearing centers in 

organic and metal-organic magnets,203,206 although more recently they have been 

successfully used as radical initiators in 1,3-dipolar cycloadditions207 and living 

polymerizations.208 

Stable radicals based on the thiazyl (SN) fragment include the thioaminyl 2.5, 

dithiazolyl 2.12, dithiadiazolyl 2.13, and thiatriazinyl 2.14 derivatives (Figure 2.8).209-212 

The SOMO of each derivative is heavily concentrated on the sulfur and nitrogen atoms, 

although the cyclic thiazyl radicals have non-negligible contributions to the SOMO 

elsewhere in the molecule.209 In contrast to the verdazyl and nitroxide radicals, thiazyl-

based radicals have a tendency to undergo both σ and π dimerization (Section 1.4.3). The 

conductivity and magnetism of thiazyl radicals has been extensively researched.213-215 

Certain thiazyl derivatives have been found to exhibit unique phenomena such as 

magnetic bistability213,216-218 and exceptionally strong antiferromagnetic exchange119 and 

ferromagnetic ordering.90,91  
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Figure 2.8. Organothiazyl radicals. 
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Among the stable radicals discussed above, nitroxide 2.3, nitronyl nitroxide 2.3, 

verdazyl 2.4, and thiazyl 2.5 radicals have played a central role in the development of 

organic spin containing magnetic materials due to their ease of synthesis and high 

stability. The imidazolidinyl-based nitronyl nitroxides 2.3 are the most ubiquitous family 

of stable radicals used for magnetism pursuits, and have been intensely studied for the 

development of magneto-structural correlations in the solid state.185 In an effort to 

develop new kinds of organic multifunctional materials, we have investigated a new class 

of spin-delocalized radicals, the annelated nitronyl nitroxides. Annelation of 

imidazolidinyl nitronyl nitroxide leads to a stable, planar spin-delocalized radical,219-221 

benzonitronyl nitronyl nitroxide (BNN 2.15, Figure 2.9), which exhibits strong magnetic 

exchange through efficient π–π interactions in the solid state.222,223  
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Figure 2.9. The tetramethyl nitronyl nitroxide 2.3 and benzonitronyl nitroxide 2.15 
radicals. 

 

Substitution of BNN at C2 with electron deficient aryl groups (more specifically, a 

series of halogenated phenyl rings and a 3-cyanophenyl group) was found to result in a 

factor of two increase in the magnitude of the exchange interactions.223 Both 

antiferromagnetic and ferromagnetic exchange interactions were observed and were 

found to be entirely dependant on the crystal packing motif. Like the phenyl substituted 

BNN 2.15a, the radicals adopted a nearly planar geometry with the exception of any 

systems containing ortho-substituted C2 substituents which exhibited high degrees of 
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torsion between the benzimidazole and phenyl rings.223 This was also the first 

documented example of BNN radicals exhibiting ferromagnetic exchange in the solid 

state. Despite the unusual magnetic exchange interactions found in these systems, this 

class of radicals is poorly understood relative to the parent tetramethyl nitronyl 

nitroxides. 

BNN radicals are of interest in that they possess (i) stability toward dimerization in 

solution and the solid state without the incorporation of bulky substituents giving rise to 

(ii), a planar topology for strong intermolecular interactions in the solid state, and (iii) 

delocalized spin density that provides multiple indirect and direct magnetic exchange 

pathways critical for conducting and magnetic materials development. Despite the 

unusually strong magnetic interactions found in these systems, there are precious few 

reports of the synthesis and magnetic characterization219,222-224 of annelated nitronyl 

nitroxides, and virtually nothing is known about the effect of substitution on the spin 

density distribution and electronic structure of these systems.  
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2.2 Synthesis 

Early synthetic approaches involve the preparation of radical precursor 2.16 by 

condensation of nitrosobenzene 2.17 with benzonitrile oxide,225 acid-catalyzed 

condensation of o-benzoquinone dioxime 2.19 with arylaldehydes,226 and base-catalyzed 

condensation of benzofuroxan 2.18 with primary nitroalkanes227 (Scheme 2.1). These 

synthetic routes require either strongly acidic conditions, limiting the nature of the 

functionality, or suffer from poor reproducibility and low yields.  

 
Scheme 2.1. Previous methodology for the preparation of BNN radicals. 
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 a Reagents and conditions: (i) PhNO; (ii) RCH2NO2, NR3; (iii) NH2OH; (iv) RCHO, 
H+/EtOH; (v) PbO2 or NaIO4. 

 

We have developed a generalized synthetic methodology for annelated nitronyl 

nitroxides with varying functionality based on the condensation of benzofuroxan with 

nitrone in nonpolar solvents. A series of radical precursors were synthesized in which 

heteroaromatic, aromatic, and alkyl substituents could be incorporated at the C2 position 

of the radical (Scheme 2.2). 
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Scheme 2.2. Synthesis methodology developed for the synthesis of BNN radical 
precursors 2.16a-l and BNN radicals 2.15a-e.a 
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a Reagents and conditions: (i) NH4Cl, Zn, H2O, 80 %; (ii) EtOH, 70 – 90 %; (iii) toluene, 
Δ, 55 – 70 %; (iv) nBu4NOH, toluene, followed by AgOTf, rt, 19 – 47 %. 

 

The functionality of interest can be introduced via an aldehyde, which upon 

condensation with N-phenylhydroxylamine 2.20228 generates functionalized nitrones 

2.21a-l in good yield. Condensation of commercially available benzofuroxan with the 

nitrones of interest in refluxing toluene leads to precipitation of insoluble radical 

precursors 2.16a-l. Thus, the radical precursors can be generated under neutral conditions 

in moderate yield. Initially oxidation was carried out on the protonated precursor in 

benzene with lead(IV) oxide.172 This reaction consistently led to low yields of impure 

product as evidenced by the low magnetic moment of the isolated solid (measured by 
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SQUID magnetometry) and inaccurate elemental analysis.223 Both lead(IV) oxide and the 

radical precursors are insoluble in all organic solvents, including DMF and DMSO. The 

insolubility of the radical precursors is attributed to the formation of strong hydrogen 

bonds between neighboring oxide and hydroxyl groups. The heterogeneity of the reaction 

mixture meant that most precursor was not being oxidized and was being discarded with 

the solid lead waste. Additionally, once cyclic voltammetry was obtained on the first 

BNN radical samples it became apparent that lead(IV) was too strong of an oxidant (1.70 

V vs SCE, 25 ºC, 1 atm, aqueous solution)229 as its oxidation potential is greater than the 

second radical/cation oxidation process (BNN•/BNN+, Figure 2.12; E1/2(ox), Table 2.2). It 

was believed that reducing the oxidation potential of the oxidant and selecting an oxidant 

that was soluble in organic solvents would lead to an increase in isolated yield. 2,3-

Dichloro-5,6-dicyanobenzoquinone (0.53 V vs SCE, CH3CN),230 tris(4-

bromophenyl)aminium hexachloroantimonate (1.1 V vs. SCE),230 silver(I) 

trifluoromethanesulfonate, and silver(I) hexafluorophosphate (Ag+/Ag redox couple is 

highly solvent dependant; 1.05 V vs SCE in CH2Cl2)230 all successfully oxidized the 

radical precursors, however, the silver salts resulted in the cleanest reaction and were 

selected for routine use.  

This methodology consistently led to clean generation of radical with the exception of 

2-pyridyl derivative 2.16b, which is a potentially good ligand. When oxidation of 2.16b 

was attempted, the addition of silver(I) caused immediate precipitation of a bright red 

diamagnetic powder. While the identity of the solid was never confirmed it is likely a 

silver benzonitronyl nitroxide coordination complex arising from bidentate coordination 
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of the nitronyl nitroxide oxygen and pyridyl nitrogen lone pair. Precedence for this exists 

as (2-pyridyl)iminonitronyl nitroxides are known to coordinate silver.231,232 

Although a cleaner reaction was observed with silver(I), the isolated yield of radical 

was still too low to allow for complete characterization of the system on a single batch of 

product. This was addressed by solubilizing the radical precursor through deprotonation 

with tetrabutylammonium hydroxide to generate a precursor anion salt 2.22 (Scheme 

2.3). Initially this was done as a first step in the oxidation procedure but it was later found 

the tetrabutylammonium salt could be cleanly precipitated from nonpolar solvents and 

stored in the absence of light at room temperature for long periods of time without 

noticeable decomposition.  

 
Scheme 2.3. Generation of [tetrabutylammonium][BNN] salt.a 
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a Reagents and conditions: (i) NBu4OH, toluene. 

 

The improved methodology meant the radical anion and oxidizing agent could be 

combined to give a homogeneous solution. A subset of radical precursors (2.16a-e) were 

solubilized and oxidized in nonpolar solvents yielding yellow-green solutions with EPR 

spectra characteristic of nitronyl nitroxide radicals. Removal of the solvent under reduced 

pressure allowed for isolation of radicals 2.15a-e in moderate yields (19 – 47 %, 

depending on radical solution stability). Analytically pure samples could be obtained by 

flash column chromatography on neutral alumina or low temperature (−78 ºC) 
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precipitation to yield brown microcrystalline needles. In general the series of radicals 

were stable in solution for up to 12 h and indefinitely stable in the solid state with the 

exception of 2.15b which was found to decompose quickly in solution. 

 

2.3 Solution phase characterization 

The EPR spectra of annelated nitronyl nitroxides 2.15a-e exhibit g-values of 2.007 ± 

0.0003 and a five-line pattern with relative intensities of 1:2:3:2:1 consistent with 

hyperfine coupling to two equivalent nitrogen (Figure 2.10).  

 

 

Figure 2.10. EPR spectrum of 2.15a (top = experimental, bottom = simulated, R > 0.99), 
10−5 M solution in dry, degassed toluene at room temperature. Spectrum collected by Dr. 
Steven Bowles during earlier work on BNN radicals.172 

 

Experimental hyperfine coupling constants (hfcc’s) for each radical are reported in 

Table 2.1. Hyperfine coupling constants for the nitrogen in the benzimidazole moiety (N1 

and N3) in 2.15a were found to be a(N1,3) = 4.328, roughly 60 % of that found for the 

parent radical 2.3 (7.4 G), consistent with significant spin delocalization into the 

annelated aromatic moiety. Superhyperfine coupling constants can be resolved for 
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coupling to two equivalent sets of protons on the annelated ring (Hα and Hβ) and the aryl 

substituent protons, consistent with ~20 % of the total spin density residing in the 

annelated ring. The N1, N3, Hα and Hβ hfcc’s were nearly equivalent for the series of 

BNN radicals consistent with little perturbation of the spin system upon functionalization 

at C2. 
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Figure 2.11. Labelled nitrogen and hydrogen atoms of radicals 2.15a-e. 
 

Table  2.1. Experimental g-values and hyperfine coupling constantsa for radicals 2.15a-e. 
Refer to Figure 2.11 for nitrogen and hydrogen labeling. 
 2.3b 2.15a 2.15b 2.15c 2.15d 2.15e 
g 2.007 2.007c 2.0073 2.0072 2.0070 2.0070 
aN1,3) 7.435 4.370 4.260 4.260 4.372 4.378 
a(Npyr) - - 0.690 0.690 - - 
a(Hα) - 0.930 0.920 0.910 0.991 0.957 
a(Hβ) - 0.650 0.690 0.730 0.742 0.698 
a(Ho) 0.495 0.490 0.230 0.410 - - 
a(Hm) 0.173 0.220 0.200 0.220 - - 
a(Hp) 0.421 0.410 0.450 - - - 
a(Hm’) - - 0.200 - - - 
a(H2) - - - - - 0.723 
a(H3) - - - - 0.728 - 
a(H4) - - - - 0.544 0.269 
a(H5) - - - - 0.174 0.079 
Hyperfine coupling constants were simulated using the Winsim2002 software package 
assigned to specific atoms according to the spin density distribution determined from 
DFT calculations. b Reference 197. c Reference 219.  
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The electrochemical behavior of the series of BNN radicals 2.15a-e was investigated 

by cyclic voltammetry. The parent radical 2.15a exhibits a reversible one-electron 

reduction at −0.03 V vs SCE (ΔEp = 80 mV) and an irreversible one electron oxidation at 

1.60 V vs SCE in acetonitrile (Figure 2.12). By comparison, the cyclic voltammogram of 

TMNN 2.3 was found to have an irreversible one-electron reduction at −0.741 V versus 

SCE and a reversible one electron oxidation at 1.00 V versus SCE (ΔEp = 90 mV). 
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Figure 2.12. Cyclic voltammogram of 2.15a, 10 mM solution in CH3CN, 0.1 M 
NBu4PF6, 50 mV s−1 scan rate, ferrocene added for reference.  

 

Although both the oxidation and reduction processes of pyridyl radicals were found to 

be irreversible, the reduction potential is decreased relative to the parent 2.15a by thienyl 

substitution (0.02 V vs SCE). The specific electrochemical properties of 2.15a and 

2.15c-e are reported in Table 2.2. The very low reduction potential of the BNN radicals 

indicates that the radical moiety undergoes one-electron reduction at remarkably low 



 

 

59
potentials, approaching that of 7,7,8,8-tetracyanoquinodimethane (TCNQ, 0.15 V vs 

SCE).233 

 
Table  2.2. Electrochemical properties of BNN radicals 2.15a, 2.15c-e reported in V vs 
SCE. 
 2.3 2.15a 2.15ca 2.15d 2.15e 
E1/2(red) −0.74 −0.03 −0.18 0.02 0.02 
ΔEp (mV) > 200 80 - 85 100 
E1/2(ox) 1.00 1.29 1.15 1.36 1.41 
ΔEp (mV) 90 171 - 170 140 
Ecell 1.74 1.29 n/a 1.34 1.39 

a Irreversible process, cathodic peak potential reported. 

 

 
Figure 2.13. Cyclic voltammogram of reduction waves of 2.15a (top left), 2.15d (top 
right), and 2.15e (bottom), 10 mM solution in CH3CN, 0.1 M NBu4PF6, 50 mV s−1 scan 
rate. 
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Figure 2.14. UV–vis spectra of nitronyl nitroxide radicals 2.15a and 2.15c-e, 10−5 M 
solutions in CH3CN. 
 

The absorption spectra of radicals 2.15a-e possess absorptions in the UV region and a 

broad weak absorption band in the NIR (Table 2.3). The absorption maxima of the low-

energy transition is dependent on the nature of the aryl substituent, lying at higher energy 

for electron acceptors (762 nm for 2-pyridyl 2.15b) and lower energy for electron donors 

(930 – 990 nm for thienyl 2.15d-e) (Figure 2.14). In contrast, the localized tetramethyl 

nitronyl nitroxide 2.3 exhibits a diagnostic absorption band in the visible region at 600 

nm assigned to a SOMO–LUMO transition197 (Figure 2.15). The low energy excitation 

observed in the benzannelated nitroxides has been assigned to a symmetry forbidden 

HOMO–SOMO transition (TDDFT computation; Section 2.5). Benzonitronyl nitroxide is 

a strong acceptor and the SOMO is localized primarily on the BNN moiety. As the 

energy of the donor approaches the energy of the acceptor, the HOMO–SOMO gap 

decreases and the energy of the excitation is shifted to longer wavelength. 
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Figure 2.15. Electronic absorption spectrum of tetramethyl nitronyl nitroxide 2.3 (---) 
and benzimidazolyl nitronyl nitroxide 2.15a (―), 10−5 M solutions in CH3CN. Inset 
shows zoom of long wavelength absorptions. 
 
 
Table  2.3. Absorption data for radicals 2.15a-e (CH3CN) reported as λmax (nm) with 
ε (M−1 cm−1) in brackets. 
Radical Short UV Long UV Visible NIR 
2.15a 200 (18000) 279 (20000) 388 (5500) 825 (800) 
 241 (14000) 298 (16000) 421 (3500)  
  312 (19000) 475 (2500)  
2.15ba 242 280 392 762 
  308 475  
2.15c 243 (11000) 281 (12000) 397 (3700) 831 (650) 
  299 (11000) 427 (1800)  
  312 (14000) 483 (900)  
2.15d 243 (12000) 289 (12000) 390 (4000) 990 (750) 
  315 (19000) 433 (2000)  
  331 (27000) 482 (1500)  
2.15e 240 (17000) 280 (24000) 386 (5100) 930 (800) 
  299 (22000) 426 (2600)  
  313 (31000) 476 (1900)  
  330 (4300)   
a Concentration unknown as radical decomposes rapidly in solution. 
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2.4 Analysis of NIR excitation 

Table  2.4. NIR excitation of 2.15a in various solvents. 
Solvent Dielectric (ε)a λmax (nm) 
carbon tetrachloride 2.2379 876 
benzene 2.2825 881 
chloroform 4.8069 860 
acetonitrile 36.64 800 
a Dielectric constants are those reported in the 91st CRC Handbook of Chemistry and 
Physics.234 

 

The low energy transition was found to vary with substitution, and exhibit significant 

negative solvatochromism (Table 2.4), consistent with a charge-transfer band with a less 

polarized excited state. Given the strong acceptor strength found for the benzonitronyl 

moiety (0.0 V vs SCE), the charge-transfer band can be rationalized as a benzonitronyl 

nitroxide(A)−thiophene(D) interaction. Using generalized Mulliken–Hush theory235,236 

the strength of the electronic donor–acceptor coupling parameter (V) can be calculated 

using band shape analysis of the optical charge transfer transition  using the following 

equation in which vmax is the transition energy (cm−1), Δν1/2 is the bandwidth at half-

height (cm−1), ε is the molar extinction coefficient (M−1 cm−1), and rDA is the distance 

between donor and acceptor redox centers in Å. 

ܸ ൌ ሺ0.0205ሻ
ൣεmaxΔvଵ/ଶvmax൧

rDA

ଵ/ଶ

 

When applying Hush theory, determination of the diabatic electron transfer distance 

(rDA) in organic compounds suffers from the typically delocalized nature of the acceptor 

and donor, distinct from traditional inorganic systems where the redox centers are 

localized and the metal-metal distance can be explicitly determined. Here rDA has been 

estimated to be the length of the benzonitronyl nitroxide-thiophene carbon-carbon bond 
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(1.43 Å, X-ray crystal structure) as the radical electron density on the benzonitronyl 

nitroxide moiety is highly delocalized over the ONCNO atoms and thiophene is aromatic. 

As rDA is in the denominator of the Hush relationship describing the strength of the 

electronic donor–acceptor coupling parameter (V), a smaller value of rDA will yield a 

larger V. Here, as rDA is taken to be the length of the C-C bond between D and A, the 

values reported represent an upper limit of V. Computationally there is negligible electron 

density C2 and, as an alternative, the average distance between sites of high donor and 

acceptor electron density from the calculated molecular orbitals could be used to estimate 

rDA providing a decreased but more accurate value of V. 

 

Figure 2.16. NIR band of radical 2.15d (dashed line) and fit (solid blue line) with a 
Gaussian function. 
 
Table  2.5. Electronic coupling energies of radicals 2.15a, 2.15c-e. 
 rDA 

(Å) 
εmax 

(M−1 cm−1) 
Δν1/2 

(cm−1) 
νmax 

(cm−1) 
R2 V 

(cm−1) 
2.15d 1.43 755 3231 10556 0.976 2000 
2.15e 1.43 771 2571 11276 0.985 2100 

 
 

The electronic coupling energy V for 2.15d and 2.15e was found to be the same within 

experimental error (Table 2.5). The similarity in coupling energy is not unexpected as the 
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magnitude of V depends strongly on bridge length and differences in redox potential 

between the donor and acceptor. Since neither of these variables differs dramatically 

between 2.15d and 2.15e, the donor–acceptor electronic coupling is comparable. For each 

of radical 2.15d and 2.15e the NIR CT excitation is weak (≤ 5000 M−1 cm−1), Gaussian in 

shape and exhibits large bandwidths (Δv1/2 ≥ 2000 cm−1). This, coupled with the 

magnitude of electronic coupling V (2000 cm−1, Table 2.5), confirms these systems are 

weakly-coupled Robin–Day Class II donor–acceptors. 

 

2.5 Electronic structure calculations  

Quantum mechanical electronic structure calculations were carried out at the 

UB3LYP/6-31G(d,p) level of theory237,238 using the Gaussian 09 package239 for the series 

of radicals 2.15a-e. Analysis of the SOMO suggests that this orbital is primarily 

delocalized over the benzimidazole moiety, leading to spin delocalization onto the 

benzimidazole ring (Figure 2.17). Little perturbation of the energy of the SOMO is 

expected with substitution at C2, as it is a nodal position in the SOMO. In accord, spin 

densities in the C2 aryl group are dictated by spin polarization through the nodal C2 

position, consistent with the larger class of nitronyl nitroxides.193,240  

 

Figure 2.17. SOMO (left) and spin density (right) of radical 2.15d generated with 
GaussView 4.1.2, grid = coarse, isovalue = 0.02. 
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In order to better understand the nature of the low energy transition, vertical excitation 

energies and oscillator strengths for radical 2.15d were computed by TDDFT241 using the 

UB3LYP237,238 functional with 6-31G(d,p) basis set and the Onsager solvation model.242-

244 TDDFT is known to predict vertical excitation energies of open-shell polycyclic 

aromatic hydrocarbons (PAHs) to within 0.3 eV of the experimental data and oscillator 

strengths that are consistent with the measured absorption spectra.245 Solvation (CHCl3) 

was included to better approximate the molecular structure and excitation energy in a 

somewhat polar environment. 

 

Figure 2.18. Computational  (TDDFT UB3LYP/6-31G(d,p) scrf=chloroform) molecular 
orbital diagram of 2.15d generated with GaussView4.1 (grid = coarse, isovalue 0.02). 
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TDDFT predicted a NIR transition at 881 nm with a force constant of 0.0138 which 

corresponds well with the experimentally observed weak intensity NIR excitation (990 

nm in CH3CN, 1010 nm in CHCl3). The calculated excitation is dominated by a 

symmetry forbidden β–HOMO → β–SOMO transition (94 %). A small contribution to 

the NIR transition is computationally ascribed to a α–SOMO → α–LUMO transition. 

The relative contribution of this transition to the overall excitation increases when 

solvation is not included. The transition from the HOMO into the half-filled SOMO 

orbital is consistent with the triphenylmethyl246 and benzothiazinyl247 radicals, both of 

which have weak low energy transitions attributed to a HOMO–SOMO transition.  

 

2.6 Structural analysis of thienyl derivatives by XRD 

Maroon crystal plates of 2.15d and dark red needles of 2.15e were grown by slow 

evaporation of saturated n-pentane solutions, and their structures were determined by X-

ray diffraction. The 2-thienyl derivative 2.15d crystals were twinned and severely 

disordered. Refinement of the structure led to packing in the monoclinic P21/c space 

group with two molecules per unit cell (Z = 2). The crystal structure is disordered with 

respect to rotation about a C2 axis perpendicular to the plane of the molecule, leading to 

superposition of two orientations each with 50 % occupancy, as shown in Figure 2.19. 

The molecule adopts an essentially planar geometry with a torsion angle of 1.7º between 

the benzimidazole and thiophene moieties. The 3-thienyl derivative 2.15e exhibits 

monoclinic packing in the space group P21/c with disorder with respect to rotation about 

a C2 axis parallel to the long axis of the molecule, with 50 % occupancy in each 

orientation, as shown in Figure 2.19. The degree of planarity is slightly less than that of 
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2.15d, with a torsion angle of 4.6º between benzimidazole and the C2 3-thienyl 

substituent. In contrast, when R = phenyl as in 2.15a, a larger torsion angle of 10º is 

observed222 and when the phenyl substituents are ortho substituted (Cl, F) much larger 

torsion angles (54 – 76º) are present.223  

 
Table  2.6. Crystallographic data for 2.15d and 2.15e. 

 2.15d 2.15e 
formula C11H7N2O2S1 C11H7N2O2S1 
formula weight 231.25 231.25 
color of crystal maroon plates dark red needles 
crystal system P21/c P21/c 
space group monoclinic monoclinic 
a (Å) 7.3290(9) 4.8000(10) 
b (Å) 4.6390(4) 17.022(4) 
c (Å) 14.756(2) 12.5200(15) 
volume (Å3) 486.01(11) 953.3(3) 
temperature (K) 130(2) 130(2) 
Z 2 4 
Rf 

a 0.1680 0.2504 
Rw 

b 0.1678 0.1796 
GOF 0.997 0.758 

a Rf = [Σ||Fo| - |Fc||]/[Σ|Fo|], I > 2σ(I). b Rw = ([Σw||Fo|2 - |Fc|2|2]/[Σ(w|Fo|2)2])1/2. 

 

 

Figure 2.19. ORTEP representations of radical 2.15d (left) and 2.15e (right) with 50 % 
probability thermal ellipsoids. The packing disorder in 2.15d arises from rotation about 
an axis perpendicular to the long axis of the molecule, while the disorder in 2.15e arises 
from rotation about a C2 axis parallel to the long axis of the molecule. 
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The planarity of radicals 2.15d and 2.15e leads to edge-to-face and π-stacking 

interactions that cause packing in a herringbone motif (Figures 2.20 and 2.21). Radical 

2.15a packs in a sandwich herringbone motif which straddles the structural gap between γ 

and herringbone modes. The sandwich herringbone packing motif for aromatics is one in 

which both C…C and C…H interactions are important, leading to effective glide and 

stack stabilization. In both 2.15d and 2.15e, the surface area available for stacking C…C 

interactions and the edge surface area available for C…H interactions is nearly equal, 

leading to packing in which both stacking and edge-to-face interactions are efficient. 

Analysis of the interplanar angle between molecules creating an edge-to-face interaction 

(85º, 2.15d; 89º, 2.15e) and shortest crystallographic axes for 2.15d (b-axis) and 2.15e (a-

axis), is consistent with a γ phase herringbone motif. Both C…C stacking and C…H 

edge-to-face interactions are energetically favored in the γ phase herringbone motif, 

consistent with prediction of packing based solely on topology. 

 

Figure 2.20. Packing diagram of radical 2.15d viewed along the a-axis. 
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 The nature of the edge-to-face interactions in 2.15e arises from S…benzimidazole 

interactions, with a closest distance 3.50 Å for the benzimidazole plane-to-sulfur 

distance. The interplanar distance between stacked molecules is 3.42 Å for 2.15d and 

3.41 Å for 2.15e, giving rise to short radical-radical contacts through π-stacking 

interactions. Unlike the C2-phenyl radical 2.15a,222 and electron deficient derivatives of 

2.15a,223 no close radical-radical O…O contacts are present in 2.15d, and 2.15e, thus, the 

magnetic interactions in these systems arise from through-space π-stacking and C…H 

interactions rather than radical-radical contacts.  

 

Figure 2.21. Packing diagram of 2.15e viewed at a 45º angle bisecting the a and b-axis. 
 

2.7 Magnetism of thienyl derivatives 

The molar magnetic susceptibilities (χM,p) were measured for polycrystalline samples 

of radicals 2.15d and 2.15e using a Quantum Design SQUID magnetometer in the 

temperature range of 2 – 300 K at DC fields of 0.1 – 5 Tesla (Figures 2.22 and 2.23). 

Diamagnetic corrections of the susceptibilities were made using Pascal’s constitutive 

corrections.80 The 2-thienyl 2.15d and 3-thienyl 2.15e derivatives exhibit magnetic 

moments close to the expected spin only value for a spin = ½ system (0.375 emu K 
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mol−1), with temperature independent magnetic moments above 100 K. In both systems, 

the magnetic moment (χM,pT) decreased with decreasing temperature, consistent with 

antiferromagnetic exchange interactions.  

Analysis of the crystal structure suggests that the dominant pathway for magnetic 

exchange interactions is through the slipped π stack, with weak interchain interactions 

contributing to a minor extent. A fit of the magnetic moment as a function of temperature 

was obtained using the numerical solution for a Bonner–Fisher chain model248 

(H = −JSrad·Srad+1) according to the following equation. In this numerical expression (and 

all other magnetic models from this point forward), f is used to denote purity. This factor 

does not necessarily represent the purity of the compound but rather the purity with 

respect to the number of spins that obey the applied magnetic exchange model. 

 

χT=f
Ng2β2

kB
·

0.25+0.074975x+0.075235x2

1.0+0.9931x+0.172135x2+0.757825x3     

x = 
|J|

kBT
;    J ൑ 0 

  The g-value was fixed to the experimentally derived value of 2.007, to give 

J = −7.5 cm−1, and a purity factor (f) of 0.98 for radical 2.15d.  Weaker exchange was 

found in radical 2.15e, in which the exchange coupling J was found to be −1.9 cm−1 (f = 

1.0). The inclusion of a mean field approximation (2zJ′) to account for the weak 

interchain interactions was not necessary, consistent with through chain interactions 

dominating the magnetic exchange pathway. Difficulties fitting the temperature 

dependent magnetic susceptibilities to reasonable magnetic models for both the parent 

radical 2.15a222 and a class of electron deficient benzannelated nitronyl nitroxides 

radicals223 have been reported. Such effects have been attributed to diamagnetic 
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impurities223 or the formation of high-spin spin clusters at low temperatures.224 Neither 

phenomena was observed here and both radicals fit the mathematical expression for a 

uniform chain model quite well. 

 

 

Figure 2.22. Temperature dependence of the molar magnetic susceptibility (left) and 
magnetic moment (right) for radical 2.15d (2 – 300K) at 0.1 T fit to a Bonner–Fisher 
model. The solid line represents the best fit of the data to the model described in the text. 

 
 
 
 

 

Figure 2.23. Temperature dependence of the molar magnetic susceptibility (top) and 
magnetic moment (bottom) for radical 2.15e (2 – 300K) at 0.1 T fit to a Bonner–Fisher 
model. The solid line represents the best fit of the data to the model described in the text. 
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The surprisingly weak exchange relative to other benzannelated nitronyl nitroxides is 

attributed to the disorder observed in the solid state. This class of radicals is unique in 

that they are fully delocalized planar radicals that are stable toward dimerization in the 

solid state, unlike the phenalenyl or thiazyl classes of radicals. Directional non-covalent 

interactions are expected to be extremely weak or entirely absent, leading to little 

preference for molecular orientation in the crystalline state. The resulting disorder can 

cause complication of the dominant through-space pathways for magnetic exchange. 

Structural analysis of our systems indicates significant structural disorder in the solid 

state, leading to little preference for head-to-head (HH) vs. head-to-tail (HT) π stacking, 

or inversion about the molecular (long) axis. The distinction between HT and HH 

interactions discriminates between radical-radical contacts vs radical-aromatic contacts, 

providing two distinct pathways for magnetic exchange. As the spin density is highly 

delocalized, this will give rise to different exchange pathways as a function of topology 

(HH vs HT). Both types of packing were observed in 2.15d, giving rise to competing 

magnetic exchange interactions and a weak overall exchange parameter.  

 

2.8 Summary and conclusions  

A robust and versatile synthetic methodology for annelated nitronyl nitroxides has been 

developed from which a series of heteroaromatic BNN radicals were successfully 

generated. The effect of annelation on the nitronyl nitroxide moiety has been examined 

spectroscopically and found to be consistent with a lowering of the SOMO energy. The 

resulting class of radicals possess extremely good electron acceptor ability, long-

wavelength absorption spectra, and a spin delocalized electronic structure.  
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The magnetic behavior and structural characterization of acceptor–donor spin 

delocalized radicals 2.15d and 2.15e were reported. Electronic absorption spectroscopy 

accompanied by computation reveals that the near IR band can be assigned to a HOMO–

SOMO charge transfer transition with electronic coupling of ~2000 cm−1 between the 

benzimidazole and thiophene moiety. Structural analysis of the thienyl radicals in the 

crystalline state reveals disorder due to the high symmetry of the planar delocalized 

radicals. The magnetic properties are therefore dictated by the topology of the radical and 

not by perturbations in the spin density induced by substitution at C2, which are minimal. 

The low reduction potentials and strength of the through-space magnetic exchange 

interactions demonstrated in the solid state make these particularly interesting systems for 

the development of multifunctional magnetic materials. 

 

2.9 Experimental 

2.9.1 General procedures 

General Methods.  Starting materials were purchased from commercial sources and 

used without further purification unless otherwise noted. ACS grade solvents were used 

as received. Dry solvents were obtained from an MBraun solvent purification system 

with the exception of THF which was distilled from Na/benzophenone prior to use and 

acetonitrile which was distilled from CaH2 prior to use. Chromatography (including flash 

chromatography) was performed with 60 Å flash grade silica gel or neutral alumina. All 

reactions were monitored by TLC performed on plastic-backed silica gel plates and 

compounds were visualized under UV light or with an iodine chamber. Nuclear magnetic 

resonance spectra were taken on a Bruker AC300 operating at 300 MHz for 1H or 75 
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MHz for 13C and were recorded in CDCl3 unless otherwise noted. Infrared spectra were 

recorded as dilute samples in KBr on a Perkin Elmer 1720 FTIR spectrophotometer 

unless otherwise noted. Mass spectra for routine characterization were obtained on either 

a Bruker Esquire~LC Ion Trap Electrospray Mass Spectrometer or a Kratos Profile HV-3 

Direct Probe Mass Spectrometer. Elemental CHN analysis was performed by Canadian 

Microanalytical Services, Desert Analytics or University of British Columbia. Melting 

points were recorded (uncorrected) using a Gallenkamp melting point apparatus.  

Electronic Absorption Spectra. Absorption spectra were recorded on an Agilent 8453 

UV–vis spectrometer with photodiode array and peltier temperature controller or a Perkin 

Elmer Lambda 1050 UV–vis–NIR spectrometer equipped with a 3D WB detector 

module. Solutions of 10−5 M were measured at ambient temperatures in the reported 

solvents.  

Cyclic Voltammetry. Voltammograms of degassed 1 mM radical solutions in 0.1 M n-

Bu4NPF6/CH3CN at ~300 K were obtained using a 3.0 mm diameter glassy carbon 

working electrode, platinum counter electrode, and Ag wire pseudo-reference electrode. 

Cyclic voltammograms were run from 0 to −1.5 V to +1.5 V at a scan rate of 50 mV s−1 

unless otherwise stated. Ferrocene was used as an internal standard and all spectra are 

reported vs SCE (Fc/Fc+ = 0.40 V vs SCE in acetonitrile/NBu4PF6).230 Peak potentials 

(Ep) and peak currents (ip) were extracted using BASi software. 

Electron Paramagnetic Resonance. X-band EPR spectra were taken on a 9 GHz 

continuous wave Bruker EMX EPR spectrometer, typically using a modulation amplitude 

0.1 G, microwave power 0.5 – 1 mW, and spectral width of 40.0 G. Radical solutions of 

10−5 M in toluene were degassed via three freeze-pump-thaw cycles (N2) prior to 
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measurement. DPPH was used as an external standard and reported g-values are relative 

to DPPH for all radical derivatives. Simulation of the EPR spectra was accomplished 

with the Winsim2002 software package which was used for numerical fitting of EPR 

spectra in solution using the nitroxide simulation. The resulting hfcc were perturbed and 

optimized with the downhill simplex algorithm until the global minimum for the fit was 

achieved. R-values for all fits obtained were > 0.99. Spectra used for simulation were 

used as measured. 

Computations. Quantum mechanical calculations were carried out at the UB3LYP/6-

31G(d,p) level of theory237,238 (unless stated otherwise) using the Gaussian 09 package.239  

Geometry optimizations were performed without symmetry constraints (starting from 

C1). Vibrational frequencies were used to characterize the nature of stationary points. 

Electronic excitation energies for the both radicals were obtained at the UB3LYP/6-31 

G(d,p) level using time dependent DFT calculations supplied in the Gaussian 03 

package.249 

X-ray Crystallography. X-ray diffraction data was collected on a Nonius KappaCCD 

diffractometer with graphite-monochromatized Mo-Kα radiation (λ = 0.71073 Å). The 

data was integrated and scaled using hkl-SCALEPACK.250 The crystal structures were 

solved by direct methods (SIR92/7).251 All hydrogen atoms were located using a riding 

model. All of the non-hydrogen atoms were refined anisotropically by full-matrix least-

squares. Full structure reports are given in the appendix of this dissertation. 

Magnetic Measurements. Magnetic measurements were performed on a Quantum 

Design MPMS 5.0 system, with fields in the range of 1–5 T, and temperature ranges 

between 2 and 300 K on polycrystalline samples. Diamagnetic corrections were made 
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using either Pascal’s constants or the slope of the raw variable temperature magnetic 

moment in the paramagnetic (high temperature) regime. 

 

2.9.2 Synthesis 

Previously reported compounds. Phenylhydroxylamine 2.20228,252 was prepared 

according to literature methods. Nitrones 2.21f,g,i253 and 2.21l254,255 were prepared using 

the general methodology described below. Their identity and purity were confirmed using 

appropriate spectroscopic methods (1H NMR, 13C NMR, IR, MS) and were consistent 

with characterization as published. 

General Procedure for nitrone generation: C-phenyl-N-phenylnitrone (2.21a).253 A 

solution of phenylhydroxylamine (1.704 g, 15.6 mmol) and benzaldehyde (1.751 g, 16.5 

mmol) in 23 mL 100% ethanol was heated briefly to reflux. The solution was then 

sonicated, capped with a rubber septum and allowed to stand in the absence of light for 

24 h at room temperature. The solvent was removed under reduced pressure (en vacuo) 

and the resulting light yellow solid purified by either flash column chromatography on 

silica (60:40 hexane/ethyl acetate) or recrystallized from hot hexanes to yield 2.207 g 

(11.2 mmol, 72%) of a fluffy white solid. mp 112 – 114 ºC (lit253 114 ºC). IR (KBr) cm−1: 

3059, 1547, 1484, 1461, 1445, 1396. 1H NMR (300 MHz, CDCl3): δ 8.43 – 8.39 (m, 2H), 

7.96 (s, 1H), 7.80 – 7.76 (m, 2H), 7.51 – 7.48 (m, 6H). 13C NMR (75 MHz, CDCl3): δ 

149.0, 134.7, 130.9, 130.7, 129.9, 129.1, 129.0, 128.6, 121.7. EI-MS (70 eV) m/z: 197 

[M]+, 181 [M − O]+. 

C-2-Pyridyl-N-phenylnitrone (2.21b). Purified by flash column chromatography on 

silica with 90:10 CHCl3/MeOH as eluent and dried under vacuum to yield a yellow solid 

(82%). mp 64 – 66 ºC. IR (KBr) cm−1: 2993, 1713, 1577, 1548, 1483, 1460, 1451, 1435, 
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1385. 1H NMR (300 MHz, CDCl3): δ 9.26 (d, J = 8 Hz, 1H), 8.59 (d, J = 5 Hz, 1H), 8.21 

(s, 1H), 7.78 – 7.72 (m, 3H), 7.42 – 7.38 (m, 3H), 7.25 – 7.21 (m, 1H). 13C NMR (75 

MHz, CDCl3): δ 149.8, 149.7, 148.7, 136.8, 135.4, 130.3, 129.2, 124.5, 123.9, 121.6. EI-

MS (70 eV) m/z: 198 [M]+, 182 [M − O]+. HRMS-EI (70 eV) m/z:  [M]+ calcd for 

C12H10N2O, 198.07931; found, 198.07899. Anal. Calcd for C12H10N2O: C, 72.71; H, 

5.08; N, 14.13. Found: C, 72.79; H, 5.46; N, 13.98. 

C-4-Pyridyl-N-phenylnitrone (2.21c). The suspension was heated briefly and filtered 

to remove salts that had formed. The filtrate was placed in the freezer for 24 h and the 

crystals were isolated using suction filtration, washed with hexanes (30 mL), and dried 

under vacuum yielding a fluffy white crystalline product (45%). mp 130 – 132 ºC. IR 

(KBr) cm−1: 3059, 1591, 1556, 1458, 1406, 1209. 1H NMR (300 MHz, CDCl3): δ 8.66 (d, 

J = 6 Hz, 2H), 8.12 (d, J = 6 Hz, 2H), 7.94 (s, 1H), 7.73 – 7.70 (m, 2H), 7.46 – 7.44 (m, 

3H). 13C NMR (75 MHz, CDCl3): δ 150.7, 148.9, 137.0, 132.4, 130.8, 129.4, 121.8, 

121.6. EI-MS (70 eV) m/z: 198 [M]+, 182 [M – O]+. Anal. Calcd for C12H10N2O: C, 

72.71; H, 5.08; N, 14.13. Found: C, 72.35; H, 5.33; N, 14.15. 

C-2-Thienyl-N-phenylnitrone (2.21d). The crude oil was recrystallized from hot ethyl 

acetate to give a light green crystalline product (73%). mp 95 – 97 ºC. IR (KBr) cm−1: 

3063, 1590, 1559, 1483, 1458, 1415, 1376. 1H NMR (300 MHz, CDCl3): δ 8.49 (s, 1H), 

7.83 (dd, J = 8, 2 Hz, 2H), 7.61 (d, J = 4 Hz, 1H), 7.56 (d, J = 5 Hz, 1H), 7.51 – 7.43 (m, 

3H), 7.21 (t, J = 5 Hz 1H). 13C NMR (75 MHz, CDCl3): δ 146.6, 133.2, 131.1, 130.2, 

130.0, 129.3, 128.9, 127.1, 121.2. EI-MS (70 eV) m/z: 203 [M]+, 186 [M − OH]+. Anal. 

Calcd for C11H9NOS: C, 65.00; H, 4.46; N, 6.89. Found: C, 65.03; H, 4.07; N, 6.53. 



 

 

78
C-3-Thienyl-N-phenylnitrone (2.21e). Bright yellow solid, purified by flash column 

chromatography (silica, 1:1 hexane/ethyl acetate) and dried under vacuum yielding a light 

yellow solid (79%). mp 71 – 73 ºC. IR (KBr) cm−1: 3053, 1552, 1482, 1458, 1391. 1H 

NMR (300 MHz, CDCl3): δ 9.14 (d, J = 3 Hz, 1H), 8.05 (s, 1H), 7.78 – 7.74 (m, 2H), 

7.49 – 7.43 (m, 4H), 7.35 (dd, J = 5, 3 Hz, 1H). 13C NMR (75 MHz, CDCl3): δ 136.8, 

131.7, 129.9, 129.8, 129.2, 129.1, 128.2, 125.5, 121.6. EI-MS (70 eV) m/z: 203 [M]+, 186 

[M − OH]+. Anal. Calcd for C11H9NOS: C, 65.00; H, 4.46; N, 6.89. Found: C, 64.84; H, 

4.24; N, 6.85. 

C-4-t-Butylphenyl-N-phenylnitrone (2.21h). The crude solution was concentrated 

under reduced pressure to give a yellow oil, which was purified by flash chromatography 

(silica, 1:1 ethyl acetate/hexane) yielding a pale yellow solid (71%). mp 88 – 90 ºC. IR 

(KBr) cm−1: 2962, 2867, 1545, 1399, 1188, 1078, 1068. 1H NMR (300 MHz, CDCl3): δ 

8.34 (d, J = 8 Hz, 2H), 7.90 (s, 1H), 7.78 – 7.74 (m, 2H), 7.50 – 7.41 (m, 5H), 1.34 (s, 

9H). 13C NMR (75 MHz, CDCl3): δ 154.5, 149.1, 134.4, 129.8, 129.1, 129.0, 128.1, 

125.6, 121.7, 35.1, 31.1. EI-MS (70 eV) m/z: 253 [M]+, 237 [M − O]+. Anal. Calcd for 

C17H19NO: C, 80.60; H, 7.56; N, 5.53. Found: C, 80.48; H, 7.45; N, 5.56. 

C-2,3,4-Trimethoxylphenyl-N-phenylnitrone (2.21j). The crude solution was 

concentrated under reduced pressure to give a brown oil, which was subjected to flash 

chromatography (silica, 2:1 ethyl acetate/hexanes) yielding a yellow solid (84%). 

mp 78 – 80 ºC. IR (KBr) cm−1: 2938, 2836, 1587, 1301, 1092. 1H-NMR (300 MHz, 

CDCl3): δ 9.24 (d, J = 9 Hz 1H), 8.17 (s, 1H), 7.71 (dd, J = 8, 2 Hz, 2H), 7.43 – 7.35 (m, 

3H), 6.72 (d, J = 9 Hz, 1H), 3.88 (s, 3H), 3.86 (s, 3H), 3.80 (s, 3H). 13C NMR (75 MHz, 

CDCl3): δ 156.0, 152.5, 149.2, 141.3, 129.4, 128.9, 128.9, 124.4, 121.5, 117.8, 106.8, 
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61.7, 60.8, 56.1. EI-MS (70 eV) m/z:  287 [M]+, 271 [M − O]+, 256 [M − OCH3]+, 240 

[M − O2CH3]+. Anal. Calcd for C16H17NO4: C, 66.89; H, 5.96; N, 4.88. Found: C, 66.81; 

H, 6.19; N, 4.82. 

C-4-Carboxyphenyl-N-phenylnitrone (2.21k). A yellow microcrystalline solid 

formed on standing. The solid was isolated by suction filtration and washed with cold 

ethanol yielding a light yellow microcrystalline solid (68%). mp 200 – 202 ºC. IR (KBr) 

cm−1: 2998, 1699, 1681, 1384, 1288, 1071, 862. 1H-NMR (300 MHz, d6-DMSO): δ 8.62 

(s, 1H), 8.57 (d, J = 8 Hz, 2H), 8.05 (d, J = 8 Hz, 2H), 7.94 – 7.91 (m, 2H), 7.58 – 7.54 

(m, 3H). 13C NMR (75 MHz, d6-DMSO): δ 166.8, 148.5, 134.7, 133.0, 131.9, 130.2, 

129.4, 129.2, 128.6, 121.6. EI-MS (70 eV) m/z: 241 [M]+, 225 [M − O]+, 194 [M − 

COOH]+. Anal. Calcd for C14H11NO3: C, 69.70; H, 4.60; N, 5.81. Found: C, 69.61; H, 

4.88; N, 5.51. 

General procedure for the generation of 1-hydroxy-2-arylbenzimidazole-3-oxides: 

1-Hydroxy-2-phenylbenzimidazole-3-oxide (2.16a). A solution of C-phenyl-N-

phenylnitrone 2.21a (1.012 g, 5.1 mmol) and benzofuroxan (1.231 g, 9.1 mmol) in 

100 mL cyclohexane was refluxed gently for ~24 hours. The resulting precipitate was 

isolated by suction filtration, washed with cyclohexane and acetone, and dried en vacuo 

to yield a light brown powder. The powder was dissolved in 1 M NaOH, filtered through 

a Celite plug and then neutralized with 1 M HCl yielding an off-white precipitate. The 

precipitate was isolated by filtration, washed with methanol, acetone, and pentane and 

dried en vacuo yielding (0.641 g, 2.8 mmol, 55%) of an off-white powder. mp decomp. 

210 – 211 ºC (lit225 216 ºC). IR (KBr) cm−1: 3437, 1473, 1254, 1135, 1066. 1H NMR (300 

MHz, 0.2 M NaOD in D2O): δ 7.85 (dd, J = 7, 4 Hz, 2H), 7.70 – 7.60 (m, 5H), 7.36 (dd, J 
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= 7, 4 Hz, 2H). ESI-MS (negative ion mode) m/z: 225 [M − H]−. EI-MS (positive ion 

mode) m/z: 210 [M − O]+, 194 [M − 2O]+, 149 [M − phenyl]+.  

1-Hydroxy-2-(2-pyridinyl)benzimidazole-3-oxide (2.16b). Tan powder (59%). mp 

decomp. 209 – 212 ºC. IR (KBr) cm−1: 3075, 1251, 745. 1H NMR (300 MHz, 1.0 M 

NaOD in D2O): δ 8.63 (d, J = 5 Hz, 1H), 7.88 (td, J = 8, 1 Hz, 1H), 7.73 (d, J = 8 Hz, 

1H), 7.49 – 7.40 (m, 3H), 7.14 – 7.11 (m, 2H). 13C NMR (75 MHz, 1.0 M NaOD in 

D2O): δ 150.4, 142.8, 138.4, 135.6, 127.7, 127.3, 126.2, 124.2, 111.8. EI-MS (70 eV) 

m/z: 227 [M]+, 211 [M − O]+, 195 [M − 2O]+, 149 [M – (2-pyridyl)]+. Anal. Calcd for 

C12H9N3O2:  C, 63.43; H, 3.99; N, 18.49.  Found:  C, 62.96; H, 4.17; N, 18.22.   

1-Hydroxy-2-(4-pyridinyl)benzimidazole-3-oxide (2.16c). Tan powder (70%). mp 

decomp. 228 – 230 ºC. IR (KBr) cm−1: 3437, 1607, 1405, 1140, 1071. 1H NMR (300 

MHz, 1.0 M NaOD in D2O): δ 8.54 (dd, J = 5, 1 Hz, 2H), 7.91 (dd, J = 5, 1 Hz, 2H), 7.43 

(dd, J = 6, 3 Hz, 2H), 7.29 (dd, J = 6, 3 Hz, 2H). 13C NMR (75 MHz, 1.0 M NaOD in 

D2O): δ 149.5, 133.9, 132.3, 127.6, 124.4, 124.2, 111.7. EI-MS (70 eV) m/z: 210 [M − 

OH]+, 194 [M – O2H]+, 149 [M − (4-pyridyl)]+. ESI-MS (negative ion mode) m/z: 226 [M 

− H]−, 210 [M − OH]−. Anal. Calcd for C12H9N3O2: C, 63.43; H, 3.99; N, 18.49.  Found:  

C, 63.12; H, 4.01; N, 17.98. 

1-Hydroxy-2-(2-thienyl)benzimidazole-3-oxide (2.16d). Tan powder (50%). mp 

decomp. 199 – 201 ºC (lit226 183 – 185 ºC). IR (KBr) cm−1: 3436, 3102, 1559, 1464, 

1407, 1351, 1261, 1138, 1073. 1H NMR (300 MHz, 1.0 M NaOD in D2O): δ 8.43 (d, J = 

4 Hz, 1H), 7.55 (d, J = 5 Hz, 1H), 7.44 – 7.40 (m, 2H), 7.13 – 7.06 (m, 3H). 13C NMR 

(75 MHz, 1.0 M NaOD in D2O): δ 134.0, 130.6, 130.4, 127.6, 127.6, 123.6, 123.4, 111.0. 
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ESI-MS (negative ion mode) m/z:  230 [M − H]−, 214 [M − OH]−, 198 [M − O2H]−. Anal. 

Calcd for C12H9N3O2:  C, 56.88; H, 3.47; N, 12.06.  Found:  C, 56.49; H, 3.37; N, 11.75. 

1-Hydroxy-2-(3-thienyl)benzimidazole-3-oxide (2.16e). Tan powder (60%). mp 

decomp. 233 – 235 ºC. IR (KBr) cm−1: 3436, 3124, 1566, 1461, 1350, 1255, 1197, 1135, 

1069, 736. 1H NMR (300 MHz, 1.0 M NaOD in D2O): δ 8.35 (d, J = 3 Hz, 1H), 7.82 (d, J 

= 5 Hz, 1H), 7.42 – 7.36 (m, 3H), 7.07 – 7.03 (m, 2H). 13C NMR (75 MHz, 1.0 M NaOD 

in D2O): δ 134.4, 130.1, 127.5, 127.4, 126.5, 123.6, 123.1, 111.2. EI-MS (70 eV) m/z: 

216 [M − O]+, 200 [M − 2O]+, 149 [M – (3-thienyl)]+. ESI-MS (negative ion mode) m/z: 

230 [M − H]−, 214 [M − OH]−, 198 [M − O2H]-.  Anal. Calcd for C12H9N3O2:  C, 56.88; 

H, 3.47; N, 12.06.  Found:  C, 56.70; H, 3.77; N, 11.86. 

1-Hydroxy-2-(3-hydroxyphenyl)benzimidazole-3-oxide (2.16f). Brown solid (51%). 

mp decomp. 234 – 236 ºC. IR (KBr) cm−1: 3103, 1214, 741. 1H NMR (300 MHz, 1.0 M 

NaOD in D2O): δ 7.55 (dd, J = 6, 3 Hz, 2H), 7.28 – 7.23 (m, 3H), 6.93 – 6.87 (m, 2H), 

6.75 (d, J = 8 Hz, 1H). 13C NMR (75 MHz, 1.0 M NaOD in D2O): δ 166.4, 139.3, 130.3, 

127.5, 124.4, 123.7, 121.9, 120.5, 116.7, 111.4. EI-MS (70 eV) m/z:  242 [M]+, 226 [M − 

O]+, 210 [M − O2]+. Anal. Calcd for C13H10N2O3: C, 64.46; H, 4.16; N, 11.56. Found: C, 

64.19; H, 4.43; N 11.18. 

1-Hydroxy-2-(2-hydroxyphenyl)benzimidazole-3-oxide (2.16g). White/orange solid 

(48%).  Recrystallized from EtOH. mp decomp. 239 – 242 ºC (lit226 227 - 228 ºC). IR 

(KBr) cm−1: 3065, 1606, 1217, 1024, 733. 1H NMR (300 MHz, 0.1 M KOH in D2O): δ 

7.58 (dd, J = 6, 3 Hz, 2H), 7.26 – 7.22 (m, 3H), 7.05 (dd, J = 8, 2 Hz, 1H), 6.65 (d, J = 8 

Hz, 1H), 6.57 (t, J = 8 Hz, 1H). 13C NMR (75 MHz, 1.0 M NaOD in D2O): δ 167.7, 
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140.8, 133.4, 132.4, 127.5, 123.4, 120.8, 113.9, 112.8, 111.4. ESI-MS (negative ion 

mode) m/z:  241 [M − H]−, 225 [M − OH]−, 209 [M − O2H]−.  

1-Hydroxy-2-(4-tert-butylphenyl)benzimidazole-3-oxide (2.16h). White solid (54%). 

Recrystallized from MeOH. mp decomp. 213 – 214 ºC. IR (KBr) cm−1: 2961, 1269, 748. 

1H NMR (300 MHz, 1.0 M NaOD in D2O): δ 7.76 (d, J = 8 Hz, 2H), 7.53 (d, J = 8 Hz, 

4H), 7.23 – 7.17 (m, 2H), 1.19 (s, 9H). 13C NMR (75 MHz, 1.0 M NaOD in D2O): δ 

154.9, 137.8, 130.2, 127.5, 126.0, 123.8, 120.4, 111.5, 34.7, 30.8. ESI-MS (negative ion 

mode) m/z:  281 [M − H]−, 265 [M − OH]−. Anal. Calcd for C17H18N2O2: C, 72.32; H, 

6.43; N, 9.92. Found: C, 71.83; H, 6.27; N, 9.61. 

1-Hydroxy-2-(4-nitrophenyl)benzimidazole-3-oxide (2.16i). Brown solid (70%). mp 

decomp. 222 – 224 ºC. IR (KBr) cm−1: 1527, 1384, 1350, 1139, 1068. 1H NMR (300 

MHz, 1.0 M NaOD in D2O): δ 8.13 (d, J = 9 Hz, 2H), 8.05 (d, J = 9 Hz, 2H), 7.42 (dd, J = 

6, 3 Hz, 2H), 7.10 (dd, J = 6, 3 Hz, 2H). 13C NMR (75 MHz, 1.0 M NaOD in D2O): δ 

148.2, 134.8, 131.0, 129.7, 127.6, 124.4, 123.9, 111.7. EI-MS (70 eV) m/z:  271 [M]+.   

1-Hydroxy-2-(2,3,4-trimethoxyphenyl)benzimidazole-3-oxide (2.16j).  White fluffy 

solid (57%). mp decomp. 244 – 246 ºC. IR (KBr) cm−1: 2944, 1300, 1093, 749. 1H NMR 

(300 MHz, 1.0 M NaOD in D2O): δ 7.50 (dd, J = 6, 3 Hz, 2H), 7.18 (dd, J = 6, 3 Hz, 2H), 

7.03 (d, J = 9 Hz, 1H), 6.82 (d, J = 9 Hz, 1H), 3.74 (s, 3H), 3.72 (s, 3H), 3.45 (s, 3H). 13C 

NMR (75 MHz, 1.0 M NaOD in D2O): δ 156.0, 153.3, 141.2, 136.2, 128.1, 127.3, 123.8, 

111.6, 109.4, 108.8, 61.7, 61.6, 56.5. HRMS-ESI (negative ion mode) m/z:  [M − H]− 

calcd for C16H16N2O5, 315.0982; found, 315.0982. Anal. Calcd for C16H16N2O5: C, 60.75; 

H, 5.10; N, 8.86. Found: C, 60.37; H, 5.22; N, 8.68. 
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1-Hydroxy-2-(4-carboxyphenyl)benzimidazole-3-oxide (2.16k). Brown solid (36%). 

mp decomp. 225 – 227 ºC. IR (KBr) cm−1: 3500, 3035, 1696, 1284, 694. 1H NMR (300 

MHz, 1.0 M NaOD in D2O): δ 7.95 (d, J = 8 Hz, 2H), 7.89 (d, J = 8 Hz, 2H), 7.53 (dd, J = 

6, 3 Hz, 2H), 7.22 (dd, J = 6, 3 Hz, 2H). 13C NMR (75 MHz, 1.0 M NaOD in D2O): δ 

175.3, 138.7, 137.1, 130.3, 129.2, 127.5, 125.6, 124.0, 111.5. HRMS-ESI (negative ion 

mode) m/z: [M − H]− calcd for C14H10N2O4, 269.0562; found, 269.0570. Anal. Calcd for 

C14H10N2O4: C, 62.22; H, 3.73; N, 10.37. Found: C, 62.02; H, 3.88; N 10.36. 

1-Hydroxy-2-ethylbenzimidazole-3-oxide (2.16l). White microcrystalline solid 

(40%). mp decomp. 211 – 213 ºC. IR (KBr) cm−1: 1384, 1280, 1141, 1045. 1H NMR (300 

MHz, 1.0 M NaOD in D2O): δ 7.31 (dd, J = 7, 3 Hz, 2H), 7.00 (dd, J = 6, 3 Hz, 2H), 2.81 

(q, J = 8 Hz, 2H), 1.08 (t, J = 8 Hz, 3H). 13C NMR (75 MHz, 1.0 M NaOD in D2O): δ 

142.4, 127.0, 123.0, 110.8, 15.3, 10.1. EI-MS (70 eV) m/z: 178 [M]+, 145 [M − O2H]+. 

Anal. Calcd for C9H10N2O2: C, 60.66; H, 5.66; N, 15.72. Found: C, 60.23; H, 5.65; N, 

15.63. 

General Oxidation Procedure for 2.15a, 2.15c-e.  Prior to oxidation, 1-hydroxy-2-

phenylbenzimidazole-3-oxide 2.16a (0.300 g, 1.3 mmol) was dissolved in 20 mL 1.0 M 

NaOH(aq), filtered twice through a Celite-545 plug, acidified with 1.0 M HCl, and isolated 

with suction. The wet clay was washed with water (5 mL), acetonitrile (5 mL), toluene (5 

mL), and pentane (10 mL) and dried under a stream of N2. The tan solid was suspended 

in toluene (5 mL) and, while sonicating, tetrabutylammonium hydroxide (1.3 mL as a 1.0 

M MeOH solution, 1.3 mmol) was added to the suspension creating a yellow-orange 

solution. Silver(I) triflate (0.351 g, 1.4 mmol) was added to the sonicating solution 

causing immediate oxidation. The yellow-green solution was sonicated an additional 5 
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min, filtered through a Celite-545 plug and concentrated by rotary evaporation. The crude 

radical was subjected to flash column chromatography (neutral alumina, CHCl3) and the 

combined fractions were concentrated under reduced pressure and dried under vacuum 

yielding a light brown solid (0.112 g, 38%).  UV–vis (CH3CN) λmax, nm (ε): 200 (18000), 

241 (14000), 279 (20000), 298 (16000), 312 (19000), 388 (5500), 421 (3500), 475 

(2500), 825 (800). 

2-(4-Pyridyl)benzimidazole N-N′-dioxide (2.15c): (27%).  UV–vis (CH3CN) λmax, 

nm (ε): 243 (11000), 281 (12000), 299 (11000), 312 (14000), 397 (3700), 427 (1800), 

483 (900), 831 (640). Anal. Calcd for C12H8N3O2: C, 63.71; H, 3.56; N, 18.58.  Found:  

C, 63.42; H, 4.04; N, 18.80.  

2-(2-Thienyl)benzimidazole N-N′-dioxide (2.15d): (47%).  UV–vis (CH3CN) λmax, 

nm (ε): 243 (12000), 289 (12000), 315 (19000), 331 (27000), 390 (4000), 433 (2000), 

482 (1500), 975 (750). Anal. Calcd for C11H7N2O2S: C, 57.13; H, 3.05; N, 12.11.  Found:  

C, 57.02; H, 3.36; N, 11.91. 

2-(3-Thienyl)benzimidazole N-N′-dioxide (2.15e): (42%).  UV–vis (CH3CN) λmax, 

nm (ε): 240 (17000), 280 (24000), 299 (22000), 313 (31000), 330 (4300), 386 (5100), 

426 (2600), 476 (1900), 930 (800). Anal. Calcd for C11H7N2O2S: C, 57.13; H, 3.05; N, 

12.11.  Found:  C, 57.08; H, 3.15; N, 11.83.  

2-(2-Pyridyl)benzimidazole N-N′-dioxide (2.15b): Prior to oxidation, 1-hydroxy-2-

(2’-pyridyl)benzimidazole-3-N-oxide 2.16b  (0.075 g, 0.33 mmol) was dissolved in 5 mL 

1.0 M NaOH(aq), filtered twice through a Celite-545 plug, acidified with 1.0 M HCl, and 

isolated with suction. The wet clay was washed with water (2 mL), acetonitrile (2 mL), 

toluene (2 mL), and pentane (5 mL) and dried under a stream of air. The tan solid was 
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suspended in benzene (10 mL) and, while sonicating, lead (IV) oxide (2.6 g, 11 mmol) 

was added to the solution and solution was sonicated under N2 for 1 h. The bright green 

solution was filtered through a Celite-545 plug and concentrated by rotary evaporation. 

The crude radical was subjected to flash column chromatography (neutral alumina, 9:1 

CHCl3/MeOH) and the combined fractions were concentrated under reduced pressure and 

dried under vacuum yielding a light brown solid (0.014 g, 19%).  UV–vis (CH3CN) λmax, 

nm (concentration unknown due to instability of radical): 242, 280, 308, 392, 475, 762. 

Anal. Calcd for C12H8N3O2: C, 63.71; H, 3.56; N, 18.58.  Found:  C, 62.96; H, 4.17; N, 

18.22. 
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Chapter 3: Extended Aromatic and Heteroaromatic Annelated 

Nitronyl Nitroxides 

3.1 Increasing radical stability 

Although the term stable is used somewhat subjectively when describing organic 

radicals, one accepted definition of a stable radical is a substance that can be isolated and 

handled in the same manner as you would any other closed shell organic compound.256 

Radicals which can be characterized spectroscopically but cannot be isolated are 

considered persistent. The idea of using rational design to enhance radical stability was 

briefly introduced in Section 2.1. Thermodynamic stabilization of open-shell organics can 

be accomplished through the inclusion of heteroatoms and π delocalization.2 

Heteroatoms, particularly oxygen, nitrogen, and sulfur can effectively bear spin without a 

marked increase in their reactivity. 

 Delocalization of the unpaired spin over multiple atoms can also have a stabilizing 

effect, although the extent to which π delocalization contributes to stability is dependent 

on a number of factors. Delocalization is usually an effective means of decreasing 

reactivity as electron density is partitioned over a greater number of atoms. The result is 

that spin is not as heavily concentrated on any given atom and the reactivity at each 

centre decreases accordingly. More delocalization is not always better though, it is also 

important which atoms the spin is delocalized over. In diphenyl nitronyl nitroxide 3.1, it 

is believed spin delocalization on the C4 and C5 aromatic groups acts to lower nitronyl 

nitroxide stability (relative to TMMN, 2.3) as electron density is delocalized from 
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nitrogen atoms onto carbon atoms which are inherently less able to carry spin, due to a 

decreased electronegativity257  
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Figure 3.1. Tetramethyl nitronyl nitroxide 2.3 and diphenyl nitronyl nitroxide 3.1. 
 

Thus far we have shown BNN to be stable towards dimerization in solution and the 

solid state, as well as to be generally air and moisture stable. Still, the series of BNN 

radicals 2.15a – 2.15e were considerably less stable than TMNN 2.3, especially in 

solution. We were interested in attempting to elucidate why, despite using design 

principles that typically have a stabilizing effect on open-shell systems, these radicals 

were some of the least stable nitronyl nitroxide radicals handled to date. It was shown 

that across the BNN series, roughly 20 % of the electron spin density is delocalized into 

annelated ring suggesting destabilization is occurring as a result of spin delocalization 

onto atoms which are less able to bear spin density.221 When considering the stability (or 

lack thereof) of BNN and its derivatives, we must also consider how easily reduced they 

are. The reduction potential of BNN 2.15a was lowered by nearly 750 mV relative to 

TMNN 2.3. This is consistent with a significant lowering in energy of the singly occupied 

molecular orbital (SOMO) and the enhanced redox activity may trigger reaction 

pathways that ultimately lead to radical decomposition.  

Prior to this work Dr. Steven Bowles attempted the synthesis of the systems shown in 

Figure 3.2 with limited success.172 The acenapthalene 3.3 and naphthalene 3.2 radical 
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precursors could not be synthesized at all. While the synthesis of all other radical 

precursors was successful, the stability of the radicals was limited. The phenanthrene 

derivative 3.4 had previously been synthesized by Shiomi et al. and was found have a 

short (30 min) lifetime in solution and decomposed upon removal of solvent,224 this 

reactivity was later confirmed in our own group.172 Similarly, the pyrene derivative 3.5 

decomposed so rapidly in solution detection of an EPR signal was not possible. 

Heteroaromatic radicals 3.6 – 3.8 were short lived in solution, however, characterization 

by EPR spectroscopy was possible. 
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Figure 3.2. Aromatic and heteroaromatic annelated nitronyl nitroxide radicals. 
 

Annelation, which results in an increase in conjugation length of TMNN 2.3 to give the 

π delocalized BNN derivatives 2.15a and 3.2 – 3.8 in Figure 3.2, was found to yield a 

less stable class of radicals. Increasing the conjugation length increases the number of 

atoms the radical spin is delocalized over which, in this case, resulted in delocalization of 



 

 

89
spin onto the carbon framework. Delocalization places spin density on atoms which are 

less electronegative and reactivity at these sites is increased, making dimerization a 

possible decomposition pathway. Additionally, extending the conjugation has a 

stabilizing effect leading to a decrease in SOMO energy. Decreasing the SOMO energy 

results in radicals with exceptionally low reduction potentials which may make them 

susceptible to disproportionation (Figure 3.3).  
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Figure 3.3. Potential decomposition pathways opened up upon annelation of TMNN 2.3 
to give 2.15. 

 

We were interested in examining the series of π-delocalized nitronyl nitroxide radicals 

2.15a and 3.2 – 3.8 to ascertain whether the observed decrease in solution phase lifetime 

upon annelation can be attributed to delocalization of the radical spin onto less 

electronegative atoms or the exceptionally low reduction potential. The series of 

annelated nitronyl nitroxide radical targets (Figure 3.2) used to address this question 

include those that (a) exhibit an increase in π delocalization as in 3.2 – 3.5 (b) contain 

heteroatoms as in pyridyl derivatives 3.6 and 3.7 or (c) both, as in quinoxaline derivative 

3.8.  
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Prior to this work limited spectroscopy (EPR, UV–vis) had been used to characterize 

the electronic structure of 3.2 – 3.8. Additionally, the electrochemical properties of 3.2 – 

3.8 were unknown. Challenges arose in the generation of radicals 3.2 – 3.8 as the solution 

phase stability of the successfully generated radicals was poor and the radical precursors 

were highly insoluble. In Chapter 2 it was shown that the radical precursors could be 

solubilized by deprotonation. Given that the oxidation of the anion and the reduction of 

the radical are the same electrochemical process (Figure 3.4), we were interested in 

generating the radical precursor salts in order to evaluate their oxidation potential, and 

thus the reduction potential of the corresponding radical. If the low reduction potential is 

the source of radical instability, reduction potential should correlate with solution phase 

lifetime and be independent of spin density distribution. 
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Figure 3.4. Electrochemical redox couple for BNN−/BNN•. 
 

Over the course of this work radical precursors 3.11, 3.18, 3.28, 3.31, and 3.37 were 

prepared in high purity and fully characterized in order to eliminate the possibility that 

the observed radical instability was due to the presence of impurities. Cyclic voltammetry 

was used to investigate the electrochemical reversibility and redox potentials of radicals 

3.4 – 3.8. Additionally, the electronic structure of π-delocalized and heteroaromatic 

systems 2.15a and 3.2 – 3.8 were evaluated computationally with density functional 



 

 

91
theory using unrestricted Becke’s three-parameter hybrid exchange-correlation functional 

(UB3LYP)238 with the EPR-II basis set.258 Through the use of cyclic voltammetry, EPR 

spectroscopy and computational data we hoped to further our understanding of the roles 

of spin distribution and decreased reduction potential on the chemical stability of 

annelated nitronyl nitroxides. 

 

3.2 Synthesis of extended aromatic nitronyl nitroxides 

3.2.1 Synthesis of 1-hydroxyl-2-phenyl-phenanthro[9,10-d]imidazole 3-oxide 

Although the EPR spectrum of 3.4 was reported in the literature,224 the synthesis was 

not well described. The synthesis was accomplished via the acid catalyzed condensation 

between two monoxime fragments which has traditionally been the most common 

methodology for the synthesis of nitronyl nitroxides. This synthetic procedure was 

repeated and found to successfully generate the phenanthrene annelated nitronyl nitroxide 

salt, 3.12. Benzaldehyde was condensed with hydroxylamine hydrochloride under basic 

conditions to give benzaldoxime 3.9 in 97 % yield. Analogous conditions were used to 

generate 9,10-phenanthrene monoxime 3.10 from commercially available 9,10-

phenanthrenequinone. Following 9,10-phenanthrenequinone monoxime generation, 3.10 

was reacted with benzaldoxime 3.9 under strongly acidic conditions to yield the 

annelated phenanthrene precursor 3.11, which was deprotonated with 

tetrabutylammonium hydroxide to give the phenanthrene precursor salt 3.12  in high 

yield and purity. Treatment of the tetrabutylammonium precursor salt 3.12 with silver 

hexafluorophosphate yielded a deep blue solution that rapidly (< 1 min) turned yellow 

upon standing. This is consistent with previous reports on the colour and stability of 
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phenanthrene based radical 3.4172,224 and confirms deprotonation of the precursor with 

tetrabutylammonium hydroxide is not altering the chemical composition of the system. 

 
Scheme 3.1. Synthesis of C2-phenyl phenanthrenimidazole nitronyl nitroxide precursor 
and corresponding tetrabutylammonium salt. a 
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a Reagents and conditions: (i) NH2OH·HCl, pyridine, EtOH, 97 %; (ii) NH2OH·HCl, 
BaCO3, EtOH, Δ, 87 %; (iii) HCl(g), EtOH, 98 %; (iv) (nBu)4NOH, 5:1 acetone:EtOH, 
95 %. 

 

The use of HCl(g) in step iii (Scheme 3.1) limits the functional group tolerance of this 

synthesis. We were interested in utilizing the milder synthetic methodology developed in 

Chapter 2 for the synthesis of the larger aromatic systems presented here. Should the 

radicals show interesting solution or solid state properties, a series of derivatives would 

be attractive for further investigation of how functionalization perturbs electronic 

structure, solid state packing, and intermolecular spin-spin interactions. Additionally, 



 

 

93
substitution, particularly on the annelated aromatic ring, could have a stabilizing effect 

creating π-delocalized radicals which are isolable in the solid state.  

 
Scheme 3.2. Alternate route attempted for synthesis of 3.11.a 
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2.21j  R = 2,3,4-trimethoxyphenyl

 
a Reagents and conditions: (i) NH2OH·HCl, pyridine, EtOH, Δ, 52 %; (ii) NaOCl(aq), 
KOH in EtOH, 84 %; (iii) toluene, Δ, 0 %. 

 

Benzofurazan oxides can be synthesized by oxidation of o-nitroamine under acidic or 

basic conditions.259-261 Given that dioximes are constitutional isomers of o-nitroamines 

we believed that oxidation of the dioxime under analogous conditions should yield the 

appropriate oxadiazole oxide (furoxan) and literature precedence for this exists.262,263 

9,10-phenanthrenequinone was reacted with excess hydroxylamine hydrochloride to give 

dioxime 3.13. Interpretation of the NMR data for dioxime 3.13 was difficult as dioximes 

exist in three different isomeric forms (ZZ, EE, and hydrogen bonded EZ; Figure 3.5). 
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Isomerization was observed in the NMR spectra of nearly all the monoxime and dioxime 

derivatives and the ratio between the different isomeric forms was dependant on solvent.  

IR spectroscopy was more useful when attempting to determine whether mono or bis 

condensation had occurred. In the case of 9,10-phenanthrenequinone dioxime, the 

presence of stretches at 3186 and 1560 cm−1 are characteristic of ν(O–H) and ν(C=N) 

stretching in hydroxylamines.264 Additionally, the IR spectrum did not contain the 

1684 cm−1 ν(C=O) stretch present in 9,10-phenanthrenequinone264 or the 1675 cm−1 

stretch 9,10-phenanthrenequinone monoxime 3.10 confirming the twofold condensation 

with hydroxylamine was successful. Once synthesized, 9,10-phenanthrenequinone 

dioxime 3.13 was oxidized with sodium hypochlorite under basic conditions yielding 

phenanthrene furazan oxide 3.14 in 84 % yield. Again two isomeric forms were observed 

in ~2:1 ratio by NMR (CDCl3), the closed oxadiazolo ring depicted in Scheme 3.2 and its 

open form, 9,10-dinitrosophenanthrene. 
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Figure 3.5. Isomers of dioxime. 
 

Condensation of furazan oxide 3.14 with C-phenyl-N-phenyl nitrone 2.21a in refluxing 

toluene did not yield any product after 4 days of heating. TLC revealed slow 

decomposition of 2.21a over this time, however, the furazan oxide 3.14 remained 

unreacted and was recovered from the reaction. Following the failure of the first attempt 

at nitrone/furoxan coupling, both electron rich 2.21j and electron poor 2.21i nitrones 
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were reacted to test whether perturbing the electronics of the nitrone would facilitate a 

reaction. Again these condensations were unsuccessful and 3.14 was recovered 

quantitatively. There is no evidence 3.14 is reacting at all under these conditions 

suggesting, at least in this case, the milder methodology developed for the synthesis of 

benzannelated nitronyl nitroxides 2.21a-l is not suitable for the generation of annelated 

phenanthrene nitronyl nitroxide radicals. 

 

3.2.2 Synthesis of 1-hydroxyl-2-phenyl-pyreno[4,5-d]imidazole 3-oxide 

 
Scheme 3.3. Synthesis of C2-phenyl pyreneimidazole nitronyl nitroxide precursor and 
corresponding tetrabutylammonium salt. a 
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aReagents and conditions: (i) RuCl3·xH2O, NaIO4 in H2O, 1:1 CH3CN:CH2Cl2, 41 %; (ii) 
NH2OH·HCl, BaCO3, EtOH, Δ, 93 %; (iii) PhC=NOH 3.9, HCl(g), EtOH 71 %; (iv) 
(nBu)4NOH, 2:1 acetone:EtOH, 67 %. 

 

Pyrene radical precursor 3.18 was synthesized using acid catalyzed methodology 

analogous to that utilized during the synthesis of the phenanthrene derivative 3.11. 

Pyrene was oxidized directly to pyrenedione 3.16 with ruthenium(III) chloride hydrate 
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and sodium periodate.265 This was an improvement over previous multi-step synthetic 

methodology whereby the C4-C5 pyrene bond was oxidatively cleaved to generate 

phenanthrene-1,10-dicarboxylate which was subsequently protected by Fischer 

esterification and reductively coupled with sodium metal to give 4,5-pyrenedione 3.16.266  

Following purification, 4,5-pyrenedione 3.16 was reacted with one equivalent of 

hydroxylamine hydrochloride in the presence of barium carbonate to give 4,5-

pyrenedione monoxime 3.17. The monoxime was condensed with benzaldoxime 3.9 in 

acidic ethanol yielding pyrene nitronyl nitroxide precursor 3.18 as an insoluble tan 

powder. Precursor 3.18 was deprotonated with tetrabutylammonium hydroxide to give 

tetrabutylammonium pyrene precursor salt 3.19 which was used to investigate the pyrene 

nitronyl nitroxide radical/anion redox couple. 

 

3.2.3 Attempted synthesis of acenaphthyl and naphthyl precursors 

 
Scheme 3.4. Synthetic pathways attempted in the preparation of (2-
phenyl)acenaphthylenimidazole 1-oxyl 3-oxide. a 
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aReagents and conditions: (i) NH2OH·HCl, pyridine, EtOH, 81 %; (ii) PhC=NOH 3.9, 
HCl(g), EtOH, 0 %. 
 

The synthesis of acenaphthyl 3.21 and naphthyl 3.25 radical precursors proved 

challenging. Bowles has previously shown the acenaphthyl and naphthyl derivatives 
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could not be synthesized by acid catalyzed condensation of dioxime with benzaldehyde 

or furoxan nitrone coupling.172 This was confirmed during the course of this work. 

Condensation of acenaphthyldioxime with hydroxyl amine gave 1,2-

acenaphthylenedione monoxime 3.20 in 81 % yield. Reaction of the monoxime with 

benzaldoxime 3.9 in EtOH under strongly acidic conditions did not generate precursor 

3.21. Given the numerous synthetic pathways previously attempted and the lack of 

success associated with each, the synthesis of acenaphthyl nitronyl nitroxide precursor 

3.21 was not explored further. 

 
Scheme 3.5. Synthetic pathways attempted in the preparation of (2-
phenyl)naphthalenimidazole 1-oxyl 3-oxide. a 
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aReagents and conditions: (i) NH2OH·HCl, BaCO3, EtOH, 94 %;172 (ii) PhC=NOH 3.9, 
HCl(g), EtOH, 0 %; (iii)  NH2OH·HCl, BaCO3, EtOH, 83 %; (iv) NaOCl(aq), KOH in 
EtOH, 14 %; (v) C-phenyl-N-phenylnitrone 2.21a, toluene, Δ, 0 %. 

 

The synthesis of naphthyl radical precursor 3.25 was also revisited (Scheme 3.5). 

Bowles reported monoxime 3.22 could be successfully synthesized, however, no reaction 

was observed when 3.22 was combined with benzaldoxime 3.9 in anhydrous acidic 

EtOH. The synthesis of naphthyl nitronyl nitroxide precursor 3.25 was attempted here 
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using the furoxan nitrone coupling methodology developed in Chapter 2. Previously the 

synthesis of furoxan 3.24 was accomplished in four steps from 2-aminonaphthalene. We 

applied the dioxime oxidation developed for the synthesis of the phenanthrene furoxan 

3.13 above to synthesize naphthalene furoxan (naphthaleno[1,2-c][1,2,5]oxadiazole N-

oxide) 3.24 from 1,2-naphthoquinone in only two steps. Naphthoquinone was condensed 

to give 1,2-naphthoquinone dioxime 3.23 which was oxidized with aqueous sodium 

hypochlorite in basic EtOH to give naphthalene furoxan 3.24. As before, although the 

furoxan could be generated it was unreactive towards C-phenyl-N-phenylnitrone 2.21a 

and naphthyl precursor 3.25 was not isolated. 

 

3.3 Synthesis of heteroaromatic nitronyl nitroxides 

3.3.1 Synthesis of (2-phenyl)-4-azabenzimidazole nitronyl nitroxide 

Scheme 3.6. Synthesis of (2-phenyl)-4-azabenzimidazole nitronyl nitroxide precursor 
salt. a 
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aReagents and conditions: (i) NaN3, 9:1 EtOH:H2O, HCl(aq), Δ, 58 %; (ii) toluene, Δ, 
85 %; (iii) C-phenyl-N-phenylnitrone 2.21a, toluene, Δ, 80 %; (iv) (nBu)4NOH, 
1:1 acetone:EtOH, 57 %. 
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4-Azabenzimidazole nitronyl nitroxide precursor salt 3.29 was synthesized using the 

furoxan/nitrone condensation methodology developed for the synthesis of the 

benzannelated systems reported in Chapter 2. Nucleophilic attack on 

2-chloro-3-nitropyridine with a source of azide gave 3.26, which exists primarily in the 

tetrazole form depicted in Scheme 3.6. Gentle heating of the tetrazole resulted in loss of 

N2 and formation of pyridine furoxan 3.27 in 49 % yield from 2-chloro-3-nitropyridine. 

Furoxan 3.27 was condensed with C-phenyl-N-phenylnitrone 2.21a yielding precursor 

which could be deprotonated to give the tetrabutylammonium salt as a bright yellow-

orange powder.  

 

3.3.2 Synthesis of (2-phenyl)-5-azabenzimidazole nitronyl nitroxide 

Scheme 3.7. Synthesis of (2-phenyl)-4-azabenzimidazole nitronyl nitroxide precursor 
salt. a 
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aReagents and conditions: (i) NaN3, DMSO, 30 %; (ii) C-phenyl-N-phenylnitrone 2.21a, 
toluene, Δ, 94 % (iii) (nBu)4NOH, EtOH, 91 %. 

 

5-Azabenzimidazole nitronyl nitroxide precursor salt 3.32 was synthesized using the 

same procedure as that used to prepare the 4-azabenzimidazole nitronyl nitroxide 

precursor salt 3.29. Instead of substitution of chlorine with azide at the 2 position on 

pyridine (as in Scheme 3.6), 4-chloro-3-nitropyridine was used and azide substitution 

occurred at the 4-pyridyl position. Attempts at gently heating 4-azido-3-nitropyridine 
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3.30 to give furoxan resulted in formation of an insoluble black solid that was not the 

desired product. To combat this, azide 3.30 and C-phenyl-N-phenylnitrone 2.21a were 

combined and gently heated. The in situ generation of the furoxan followed by immediate 

reaction with C-phenyl-N-phenylnitrone 2.21a generated precursor 3.31 in nearly 

quantitative yield and formation of a black insoluble solid was not observed. Following 

isolation, precursor 3.31 was deprotonated with tetrabutylammonium hydroxide to give 

the 5-azabenzimidazole precursor salt 3.32 as a bright orange solid in 91 % yield. 

 

3.3.3 Synthesis of 2-phenylimidazo[4,5-b]quinoxaline nitronyl nitroxide 

The synthesis of 2-phenylimidazo[4,5-b]quinoxaline nitronyl nitroxide precursor salt 

was carried out according to Scheme 3.8. Glyoxal was condensed with two equivalents of 

hydroxylamine to give glyoxime 3.33 which was subsequently chlorinated with N-

chlorosuccinimide to give dichloroglyoxime 3.34 as a white crystalline solid (69 % yield 

from glyoxal). 1,2-diaminobenzene was reacted with dichloroglyoxime 3.34 under mild 

basic conditions to give N2,N3-dihydroxy-2,3-quinoxalinediamine 3.35 in 82 % yield. 

Quinoxaline hydroxylamine 3.35 was oxidized with nitric acid to give furoxan 3.36 

which reacted rapidly with C-phenyl-N-phenylnitrone to give quinoxaline precursor 3.37 

as an orange powder in 44 % yield. Unfortunately, deprotonation of 3.37 with 

tetrabutylammonium hydroxide did not yield 2-phenylimidazo[4,5-b]quinoxaline nitronyl 

nitroxide precursor salt 3.38. Instead a black solid was isolated whose 1H and 13C NMR 

spectra were inconsistent with that for 3.38. Quinoxaline is susceptible to nucleophilic 

attack and hydroxide may be cleaving open the quinoxaline ring resulting in 

decomposition. Alternative methods of 2-phenylimidazo[4,5-b]quinoxaline nitronyl 

nitroxide precursor salt 3.38 generation were not explored.  
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Scheme 3.8. Synthesis of 2-phenylimidazo[4,5-b]quinoxaline nitronyl nitroxide precursor 
salt. a 
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aReagents and conditions: (i) NH2OH·HCl, KOH, H2O, Δ, 79 %; (ii) NCS, DMF, 87 %; 
(iii) Na2CO3, CH3CN, 0 ◦C to rt, 82 %; (iv)  Conc HNO3, CH2Cl2, 0 ◦C, 76 %; 
(v) C-phenyl-N-phenylnitrone 2.21a, toluene, Δ, 44 %; (vi) (nBu)4NOH, EtOH, 0 %. 

 

3.4 Electrochemistry: cyclic voltammetry of precursor salts 

The electrochemical behavior of the series of π-delocalized and heteroaromatic nitronyl 

nitroxide radicals 3.4 – 3.7 was investigated by cyclic voltammetry and compared to C2-

phenyl substituted benzannelated nitronyl nitroxide radical 2.15a (Table 3.1). With the 

exception of the quinoxaline nitronyl nitroxide anion [3.8]−, the half-wave oxidation 

potential of each anion, and therefore reduction potential (E1/2(red)) of each radical 3.4 – 

3.7 was determined.  
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Figure 3.6. Cyclic voltammogram of reduction waves of 3.4 – 3.7, 10 mM solution in 
CH3CN, 0.1 M NBu4PF6, 50 mV s−1 scan rate. 
 
 
Table  3.1. Half-wave reduction potentials and calculated electron affinities (EA) of 
radicals 2.15a, 3.4 - 3.8.  

 2.15a 3.4 3.5 3.6 3.7 3.8 
E1/2(red) (V vs SCE)a -0.03 0.19 0.18 0.09 0.17 - 
ΔEp (mV) 75 77 93 89 80 - 
ipa/ipc 1.18 1.96 2.95 1.39 1.18 - 
       

EA (eV)b 2.11 2.50 2.55 2.24 2.41 2.35 
a 10 mM solution in CH3CN, 0.1 M NBu4PF6, 100 mV s−1 scan rate, Fc/Fc+ internal 
standard. b Single point energies calculated using DFT UB3LYP/6-31+G(d,p), no zero 
point energy correction performed. Input structure was the geometry optimized structure 
determined from the UB3LYP/EPR-II calculation (Section 3.6).  
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The half-wave potentials determined for the reduction of radicals 3.4 – 3.7 are reported 

relative to SCE in Table 3.1 and depicted in Figure 3.6. In all cases the radicals reduce at 

potentials more positive than benzannelated nitronyl nitroxide 2.15a. Moreover, with the 

exception of 3.6, the radicals are more easily reduced than the strongly accepting 

7,7,8,8-tetracyanoquinodimethane (TCNQ)233 making them some of the strongest one-

electron organic acceptors reported to date. 

ipa

Epc

ipc

-0.10.00.10.20.30.4
Potential (V vs SCE)

Epa

 
Figure 3.7. An archetypal voltammogram labelled with key peak parameters. 

 

For a perfectly reversible electrochemical reaction the separation in the peak potentials 

(ΔEp = Epc – Epa, Figure 3.7) will be independent of scan rate and follow Nernstian 

behavior, that is ΔEp will be close to 59/n mV (at 25 ºC), where n is the number of 

electrons transferred during the process.267,268 In practice, a system is typically considered 

reversible provided that ΔEp is less than ~80 mV. To be completely reversible the 

electron transfer event at the surface of the electrode must be fast relative to mass 

transport.269 A quasi-reversible system can appear reversible when the applied voltage is 
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scanned slowly but will show an increase in ΔEp at higher scan rates. The scan rate 

dependence of the separation between peak potentials for radicals 2.15a and 3.4 – 3.7 is 

given in Table 3.2. As scan rate is increased, ΔEp increases for 3.4, 3.6 and 3.7, 

consequently the electrochemical radical/anion redox couple is quasi-reversible. The ΔEp 

for 2.15a remains essentially constant over the scan rates evaluated, consistent with our 

previous assignment of this process as reversible. 

 
Table  3.2. Scan rate dependence of the separation of peak potentials (ΔEp, difference in 
anodic and cathodic peak potential, reported in mV) and ratio of peak currents (ipa/ipc) of 
radical reduction process. 10 mM solution in CH3CN, 0.1 M NBu4PF6, 100 mV s−1 scan 
rate, Fc/Fc+ internal standard. 
Scan Rate 2.15a 3.4 3.5 3.6 3.7 

   

(mV s−1) ΔEp
 ipa/ipc

 ΔEp ipa/ipc ΔEp ipa/ipc ΔEp ipa/ipc ΔEp ipa/ipc 
50 75 1.18 76 1.96 112 2.95 85 1.39 73 1.18 

100 75 1.26 77 1.80 93 3.34 89 1.41 80 1.20 
150 79 1.24 78 1.75 85 3.41 96 1.38 86 1.20 
200 82 1.21 83 1.56 86 3.39 99 1.42 90 1.18 
250 76 1.22 75 1.49 75 3.23 93 1.44 85 1.18 
300 77 1.22 78 1.40 75 3.16 97 1.40 87 1.17 
500 - - 80 1.27 76 2.81 97 1.42 98 1.18 
750 - - 85 1.18 81 2.62 - - - - 

 

The electrochemistry of pyrene radical 3.5 is more complex. The separation of peak 

potentials decreases with increasing scan rate, until the redox reaction appears reversible 

(scan rate ≥ 250 mV s−1). This can be consistent with the coupling of a reversible or 

quasi-reversible electrochemical redox (Er) process to an irreversible chemical reaction 

(Ci). Classification of an ErCi mechanism requires measurement of the ratio of the anodic 

peak current (ipa) to that of the cathodic peak current (ipc). When an electron transfer 

event is free of chemical complications or is followed by a reversible chemical reaction, 

the peak current ratio (ipa/ipc) is unity. However, if following oxidation a fraction of the 
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oxidized species chemically reacts before reduction can occur on the reverse scan, the 

heights of ipa and ipc will be inequivalent and ipa/ipc ≠ 1. Each peak current is measured by 

extrapolating the preceding baseline current (horizontal lines in Figure 3.7) and taking the 

difference between the baseline and maximum peak current. In the case of pyrene radical 

3.5, the peak current ratio is far from unity at all scan rates. When tetrabutylammonium 

pyrene nitronyl nitroxide precursor salt 3.19 is oxidized to radical, the oxidation is 

rapidly followed by an irreversible chemical reaction. This significantly depletes the 

concentration of radical at the electrode surface and very little species is available for 

reduction during the cathodic sweep. The chemical instability of pyrene radical 3.5 

observed by voltammetry is consistent with the rapid decomposition of 3.5 upon 

chemical oxidation.  

The ratio of peak currents for phenanthrene nitronyl nitroxide 3.4 and 3.6 also deviate 

noticeably from unity. While ipa/ipc of 3.6 is constant with increasing scan rate, ipa/ipc of 

3.4 decreases dramatically. A dependence of ipa/ipc on scan rate suggests electron transfer 

at the electrode and the irreversible chemical reaction are occurring on similar timescales. 

In the case of 3.4, at low scan rates a chemical reaction occurs before the return reduction 

scan and ipa/ipc is 1.96 at 50 mV s−1. As the scan rate is increased, the reverse 

electrochemical process occurs within a shorter timeframe, less chemical decomposition 

is observed prior to reduction and ipa/ipc is 1.18 at 750 mV s−1. The ratio of peak current 

for 2.15a and 3.7 are close to unity and very little, if any, chemical reactivity is observed 

between anion oxidation and radical reduction. The relative stability of radicals 2.15a and 

3.4 – 3.7 can be inferred by comparing the peak current ratios at a given scan rate. It 

would appear the benzannelated 2.15a and 3,4-pyridine annelated 3.7 nitronyl nitroxide 
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radicals are more chemically stable (at 10−3 M in nBu4PF6/CH3CN, 25 ºC) than the 2-

pyridyl radical 3.6. Pyridine radical 3.6 is relatively more stable than phenanthrene 

radical 3.4 while pyrene derivative 3.5 is has the shortest lifetime. The account of relative 

chemical stability derived from the voltammetry data presented here is consistent with 

that observed by Bowles.172   

As discussed above, the tetrabutylammonium quinoxaline nitronyl nitroxide salt 3.38 

could not be isolated, thus voltammetric data on the 3.8/[3.8]− redox couple could not be 

obtained from pure salt 3.38. As protonated quinoxaline precursor 3.37 was of high 

purity, cyclic voltammetry was attempted on 3.37. Protonated quinoxaline precursor 3.37 

could be solubilized in nBu4PF6/CH3CN (~0.5 mg mL−1, standard voltammetry 

conditions) by non-nucleophilic bases, such as Proton Sponge® (N,N,N′,N′-tetramethyl-

1,8-naphthalenediamine), TEA (triethylamine) or DBU (1,8-diazabicyclo[5.4.0]undec-7-

ene).  
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Figure 3.8. Cyclic voltammogram of Proton Sponge® before addition of quinoxaline 
nitronyl nitroxide precursor 3.37 (red) and after addition of 3.37 (black). 10 mM solution 
in CH3CN, 0.1 M NBu4PF6, 50 mV s−1 scan rate. Peak potential has not been referenced 
to Fc/Fc+ and is vs Ag wire pseudo-reference electrode. 
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The voltammogram of each base was recorded prior to dissolution of protonated 

precursor 3.37 and none had a redox process that would interfere with the reduction wave 

of quinoxaline nitronyl nitroxide radical 3.8. Despite this, upon dissolution of 3.37 with 

any of the above amine bases, a peak associated with the 3.8/[3.8]− redox couple was not 

observed. This is illustrated in Figure 3.8 where no redox processes are recorded between 

0.6 and −0.9 V. The lack of an electrochemical redox process centred around 0 V and the 

presence of small irreversible processes at potentials greater than 0.5 V and less than −0.9 

V is consistent with the species in solution no longer having annelated nitronyl nitroxide 

character. The difficulty encountered in isolation of the tetrabutylammonium quinoxaline 

nitronyl nitroxide salt 3.37 in combination with voltammetry data on protonated 

quinoxaline precursor 3.36 suggests the quinoxaline nitronyl nitroxide anion may not be 

chemically stable. 

3.5 Stability: solution phase half-life 

In order to properly quantify the relative stabilities of π-delocalized nitronyl nitroxide 

radicals 2.15a, 3.4 – 3.8 spectroscopy was used in an attempt to determine the rate 

constant (k) and extrapolate a half-life (t1/2) or time constant (τ) for the decay of each 

radical. It has been shown in our group that solid state isolation of phenanthrene 3.4 and 

pyrene 3.5 nitronyl nitroxide radicals is challenging as decomposition in solution occurs 

rapidly. Although all aza-subsituted nitronyl nitroxide radicals 3.6 – 3.8 were found to be 

more stable in solution,172 concentration of the reaction solution resulted in a colour 

change and a product that was EPR silent.  

In order to determine t1/2, it was thought each radical could be oxidized with a source of 

silver(I) in situ and the decay, observed as decreasing radical absorbance, could be 
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monitored as a function of time. 10−5 M solutions of each radical precursor were prepared 

in distilled (dry, degassed) CH2Cl2 and transferred to a modified UV–vis cuvette which 

maintained an inert atmosphere over the course of the experiment. An equimolar amount 

of silver(I) hexafluorophosphate in distilled CH2Cl2 was added rapidly to the solution via 

syringe and the reaction was monitored by UV–vis spectroscopy (T = 24.4 ºC). 

Unfortunately when this was attempted with the tetrabutylammonium 

phenanthrenimidazole salt  3.12 or pyreneimidazole salt 3.19 radical was never observed 

in any measurable quantity in solution. Pyreneimidazole nitronyl nitroxide radical has 

been reported to give a blue solution in benzene upon oxidation with PbO2 or Ag2O.224 

Most notably there is are two visible electronic transitions at 560 and 613 nm 

(benzene)172 which were only observed as baseline perturbations and lasted no more than 

4 min after silver(I) addition. Under these conditions, the rate constant for radical 

formation may be small when compared to the rate constant of radical decomposition 

(kox << kdecomp) for the pyrene and phenanthrene systems (Scheme 3.9). For this reason 

radical is not observed in any appreciable amount and any small transitions that appear 

are masked by peaks attributable to anion starting material and radical decomposition 

product(s). 

 
Scheme 3.9. Proposed pathway for in situ generation of π-delocalized radicals. 
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The oxidation potential of silver(I) is known to be dependent on solvent and 

counterion230 and a variety of different silver(I) oxidation conditions were attempted. In 

addition a number of different oxidants were used in an attempt to increase kox relative to 

kdecomp (Table 3.5). None of the conditions proved successful and some oxidants, 

particularly lead dioxide and the nitrosonium salts, were too strong resulting in 

immediate formation of alternate product(s). 

 
Table  3.3. Different conditions used when attempting in situ generation of phenanthrene 
nitronyl nitroxide radical 3.12. 
Oxidant Solvent Observations 
AgPF6 CH2Cl2 λmax = 613 nm briefly observed 
AgPF6 CH2Cl2/EtOHa λmax = 613 nm briefly observed 
AgOTf CH2Cl2 λmax = 613 nm briefly observed 
   
NOPF6 CH3CN b Over oxidation, radical not observed 
NOSbF6 CH3CN Over oxidation, radical not observed 
NOSbF6 CH2Cl2 Over oxidation, radical not observed 
   
PbO2 CH2Cl2 Over oxidation, radical not observed 
BQc CH2Cl2 Over oxidation, radical not observed 
Magic Blued CH2Cl2 Unknown if radical formed, aminium electronic 

transitions masked those for the radical 
a Dichloromethane:ethanol solvent mixture in 3:1 ratio, ethanol was stirred over 4Å 
molecular sieves and purged with N2 prior to use. b Acetonitrile is a common solvent for 
use with nitrosonium oxidants as it is one of the only solvents that dissolves the salt and  
is inert to the nitrosonium (aprotic). c BQ = benzoquinone. d Magic blue = tris(4-
bromophenyl)aminium hexachloroantimonate. 

 

The same methodology described above was used to measure kdecomp and t1/2 for 

pyridine and quinoxaline nitronyl nitroxide radicals 3.6 – 3.8. All nitrogen containing 

systems reacted immediately upon silver(I) addition to give bright orange insoluble 

powders. This reactivity was similar to that observed for C2-(4′-pyridyl) benzonitronyl 
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nitroxide 2.15b. In all cases coordination of silver is suspected, although these products 

were difficult to characterize due to their insoluble nature. 

In the end, in situ generation of these radicals may not be an appropriate way of 

determining kinetics parameters. This method was designed to gain insight into lifetime, 

however, the presence of anions, excess oxidant and any contaminants present in the 

oxidant (particularly silver(I) salts which are photosensitive) could be contributing to or 

providing new pathways for decomposition, skewing any kinetics derived from this 

method. Ideally each radical would be isolated as a pure solid, dissolved in a dry, 

degassed aprotic solvent and decomposition could be monitored without complicating 

factors such as the presence of ions. As previously discussed (Section 2.2) oxidation of 

the nitronyl nitroxide precursors is most commonly accomplished with PbO2. The PbO2 

and its reduced by-products are removed by filtration and the crude reaction mixture is 

concentrated to dryness. In the case of radicals 3.4 – 3.8, concentration results in the 

formation of EPR silent products. A new methodology was developed over the course of 

this work that allows for isolation of the radicals from solution by low temperature 

precipitation. This isolation technique may avoid the formation of closed shell products, 

unless the resulting species are a result of solid state dimerization. In addition to working 

out an isolation procedure that circumvents decomposition, an oxidation procedure 

employing an oxidant that does not bind nitrogen containing radicals must also be 

developed to allow for formation of pyridine and quinoxaline containing nitronyl 

nitroxide radicals. Finally, spectroelectrochemical experiments could be attempted and 

may allow for the observation of radical UV–vis spectra as well as the monitoring of 

radical decay, providing the radicals are stable under the electrochemical conditions. 
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3.6 Electronic structure calculations 

A complete understanding of radical stability requires an exact knowledge of the 

location and degree of spin density residing on each atom in a given molecule. Polarized 

neutron diffraction (PND) measurements yield detailed spin density distribution maps. 

Unfortunately these measurements are costly and require large single crystals making the 

acquisition of PND data nontrivial. A more accessible spectroscopic technique, electron 

paramagnetic resonance (EPR) spectroscopy, can provide information on spin density 

distribution via determination of the isotropic hyperfine coupling constant (hfcc) for each 

nucleus. The hfcc for a given nucleus X, a(X) is directly proportional to spin density, 

ρ(rx) through the relationship in Equation 1270 where ge and g0 are the isotropic g-values 

for a free electron and the radical respectively, γx is the gyromagnetic nuclear ratio and βx 

is the nuclear magneton of nucleus X. 

(1) 

Although EPR spectroscopy will give the magnitude of spin density it cannot provide 

the sign. Additionally, the spin density can only be determined for atoms with a non-zero 

nuclear spin (I). Increasingly popular is the use of ab initio calculations to determine the 

sign and strength of spin density distribution on all nuclei, including those with values of 

I = 0. It was originally thought ab initio methods with large basis sets were necessary to 

predict hfcc’s, however, more recently the use of density functional theory (DFT) with 

moderately sized basis sets has been shown to give reasonable results for spin density 

distribution in small radicals,271 including simple nitronyl nitroxides such as 2.3.193,272-275 

Of course the accuracy of DFT can range from poor to quite good depending on the basis 

set and functional used. Towards this end we have chosen to use the hybrid B3LYP238 

a(X) ൌ
8π
3

ge
g0
γxβxρ(rx) a(X) ൌ

8π
3

ge
g0
γxβxρ(rx) 
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functional with the EPR-II basis set,258 a double-zeta plus polarization basis set which has 

been specifically optimized for computing hfcc’s. DFT with UB3LYP/EPR-II has been 

shown to qualitatively reproduce experimental EPR and PND data well in simple imino 

nitroxide276 and nitronyl nitroxide radicals.270 
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Figure 3.9. Labeled nitronyl nitroxide radicals for Table 3.4. 
 
 
Table  3.4. Comparison of simulated and experimental172 (EPR) hyperfine coupling 
constants (reported in Gauss) to nitrogen and hydrogen atoms in 2.15a and 3.6 - 3.8. 

  2.15a  3.6  3.7  3.8 
atom  calc exptl  calc exptl  calc exptl  calc exptl 
a(N1)  2.86 4.37  2.51 4.139  2.59 3.990  2.78 4.232 
a(N3)  2.86 4.37  2.71 4.367  2.72 4.150  2.78 4.232 

a(Npyr)  - -  0.13 0.792  0.13 0.725  - - 
a(Nquin)  - -  - -  - -  0.38 0.440 

             

a(Hα)  -0.94 0.93  -0.67 0.725  -0.85 0.850  -0.29 0.407 
a(Hβ)  -0.72 0.65  -0.75 0.848  -1.18 0.906  -0.23 0.247 
a(Hx)  - -  -0.57 0.694  -0.81 0.703  - - 

             

a(Ho)  1.13 0.49  1.15 0.440  1.14 0.419  1.27 0.471 
a(Hm)  -0.45 0.22  -0.46 0.201  -0.46 0.145  -0.50 0.190 
a(Hp)  1.01 0.41  1.04 0.392  1.03 0.447  1.16 0.468 
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The hfcc’s calculated using the EPR-II basis set can be compared to experimental 

hfcc’s obtained by Steve Bowles (Table 3.4) for radicals for which well-resolved EPR 

spectra were collected (2.15a and 3.6 – 3.8). Bowles was able to obtain an EPR spectrum 

of phenanthrene derivative 3.4, however, the signal was broad due to decomposition of 

the sample and hydrogen hyperfine coupling could not be resolved. 

Comparing the experimental data to the computational results presented in Table 3.4, 

we are confident the use of the UB3LYP functional with the EPR-II basis set is capable 

of qualitatively representing experimentally observed trend in hfcc among the series of 

annelated radicals. Most notably, the hfcc’s to imidazolyl nitrogen (a(N1) and a(N3)) are 

underrepresented computationally while the hfcc’s to almost all hydrogen atoms are 

larger than those determined experimentally. This was not entirely unexpected and is, at 

least in part, due to the proclivity of density functional theory to over-delocalize 

π electrons. Nevertheless, experimental trends across the series, particularly the decrease 

in a(N1) and a(N3) with the incorporation of additional nitrogen atoms are reproduced 

well computationally. With confidence that our selected computational method was 

representing experimental trends we calculated the spin density distribution for the 

remaining radicals. These results are presented visually in Figure 3.10 and reported in 

Table 3.5 as Mulliken spin density, which is a direct representation of the spin population 

in the ground state. 
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Figure 3.10. Spin density of radicals 2.3, 2.15a, 3.1 – 3.8 generated with GaussView 
4.1.2, grid = coarse, isovalue = 0.02. Positive spin density is blue while negative spin 
density appears green. 

 

In general we find the singly occupied molecular orbital (SOMO) to be largely 

concentrated on the N and O nitroxide atoms, consistent with the larger class of nitronyl 

nitroxide radicals. The spin populations on O and N are large and positive (blue, Figure 

3.10; see also Table 3.5) due to the positive orbital coefficient present on these atoms. 
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Also observed in all of 2.1, 2.15a and 3.2 – 3.8 is a non-negligible negative spin 

population on C2 which originates from spin polarization of the bonding electrons.  
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Figure 3.11. Labeled nitronyl nitroxide radicals. Left shows labeling scheme for nitronyl 
nitroxide when N1 = N1 and C4 = C5. The three radicals that do not contain C2v 
symmetry are drawn in full to distinguish C4 from C5. 
 
 
Table  3.5. Mulliken spin densities for N and C atoms in imidazole dioxide ring for 
radicals 2.3, 2.15a, 3.1 – 3.8 as calculated using UB3LYP/EPR-II.  
atom 2.3 2.15a 3.2 3.3 3.4 3.5 3.6 3.7 3.8 

N1 0.278 0.188 0.176 0.158 0.176 0.177 0.178 0.178 0.182 
N3 0.278 0.188 0.183 0.158 0.176 0.177 0.181 0.182 0.182 
C2 -0.204 -0.175 -0.167 -0.159 -0.163 -0.165 -0.178 -0.176 -0.189 
C4 -0.012 0.0049 0.0046 0.034 0.027 0.025 0.020 0.0005 -0.0013 
C5 -0.012 0.0049 0.042 0.034 0.027 0.025 0.0092 0.020 -0.0014 

Npyr - - - - - - 0.024 0.014 - 
Nquin - - - - - - - - 0.037 

 

Perhaps the greatest difference across the series is the degree of spin density on the 

bridge carbons between the imidazole and benzannelated rings (C4 and C5). In 

tetramethyl nitronyl nitroxide 2.3 negative spin density is present on C4 and C5. The 

opposite is observed in benzonitronyl nitroxide 2.15a where a small amount of positive 

spin density is observed on C4 and C5. Spin density at C4 and C5 is positive in 2.15a as 

the SOMO extends over these carbon atoms, whereas in 2.3 it is highly localized on N 

and O. The least stable radicals, those based on phenanthrene 3.4 and pyrene 3.5 had 

positive spin densities nearly an order of magnitude greater than 2.15a on C4/5. Initially 
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it was believed we would be able to correlate radical instability to the presence of a high 

degree of spin density on peripheral aromatic carbon atoms (those on the annelated ring 

furthest from the ONCNO core). This was based on the idea that the primary pathway for 

the generation of a diamagnetic species in triphenylmethyl radical 1.1 is through 

σ-dimerization277 (Figure 3.12). It would seem this would be a possible spin annihilation 

mechanism here, if a large degree of spin were residing on peripheral phenanthrene or 

pyrene carbon atoms. Even a qualitative assessment of these systems (3.4 and 3.5, Figure 

3.10) shows negligible spin density is delocalized over the annelated aromatic ring. 

Additionally, the spin density that is delocalized into the annelated ring is localized 

primarily on atoms that are sterically hindered, making σ-dimerization unlikely. 

1.1

σ-dimerization2

2.6  

Figure 3.12. σ-dimerization pathway in triphenylmethyl radical 1.1 to give dimeric 2.6. 
 

Although a decomposition mechanism is not obvious, a large degree of spin density on 

a non-electronegative atom makes for a more reactive site. We are confident that the 

decomposition products are EPR silent, thus S = ½ units are no longer present in solution. 

It may be that the presence of large positive spin density at C4 and C5 (relative to 2.3) 

makes these molecules particularly susceptible to disproportionation or dimerization. 

Quinoxaline nitronyl nitroxide radical 3.8 has a spin density distribution more akin to 

tetramethyl nitronyl nitroxide 2.3 where negative spin density is present on C4 and C5. 
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Additionally, E1/2(red) is predicted to be positive vs SCE, that is even more strongly 

accepting than benzonitronyl nitroxide 2.15a. The strong acceptor ability of 3.8 makes it 

an attractive synthetic target as so few organic electron acceptors are known that can be 

reduced at such a low reduction potential. If radical stability is strongly dependent on 

spin density distribution, 3.8 would be predicted to be stable and should be isolable under 

the conditions described in Chapter 2 (precipitation at −78 ºC). Bowles demonstrated 

radical 3.8 could be generated by oxidation of protonated precursor 3.37 with lead 

dioxide in CH2Cl2 and an EPR spectrum was obtained, however, upon concentration of 

the solution diamagnetic products were formend. In the end, although 3.8 may be stable 

from a spin density perspective, alternate decomposition pathways such as hydrolysis of 

the fused quinoxaline-imidazole ring may be operative resulting in radical 

decomposition. 

The experimentally determined half-wave reduction potential can be compared to the 

calculated electron affinity (EA) for each radical. The electron affinity was computed as 

the difference between the total energies for the ground state of the neutral radical and its 

respective anion. A single point calculation was performed for the closed-shell anion 

(singlet, charge = −1) and neutral radical (doublet, charge = 0) to determine the zero-

point energy of each state. The gas-phase geometry optimized structure determined from 

the appropriate UB3LYP/EPR-II calculation was taken to be the ground state structure. 

Each energy calculation was performed using density functional theory (DFT) with the 

spin-unrestricted B3LYP functional (UB3LYP). The 6-31+G(d,p) basis set was selected 

as it includes diffuse functions to account for the more disperse orbitals on each anion. As 
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the geometry of the anion was not optimized this method of calculating EA assumes a 

vertical excitation (i.e. no structural relaxation). 

The calculated electron affinity for each radical is reported in Table 3.1. As the radical 

half-wave reduction potential shifted to lower potential the calculated electron affinity 

increased accordingly, thus electron affinity and reduction potential correlate well across 

the series. Given that changes in reduction potential are well represented computationally 

by EA, the reduction potential of quinoxaline nitronyl nitroxide radical 3.8 can be 

approximated. The EA of quinoxaline radical 3.8 was calculated to be 2.35 eV, which is 

between that of 3.6 and 3.7, suggesting the reduction potential of 3.8 would lie 

somewhere between 0.09 and 0.17 V vs SCE. This makes radical 3.8 a particularly 

desirable target as its spin density distribution is akin to the more stable tetramethyl 

nitronyl nitroxide 2.2, while its reduction potential is estimated to be nearly as positive as 

TCNQ. 

 

3.7 Conclusions 

Of the targets described at the outset of this chapter, the tetrabutylammonium salts of 

phenanthrene, pyrene, and two pyridine nitronyl nitroxides were successfully 

synthesized. Each of these anions was studied by cyclic voltammetry and compared to 

benzonitronyl nitroxide 2.15a. The reduction potential of each π-delocalized (3.4, 3.5) or 

heterocyclic (3.6, 3.7) radical shifted to more positive potential making these systems the 

most easily reduced organic radicals reported to date. In addition, the reduction potential 

was compared to calculated electron affinity of each radical and computational and 

experimental data were found to be in good agreement. In the case of 3.4 and 3.5, the 
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formation of radical was followed by a rapid chemical reaction, consistent with the 

chemical instability previously observed for these systems. The peak current ratios 

provided information about the relative stability of the π-delocalized and heteroaromatic 

radicals. Using peak current ratios, the approximate relative stability of the series of 

nitronyl nitroxide radicals investigated is as follows: 2.15a ≈ 3.7 > 3.6 >> 3.4 > 3.5. 

Attempts at obtaining solution phase kinetic parameters to corroborate the stability 

derived from voltammetry data have thus far been unsuccessful due to difficulties 

associated with generation and isolation of this series of radicals. 

Spin density distribution and hyperfine coupling constants were calculated for each of 

2.3, 2.15a, 3.4 - 3.7 using the EPR-II basis set. Experimentally determined hyperfine 

coupling constants were compared to those determined computationally and although 

exact numerical values deviated significantly from experiment, the changes observed 

experimentally over the series were reproduced well computationally. Analysis of 

computed spin density distribution suggests that upon annelation spin density shifts from 

benzimidazole nitrogen atoms onto annelated carbon atoms. Interestingly, stabilization of 

the annelated radicals was not as simple as increasing spin delocalization as, in the case 

of the phenanthrene 3.4 and pyrene 3.5 nitronyl nitroxide radicals, increased 

delocalization resulted in a decrease in radical stability. The electronegativity of the atom 

bearing spin may be important, although it is not clear the inclusion of nitrogen atoms in 

the annelated ring stabilized 3.5 and 3.6 relative to 2.15a. The least stable radicals had a 

greater proportion of spin density on bridging carbons potentially increasing reactivity at 

these sites. Most importantly, we were able to use DFT to reproduce experimental trends 
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across this series suggesting computational analysis of electron affinity and spin density 

distribution may be used to screen future targets prior to their synthesis. 

Originally we intended to establish which of reduction potential or spin density 

distribution was the factor responsible for the observed instability of the annelated 

nitronyl nitroxide radicals. Cyclic voltammetry suggests low reduction potential is not the 

determining factor within the series as phenanthrene radical 3.4 and pyridine radical 3.6 

have nearly identical reduction potentials yet the phenanthrene system 3.4 is undoubtedly 

less stable. The distribution of spin throughout the molecular framework is therefore 

more important than reduction potential when considering relative stability of the 

annelated radicals. However, the low reduction potential of the annelated nitronyl 

nitroxide radicals must contribute to the decrease in stability relative to the far less redox 

active tetramethyl nitronyl nitroxide series, suggesting that the overall stability of the 

annelated nitronyl nitroxides is dictated by a subtle interplay of spin density distribution 

and reduction potential. 

 

3.8 Experimental 

3.8.1 General procedures 

General Methods. All general synthetic procedures employed have been previously 

reported in Chapter 2.9. 1,2-Naphthoquinone was recrystallized from benzene prior to 

use. 

Computations. Quantum mechanical calculations were carried out at the 

UB3LYP237,238 /epr-II258 level of theory using the Gaussian 09 package.239  Ionization 

potentials were calculated by taking the difference between the total energy of the anion 
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and neutral radical. Total energies were calculated using DFT UB3LYP237,238/6-

31+G(d,p). No zero point energy correction was performed, as all structures would scale 

equally. The input structure was the geometry optimized structure determined from the 

#opt UB3LYP/EPR-II calculation. The single point energy of the anion was determined 

using geometry of neutral species, thus the excitations were assumed to be vertical. 

Cyclic Voltammetry. Voltammograms were obtained from degassed 1 mM radical 

solutions in 0.1 M nBu4PF6/CH3CN solutions at 300 K using a 3.0 mm diameter glassy 

carbon working electrode, platinum counter electrode, and Ag wire pseudo-reference 

electrode. The uncompensated resistance (iR) was measured and subtracted prior to the 

collection of each voltammogram. Ferrocene was used as an internal standard and all 

spectra are reported vs SCE (Fc/Fc+ = 0.40 V vs SCE in acetonitrile/nBu4PF6).230 Peak 

potentials (Ep) and peak currents (ip) were extracted using BASi software. 

 

3.8.2 Synthesis 

Benzaldoxime (3.9).278 Benzaldehyde (5.60 g, 53 mmol) and hydroxylamine 

hydrochloride  (10.97 g, 158 mmol) were dissolved in 50 mL EtOH. Pyridine (5 mL) was 

added to the reaction flask and the solution was stirred at rt and monitored by TLC 

(CH2Cl2). After stirring for 4.5 h the reaction was complete by TLC. The EtOH was 

removed by rotary evaporation and the residue was suspended in 50 mL distilled water 

with sonication. The water layer was extracted with CH2Cl2 (3 x 50 mL) and the 

combined organic layers were washed with brine and dried over MgSO4. The clear 

colorless solution was concentrated en vacuo to give 6.23 g (51 mmol, 97 %) of 

colourless oil. 1H NMR confirmed further purification was not necessary. IR (KBr) cm−1: 

3306, 2896, 1632, 1577, 1493, 1445, 1304, 1289, 1210, 1075, 951. 1H NMR (300 MHz, 
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CDCl3): δ 9.58 (bs, 1H), 8.21 (s, 1H), 7.61 – 7.59 (m, 2H), 7.41 – 7.38 (m, 3H). 13C NMR 

(75 MHz, CDCl3): δ 150.5, 131.9, 130.2, 128.9, 127.2. EI-MS (70 eV) m/z: 121 [M]+, 

104 [M − OH]+. 

9,10-Phenanthrenequinone monoxime (3.10).279 A suspension of 9,10-

phenanthrenequinone (0.606 g, 2.6 mmol) and barium carbonate (1.57 g, 8.0 mmol, 3 eq) 

in EtOH (15 mL) was stirred at rt. Hydroxylamine hydrochloride (0.181 g, 2.6 mmol) 

was added to the suspension and the reaction was heated to reflux and monitored by TLC 

(CH2Cl2). After 5 h a bright yellow precipitate had formed and the reaction was complete 

by TLC. The reaction was cooled to rt and acetone (20 mL) was added to the stirring 

mixture. The suspension was filtered to remove salts and the orange solution was 

concentrated to dryness en vacuo yielding 0.560 g (2.3 mmol, 87 %) of an orange solid. 

mp 148 – 150 ºC (lit280 157 ºC). IR (KBr) cm−1: 1675, 1599, 1526, 1449, 1342, 1281, 

1117, 1091, 985, 757, 727. Note: isomers present in NMR spectra. 1H NMR (300 MHz, 

d6-DMSO): δ 9.39 (dd, J = 8, 2 Hz, 0.3H), 8.37 (ddd, J = 8, 2, 1 Hz, 0.9H), 8.32 (ddd, J = 

8, 2, 1 Hz, 1.0H), 8.15 (dd J = 8, 1 Hz, 1.4H), 8.07 (dd, J = 8, 1 Hz, 0.9H), 7.98 (dd, J = 

8, 2 Hz, 0.3H), 7.76 (ddd, J = 8,7, 2 Hz, 1.0H), 7.69 (ddd, J = 8, 7, 2 Hz, 0.3H), 7.59 – 

7.39 (m, 3.4H). 13C NMR (75 MHz, d6-DMSO): δ183.3, 179.3, 179.0, 145.7, 144.0, 

136.1, 136.0, 135.4, 135.3, 135.2, 134.9, 131.1, 130.6, 130.3, 129.8, 129.5, 129.2, 129.1, 

129.0, 128.7, 128.5, 128.0, 127.1, 125.3, 124.4, 124.3, 124.0, 123.9, 123.8, 123.7. EI-MS 

(70 eV) m/z: 223 [M]+. 

1-Hydroxyl-2-phenyl-phenanthro[9,10-d]imidazole 3-oxide (3.11).224 A solution of 

benzaldoxime 3.9 (0.253 g, 2.1 mmol) and 9,10-phenanthrenequinone monoxime 3.10 

(0.441 g, 2.0 mmol) were combined in dry 100 % EtOH (15 mL) to give a bright orange 
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solution. HCl(g) was bubbled through the solution for 30 min, then the reaction was stirred 

at rt for 18 h. After 18 h the reaction a tan precipitate was present. The reaction was 

neutralized to pH = 7 with 10 % NaHCO3 and the solids were isolated by vacuum 

filtration and washed with EtOH, acetone, and pentane and air dried to give 0.633 g (1.9 

mmol, 98 %) of a tan powder. mp decomp. 180 – 182 ºC. IR (KBr) cm−1: 3399, 3058, 

1529, 1451, 1430, 1414, 1230, 1051, 1036, 746, 720, 690. For solubility reasons 

characterization by NMR and MS performed on deprotonated salt 3.12. 

[Tetrabutylammonium][2-Phenyl-phenanthro[9,10-d]imidazole 1,3-dioxide] 

(3.12). 1-hydroxyl-2-phenyl-phenanthro[9,10-d]imidazole 3-oxide 3.11 (0.035 g, 0.10 

mmol) was suspended in 5:1 acetone:EtOH (6 mL) and sonicated for 5 min creating a 

fine tan suspension. While sonicating, 1.0 M NBu4OH (0.10 mL, 0.10 mmol) was added 

dropwise creating a yellow-green solution. The solution was filtered through a Celite-545 

pad and concentrated en vacuo. The resulting oil was dissolved in a minimum amount of 

acetone and poured into hexanes causing a fine yellow powder to precipitate. The powder 

was isolated by vacuum filtration, washed with hexanes and air dried yielding 0.054 g 

(0.095 mmol, 95 %) of a yellow-green powder. 1H NMR (300 MHz, d6-DMSO): δ 9.90 

(d, J = 8 Hz, 2H), 9.31 (d, J = 8 Hz, 2H), 8.66 (d, J = 8 Hz, 2H), 7.56 – 7.43 (m, 6H), 7.31 

(t, J = 8 Hz, 1H), 3.13 – 3.08 (m, 8H), 1.53 – 1.41 (m, 8H), 1.27 – 1.22 (m, 8H), 0.88 (t, 

12H). 13C NMR (75 MHz, d6-DMSO): δ 131.4, 127.6, 127.0, 126.9, 126.1, 124.4, 122.8, 

117.5, 57.4, 23.0, 19.1, 13.4. ESI-MS (negative ion mode) m/z: 325.6 [M]−. 

9,10-Phenanthrenequinone dioxime (3.13).281,282 A mixture of 9,10-

phenanthrenequinone (3.26 g, 15.7 mmol), hydroxylamine hydrochloride (20.17 g, 290 

mmol), pyridine (10 mL) and EtOH (80 mL) were heated at reflux for 20 h during which 
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time the color of the solution changed from yellow to green. After 20 h the reaction was 

cooled to rt and left to stand for 2 h. Upon standing colorless needles of pyridine 

hydrochloride crystallized from solution and were removed by vacuum filtration. The 

filtrate was isolated and distilled water (150 mL) was added to the solution causing 

immediate formation of a light green precipitate. The precipitate was isolated by vacuum 

filtration and washed with water. The crude solid was recrystallized from MeOH/H2O 

yielding 1.93 g (8.1 mmol, 52 %) of a green-yellow microcrystalline solid. mp decomp. 

194 – 196 ºC (lit283 197 – 200 ºC). IR (KBr) cm−1: 3186, 1560, 961, 947, 913, 756. Note: 

isomers present in NMR spectra. 1H NMR (300 MHz, d6-DMSO): δ 12.47 (s, 1.0H), 

12.30 (s, 1.0H), 12.19 (d, J = 8 Hz, 1.6H), 8.68 (d, J = 8 Hz, 1.4H), 8.48 – 8.42 (m, 3.2H), 

8.10 – 8.03 (m, 3.7H), 7.88 – 7.71 (m, 4.7H), 7.56 – 7.38 (m, 7.5H). 13C NMR (75 MHz, 

d6-DMSO): δ 147.7, 145.7, 144.7, 144.2, 132.7, 132.5, 131.8, 131.7, 131.1, 130.8, 130.6, 

130.4, 130.3, 129.8, 129.6, 129.5, 129.2, 128.5, 128.3, 127.7, 127.4, 126.3, 125.9, 125.6, 

124.8, 124.6, 124.4, 124.3, 124.2, 123.9, 119.4. EI-MS (70 eV) m/z: 238 [M]+, 207 [M − 

NOH]+. 

Phenanthro[9,10-c][1,2,5]oxadiazole N-oxide (3.14). 9,10-phenanthrenequinone 

dioxime 3.13 (1.53 g, 6.4 mmol) was suspended in 10 % w/w KOH in EtOH (50 mL). 

Aqueous NaOCl (10.8 % w/w, 50 mL) was added dropwise over 30 min and the reaction 

was monitored by TLC (CH2Cl2). Once complete, the reaction was poured into H2O (50 

mL) and the aqueous layer was extracted with CH2Cl2 (3 x 100 mL). The combined 

organic layers were washed with brine, dried over MgSO4 and concentrated en vacuo to 

give 1.27 g (5.4 mmol, 84 %) of a tan solid. mp 190 – 192 ºC. IR (KBr) cm−1: 1626, 

1612, 1602, 1523, 1510, 1468, 1452, 1420, 1088, 992, 955, 755, 722. Note: isomers 
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present in NMR spectra.  1H NMR (300 MHz, CDCl3): δ 8.61 (ddd, J = 8, 2, 1 Hz, 2H), 

8.51 (dd, J = 8, 2 Hz, 3H), 8.43 (td, J = 8, 2 Hz, 5H), 8.35 (d, J = 8 Hz, 4H), 7.78 – 7.62 

(m, 14H). 13C NMR (75 MHz, CDCl3): δ 150.8, 148.0, 132.2, 132.1, 131.5, 131.1, 130.6, 

130.5, 129.1, 128.9, 128.8, 126.4, 124.2, 124.0, 123.8, 123.7, 121.2, 120.5, 118.2. ESI-

MS (positive ion mode) m/z: 259.8 [M + Na]+. 

1-Hydroxyl-2-phenyl-phenanthro[9,10-d]imidazole 3-oxide (3.11). 

Phenanthro[9,10-c][1,2,5]oxadiazole 1-oxide 3.14 (0.207 g, 0.88 mmol) and C-phenyl-N-

phenylnitrone 2.21a (0.249 g, 1.26 mmol) were dissolved in dry toluene (25 mL) under 

an N2 atm. The light brown solution was heated gently (60 ºC) for 48 h. No reaction was 

observed by TLC (CH2Cl2). After 48 h the temperature was increased and the reaction 

was refluxed an additional 48 h. No reaction was observed by TLC (CH2Cl2). The 

phenanthrenefuroxan 3.14 was recovered from the reaction mixture (flash 

chromatography, silica gel, CH2Cl2 as eluent) yielding 0.150 g (0.63 mmol, 72 % 

recovery). 

1-Hydroxyl-2-(4-nitrophenyl)-phenanthro[9,10-d]imidazole 3-oxide (3.15i). 

Phenanthro[9,10-c][1,2,5]oxadiazole 1-oxide 3.14 (0.150 g, 0.63 mmol) and C-(4-

nitrophenyl-N-phenylnitrone 2.21i (0.241 g, 1.0 mmol) were dissolved in dry toluene (20 

mL) under an N2 atm. The yellow solution was heated gently (60 ºC) for 48 h. No 

reaction was observed by TLC (CH2Cl2). After 48 h the temperature was increased and 

the reaction was refluxed an additional 48 h. No reaction was observed by TLC (CH2Cl2). 

The phenanthrene furazan oxide 3.14 crystallized cleanly from the reaction mixture upon 

cooling and was recovered quantitatively. 
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1-Hydroxyl-2-(2,3,4-trimethoxyphenyl-phenanthro[9,10-d]imidazole 3-oxide 

(3.15j). Phenanthro[9,10-c][1,2,5]oxadiazole 1-oxide 3.14 (0.115 g, 0.49 mmol) and C-

(2,3,4-trimethoxyphenyl-N-phenylnitrone 2.21j (0.194 g, 0.68 mmol) were dissolved in 

dry toluene (10 mL) under an N2 atm. The yellow solution was refluxed gently for 48 h. 

No reaction was observed by TLC (CH2Cl2). The phenanthrene furazan oxide 3.14 

crystallized cleanly from the reaction mixture upon cooling and was recovered 

quantitatively. 

4,5-Pyrenedione (3.16).265,284,285 Pyrene (2.04 g, 10.1 mmol) and RuCl3·xH2O (0.2 g, 1 

mmol, 0.1 eq) were dissolved in 1:1 CH3CN:CH2Cl2 (80 mL). Separately, NaIO4 (10.0 g, 

47 mmol, 4.7 eq) was dissolved in distilled H2O (80 mL). The NaIO4 solution was added 

in one portion to the stirring pyrene solution. The reaction was loosely capped with a 

rubber septum and stirred at room temperature. After 10 min the reaction was complete 

(TLC, CH2Cl2). The solution was poured into H2O (500 mL) and the organic phase was 

separated. The aqueous phase was washed with CH2Cl2 (3 x 50 mL) and the organic 

layers were combined. The organics were washed with water (3 x 200 mL) and brine (1 x 

200 mL), dried over MgSO4 and concentrated en vacuo to give a brown solid. The crude 

solid was purified by column chromatography (silica gel, CH2Cl2 as eluent) yielding 0.95 

g (4.1 mmol, 41 %) of a bright orange powder. A second product was isolated and 

confirmed by 1H NMR to be bis-oxidized pyrene (4,5,9,10-pyrenetetrone). mp 285 – 287 

ºC (lit266 302 – 304 ºC). IR (KBr) cm−1: 1676, 1671, 1617, 1560, 1522, 1352, 1270, 836, 

707. 1H NMR (300 MHz, CD2Cl2) δ 8.43 (dd, J = 7, 1 Hz, 2H), 8.20 (dd, J = 8, 1 Hz, 

2H), 7.87 (s, 2H), 7.79 (t, J = 8 Hz, 2H). 13C NMR (75 MHz, CD2Cl2): δ 180.5, 136.2, 
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132.8, 131.8, 129.9, 129.2, 129.0, 128.4. ESI-MS (positive ion mode) m/z: 233.5 [M + 

H]+. 

4,5-Pyrenedione monoxime (3.17). A suspension of 4,5-pyrenedione 3.16 (0.507 g, 

2.18 mmol) and BaCO3 (1.31 g, 6.6 mmol, 3 eq) in EtOH (30 mL) was stirred at rt. 

Hydroxylamine hydrochloride (0.154 g, 2.21 mmol) was added to the suspension in one 

portion. The mixture was sonicated for 15 min, then refluxed for 18 h. Upon cooling, the 

solvent was removed under reduced pressure to give a light orange paste. 0.1 M HCl (50 

mL) was added and the suspension was stirred for 30 min. The solid was isolated by 

vacuum filtration, washed with water and air dried yielding 0.500 g (2.02 mmol, 93 %) of 

a light orange solid. mp decomp. 232 – 234 ºC. IR (KBr) cm−1: 3178, 1677, 1655, 1649, 

1623, 1578, 1420, 1410, 1350, 1283, 1244, 1108, 1121, 1009, 1001, 832, 712. Note: 

isomers present in NMR spectra. 1H NMR (300 MHz, d6-DMSO) δ 9.30 (d, J = 1 Hz, 

0.9H), 8.37 (dd, J = 7, 1 Hz, 1.0H), 8.29 (dd, J = 8, 1 Hz, 1.2H), 8.08 (dd, J = 8, 1 Hz, 

1H), 7.94 – 7.72 (m, 4.4H). 13C NMR (75 MHz, CD2Cl2): δ 179.3, 144.1, 134.8, 134.4, 

134.2, 131.2, 131.1, 130.9, 130.2, 129.0, 128.9, 128.8, 128.5, 128.0, 127.7, 127.5, 127.4, 

127.2, 127.0, 126.9, 126.5, 126.3, 124.5, 123.1, 122.7, 121.5. EI-MS (70 eV) m/z: 247 

[M]+, 231 [M − O]+, 216 [M − NOH]+. 

1-Hydroxyl-2-phenyl-pyreno[4,5-d]imidazole 3-oxide (3.18). A solution of 

benzaldoxime 3.9 (0.519 g, 4.29 mmol) and 4,5-pyrenedione monoxime 3.17 (0.395 g, 

1.60 mmol) were combined in dry 100 % EtOH (15 mL). HCl(g) was bubbled through the 

solution for 30 min, then the reaction was stirred at rt for 48 h. After 48 h the reaction a 

tan precipitate was present. The precipitate was isolated by vacuum filtration and washed 

with EtOH, acetone, and pentane and air dried to give 0.396 g (1.13 mmol, 71 %) of a tan 
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powder. mp decomp. 182 – 184 ºC. IR (KBr) cm−1: 3050, 1602, 1459, 1438, 1388, 1317, 

1190, 1161, 1106, 831, 763, 745, 716. Anal. Calcd for C23H14N2O2: C, 78.84; H, 4.03; N, 

8.00. Found: C, 78.27; H, 3.72; N, 8.19. For solubility reasons characterization by NMR 

and MS performed on deprotonated salt 3.19. 

[Tetrabutylammonium][2-Phenyl-pyreno[4,5-d]imidazole 1,3-dioxide] (3.19). 

1-hydroxyl-2-phenyl-pyrene[4,5-d]imidazole 3-oxide 3.18 (0.267 g, 0.76 mmol) was 

suspended in 2:1 acetone:EtOH (15 mL) and sonicated for 5 min creating a fine tan 

suspension. While sonicating, 1.0 M NBu4OH (0.75 mL, 0.75 mmol) was added dropwise 

creating an orange solution. The solution was filtered through a Celite-545 pad and 

concentrated en vacuo. The resulting oil was dissolved in a minimum amount of acetone 

and added dropwise to 100 mL hexanes causing a fine yellow powder to precipitate. The 

powder was isolated by vacuum filtration, washed with cold pentane and air dried 

yielding 0.296 g (0.50 mmol, 67 %) of a yellow powder. 1H NMR (300 MHz, d6-DMSO): 

δ 10.03 (d, J = 7 Hz, 2H), 9.43 (d, J = 8 Hz, 2H), 8.10 – 8.06 (m, 4H), 7.96 (t, J = 8 Hz, 

2H), 7.48 (t, J = 8 Hz, 2H), 7.32 (t, J = 8 Hz, 1H), 3.12 – 3.05 (m, 8H), 1.51 – 1.45 (m, 

8H), 1.26 – 1.22 (m, 8H), 0.87 (t, 12H). 13C NMR (75 MHz, d6-DMSO): δ 132.7, 129.6, 

128.9, 128.7, 128.6, 128.2, 127.3, 125.4, 124.8, 123.6, 121.3, 119.7, 59.1, 24.7, 20.8, 

15.1. ESI-MS (negative ion mode): m/z 349.0 [M]−. 

1,2-Acenaphthylenedione Monoxime (3.20).286 1,2-acenaphthenequinone (1.074 g, 

5.89 mmol) and hydroxylamine hydrochloride (0.406 g, 5.85 mmol) were suspended in 

EtOH (20 mL). Pyridine (2 mL) was added to the flask and the reaction was sonicated at 

rt and monitored by TLC (90:10 CH2Cl2:EtOH). After 2 h the reaction was complete by 

TLC. The yellow solution was concentrated by rotary evaporation yielding a yellow solid 
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that was purified by column chromatography (silica gel, CH2Cl2 as eluent) yielding 

0.935 g (4.74 mmol, 81 %) of a light yellow solid. mp decomp. 200 – 202 ºC. IR (KBr) 

cm−1: 3247, 1730, 1605, 1432, 1277, 1181, 1017, 995, 859, 830, 779. 1H NMR (300 

MHz, d6-DMSO) δ 13.34 (s, 1H), 8.27 (t, J = 8 Hz, 2H), 8.09 (d, J = 8 Hz, 1H), 7.98 (d, J 

= 7 Hz, 1H), 7.84 – 7.70 (m, 2H). Note: isomers present in 13C NMR when DMSO used 

as NMR solvent. 13C NMR (75 MHz, d6-DMSO): δ 188.1, 149.0, 138.9, 132.2, 132.0, 

131.4, 130.1, 128.6, 128.3, 128.2, 127.7, 126.6, 124.8, 121.6, 121.1. EI-MS (70 eV) m/z: 

197 [M]+. 

1-Hydroxyl-2-phenyl-acenaphthyleno[1,2-d]imidazole 3-oxide (3.21). A solution of 

benzaldoxime 3.9 (0.278 g, 2.3 mmol) and 1,2-acenaphthylenedione monoxime 3.20 

(0.352 g, 1.8 mmol) were combined in dry 100 % EtOH (30 mL). HCl(g) was bubbled 

through the solution for 30 min, then the reaction was capped loosely with a rubber 

septum and stirred at rt for 72 h and monitored by TLC (9:1 CH2Cl2:EtOH). No reaction 

was observed. 

1,2-Napthalenedione dioxime (3.23). A suspension of 1,2-naphthoquinone (1.31 g, 

8.3 mmol) and BaCO3 (9.79 g, 49.6 mmol, 6 eq) in EtOH (100 mL) was sonicated at rt. 

Hydroxylamine hydrochloride (1.69 g, 24.3 mmol) was added in one portion to the 

suspension. The reaction was sonicated for 2 h then stirred at room temperature for 14 h. 

After 14 h the reaction was neutralized (pH = 7) with 5 % HCl and left to stand at rt. A 

dark yellow solid precipitated from solution and was isolated by vacuum filtration, 

washed with distilled H2O and dried en vacuo. The crude solid was recrystallized from 

EtOH yielding 1.29 g (6.9 mmol, 83 %) of a yellow-brown solid. mp 76 – 78 ºC. IR 

(KBr) cm−1: 3247, 1670, 1655, 1594, 1438, 1384, 1309, 1066, 929.  1H NMR (300 MHz, 
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d6-DMSO) : δ 13.65 (bs, 0.9H), 8.02 (d, J = 8 Hz, 1H), 7.68 (td, J = 8, 2 Hz, 1H), 7.54 – 

7.47 (m, 2H), 7.12 (d, J = 10 Hz, 1H), 7.02 (d, J = 10 Hz, 1H). 13C NMR (75 MHz, d6-

DMSO): δ 181.3, 147.8, 136.4, 134.6, 131.2, 130.2, 129.1, 128.9, 127.0, 115.9. ESI-MS 

(positive ion mode) m/z: 211.8 [M + Na]+. 

Naphthaleno[1,2-c][1,2,5]oxadiazole N-oxide (3.24). 1,2-naphthalenedione dioxime 

3.23 (1.211 g, 6.4 mmol) was suspended in 10 % w/w KOH in EtOH (45 mL). Aqueous 

NaOCl (10.8 % w/w, 45 mL) was added dropwise over 30 min and the reaction was 

monitored by TLC (CH2Cl2). Once complete, the reaction was poured over ice and the 

resulting tan precipitate was isolated by vacuum filtration and air dried. The crude 

product was purified by column chromatography (silica gel, CH2Cl2 as eluent) yielding 

0.172 g (0.92 mmol, 14 %) of a pale yellow solid. mp 110 – 112 ºC. IR (KBr) cm−1: 

1625, 1604, 1590, 1550, 1520, 1481, 1438, 1275, 1211, 1099, 1079, 968, 805, 758. Note: 

isomers present in NMR spectra.1H NMR (300 MHz, CD2Cl2): δ 8.58 (dd, J = 7, 2 Hz, 

2.7H), 8.47 (dd, J = 6, 3 Hz, 1.0H), 7.76 – 7.63 (m, 11.4H), 7.57 (d, J = 10 Hz, 2.8H), 

7.43 (d, J = 10 Hz, 1.1H), 7.36 (d, J = 10 Hz, 2.7H), 7.13 (d, J = 9 Hz, 1.0H). 13C NMR 

(75 MHz, CD2Cl2): δ 151.9, 151.4, 135.4, 133.6, 132.1, 131.8, 131.2, 130.2, 129.8, 129.6, 

129.5, 129.2, 129.0, 123.8, 123.2, 122.2, 119.1, 114.8, 110.1, 109.8. EI-MS (70 eV): m/z 

186 [M]+, 170 [M − O]+, 154 [M − O2]+. 

1-Hydroxyl-2-phenyl-naphthyleno[1,2-d]imidazole 3-oxide (3.25). Naphthaleno[1,2-

c]1,2,5-oxadiazole N-oxide 3.24 (0.146 g, 0.78 mmol) and C-phenyl-N-phenylnitrone 

2.21a (0.210 g, 1.07 mmol) were dissolved in dry toluene (5 mL) under an N2 atm. The 

yellow solution was refluxed gently for 48 h. No reaction was observed by TLC (CH2Cl2) 

and no precipitate formed. 
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4-Nitrotetrazolo[1,5-a]pyridine (3.26).287,288 Sodium azide (1.53 g, 23.5 mmol) was 

added slowly to a stirring solution of 2-chloro-3-nitropyridine (1.54 g, 9.7 mmol) in 9:1 

EtOH:H2O (150 mL) under an N2 atm. 10 % HCl(aq) (15 mL) was added dropwise to the 

stirring solution and the reaction was refluxed for 22 h at which time it was complete by 

TLC (CH2Cl2). The reaction was cooled to rt and the contents of the flask were poured 

over ice and left to stand 1 h during which tan crystalline needles formed. The crystalline 

product was isolated by vacuum filtration, washed with water and dried en vacuo yielding 

0.89 g (5.4 mmol, 58 %) of a copper colored solid. mp 166 – 168 ºC (lit.288 171 – 173 

ºC). IR (KBr) cm−1: 1633, 1541, 1517, 1484, 1342, 1318, 818. 1H NMR (300 MHz, d6-

DMSO) δ 9.76 (dd, J = 7, 1 Hz, 1H), 8.88 (dd, J = 8, 1 Hz, 1H), 7.67 (dd, J = 8, 7 Hz, 

1H). 13C NMR (75 MHz, d6-DMSO): δ 143.3, 135.8, 132.9, 132.0, 116.2. EI-MS (70 eV) 

m/z: 165 [M]+. 

[1,2,5]Oxadiazolo[3,4-b]pyridine 1-oxide (3.27).288-290 A solution of 8-nitro-

tetrazolo[1,5-a]pyridine 3.26 (0.315 g, 1.91 mmol) was refluxed in toluene (15 mL) 

under an N2 atm. After 2 h the reaction was complete by TLC (CH2Cl2). The solution was 

concentrated to dryness and the solid was eluted through a short neutral alumina plug 

(CH2Cl2 as eluent) yielding 0.371 g (1.63 mmol, 85 %) of a pale yellow solid. mp 45 – 

47 ºC (lit.288,290 52 – 53 ºC).   IR (KBr) cm−1: 1613, 1526, 1398, 1372, 1129, 1033, 805. 

Note: isomerization occurring on NMR timescale, only broad peaks observed in 1H and 

13C NMR. Not all C signals could be resolved, even on 500 MHz NMR with multiple 

scans. 1H NMR (300 MHz, CDCl3) δ 8.77 (s, 1H), 7.82 (d, J = 6 Hz, 1H), 7.22 (d, J = 6 

Hz, 1H). 13C NMR (125 MHz, CDCl3): δ 157.4, 122.0, 120.1. ESI-MS (positive ion 

mode) m/z: 138.1 [M + H]+. 
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3-Hydroxy-2-phenyl-imidazo[4,5-b]pyridine 1-oxide (3.28). [1,2,5]oxadiazolo[3,4-

b]pyridine 1-oxide 3.27 (0.068 g, 0.5 mmol) and C-phenyl-N-phenylnitrone 2.21a (0.108 

g, 0.52 mmol) were dissolved in dry toluene (3 mL) under an N2 atm. The yellow 

solution was refluxed gently for 16 h by which time a yellow precipitate had formed. The 

solid was isolated by vacuum filtration, washed with acetone, toluene and pentane and air 

dried yielding 0.089 g (0.4 mmol, 80 %) of a bright yellow solid. mp decomp. 182 – 184 

ºC. Anal. Calcd for C12H9N3O2: C, 63.43; H, 3.99; N, 18.49. Found: C, 63.02; H, 4.28; N, 

18.44.  For solubility reasons characterization by NMR and MS performed on 

deprotonated salt 3.29. 

[Tetrabutylammonium][2-Phenyl-imidazo[4,5-b]pyridine 1,3-dioxide] (3.29). 3-

hydroxy-2-phenyl-imidazo[4,5-b]pyridine 1-oxide 3.28 (0.219 g, 0.96 mmol) was 

suspended in 1:1 acetone:EtOH (10 mL) with sonication. Tetrabutylammonium 

hydroxide (0.90 mL, 0.9 mmol) was added dropwise to the sonicating suspension 

creating a dark red solution. The solution was eluted through a short Celite-545 pad and 

concentrated en vacuo. The resulting oil was dissolved in a minimum amount of acetone 

and poured into diethyl ether causing a fine orange powder to precipitate. The powder 

was isolated by vacuum filtration, washed with hexanes and air dried yielding 0.259 g 

(0.55 mmol, 57 %) of a dark orange powder. 1H NMR (300 MHz, d6-DMSO): δ 9.39 (d, J 

= 8 Hz, 2H), 8.18 (dd, J = 5, 2 Hz, 1H), 7.91 (dd, J = 2, 8 Hz, 1H), 7.50 – 7.38 (m, 3H), 

7.07 (dd, J = 8, 5 Hz, 1H) 3.18 – 3.13 (m, 8H), 1.59 – 1.44 (m, 8H), 1.30 – 1.22 (m, 8H), 

0.89 (t, 12H). 13C NMR (75 MHz, d6-DMSO): δ 143.1, 138.3, 136.7, 128.6, 127.9, 127.1, 

126.9, 120.7, 119.8, 116.2, 57.5, 23.0, 19.1, 13.4. ESI-MS (negative ion mode) m/z: 226.0 

[M]−. 
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4-Azido-3-nitropyridine (3.30).289 A solution of 4-chloro-3-nitropyridine (1.05 g, 6.6 

mmol) in DMSO (3 mL) was sonicated for 2 min. Sodium azide (0.43 g, 6.6 mmol) was 

added to the reaction and the reaction was sonicated a further 25 min. The yellow 

solution was poured over ice and the resulting cream colored precipitate was isolated by 

vacuum filtration, washed with cold water and air dried yielding 0.326 g (2.0 mmol, 30 

%) of an off-white solid. mp decomp. 78 – 80 ºC (lit289 89 ºC). IR (KBr) cm−1: 1611, 

1535, 1517, 1484, 1356, 1318, 895, 818, 768. 1H NMR (300 MHz, CDCl3) δ 9.11 (s, 1H), 

8.70 (d, J = 5 Hz, 1H), 7.24 (d, J = 5 Hz, 1H). 13C NMR (75 MHz, d6-DMSO): δ 153.9, 

146.5, 142.9, 136.6, 116.5. EI-MS (70 eV) m/z: 165 [M]+. 

3-Hydroxy-2-phenyl-imidazo[4,5-c]pyridine 1-oxide (3.31). 4-azido-3-nitropyridine 

3.30 (0.30 g, 1.8 mmol) and C-phenyl-N-phenylnitrone 2.21a (0.64 g, 3.2 mmol) were 

combined in toluene (15 mL) and refluxed under an N2 atm. After 5 h a tan precipitate 

had formed and the reaction was complete by TLC (7:3 hexane:EtOAc). The precipitate 

was isolated by vacuum filtration, washed with acetone and pentane and air dried 

yielding 0.394 g (1.7 mmol, 94 %) of an off-white powder. mp decomp. 228 – 231 ºC. IR 

(KBr) cm−1: 3062, 1604, 1473, 1467, 1452, 1285, 1252, 1173, 1106, 1087. Anal. Calcd 

for C12H9N3O2: C, 63.43; H, 3.99; N, 18.49. Found: C, 63.43; H, 4.03 N, 18.15.  For 

solubility reasons characterization by NMR and MS performed on deprotonated salt 3.32. 

[Tetrabutylammonium][2-Phenyl-imidazo[4,5-c]pyridine 1,3-dioxide] (3.32). 3-

hydroxy-2-phenyl-imidazo[4,5-c]pyridine 1-oxide 3.31 (0.113 g, 0.50 mmol) was 

suspended in EtOH (10 mL) with sonication. Tetrabutylammonium hydroxide (0.45 mL, 

0.45 mmol) was added dropwise to the sonicating suspension creating a dark brown 

solution. The solution was eluted through a short Celite-545 pad and concentrated en 
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vacuo. The resulting oil was dissolved in a minimum amount of acetone and poured into 

hexanes causing a fine yellow-orange powder to precipitate. The powder was isolated by 

vacuum filtration, washed with hexanes and air dried yielding 0.191 g (0.41 mmol, 91 %) 

of a yellow-orange powder. 1H NMR (300 MHz, d6-DMSO): δ 9.35 (d, J = 7 Hz, 2H), 

8.77 (s, 1H), 8.05 (d, J = 6 Hz, 1H), 7.48 – 7.40 (m, 4H), 3.19 – 3.10 (m, 8H), 1.62 – 1.45 

(m, 8H), 1.31 – 1.18 (m, 8H), 0.91 (t, 12H). 13C NMR (75 MHz, d6-DMSO): δ 139.1, 

135.5, 135.4, 129.7, 128.8, 127.7, 127.2, 126.5, 124.8, 106.0, 57.5, 23.0, 19.1, 13.4. ESI-

MS (negative ion mode) m/z: 226.9 [M]−. 

Glyoxime (3.33). A solution of glyoxal trimer hydrate (7.68 g, 110 mmol) and 

hydroxylamine hydrochloride (15.8 g, 227 mmol) in distilled H2O (40 mL) was stirred at 

0 ºC. KOH (12.3 g in 50 mL, 220 mmol) was added dropwise to the cooled solution over 

30 min. Once all KOH(aq) was added, the reaction was heated (oil bath) to 90 ºC. As the 

reaction warmed it became cloudy yellow. Heating was continued until a clear yellow 

solution had formed (30 min) at which point the temperature of the bath was reduced 

slowly to rt. Upon slow cooling, large colourless plate-like crystals formed. The 

crystalline product was isolated by vacuum filtration, washed with minimal cold water 

and dried en vacuo yielding 7.62 g (86.5 mmol, 79 %) of a colorless crystalline solid. mp 

178 – 180 ºC (lit291 178). IR (KBr) cm−1: 3440, 1586. 1H NMR (300 MHz, d6-DMSO): δ 

11.62 (s, 2H), 7.73 (s, 2H). 13C NMR (75 MHz, MeOD): δ 146.9. 

Dichloroglyoxime (3.34). Glyoxime 3.33 (6.80 g, 77 mmol) was dissolved in DMF (80 

mL) and stirred at 0 ºC. N-chlorosuccinimide (25.04 g, 188 mmol) was added in small 

portions over a 1 h period so the temperature of the reaction did not exceed 20 ºC. After 

the addition of all N-chlorosuccinimide, the reaction was removed from the ice bath and 
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stirred at rt for 1 h after which the reaction was complete (TLC, 8:2 CH2Cl2:EtOH). The 

pale yellow solution was poured over 600 mL ice and a white microcrystalline solid 

formed upon standing. The solid was isolated by vacuum filtration, washed with water 

and hexanes and dried en vacuo yielding 10.63 g (67 mmol, 87 %)  mp decomp. 198 – 

200 ºC (lit292 213 ºC). IR (KBr) cm−1: 3242, 3179, 1435, 1391, 1004, 855. 1H NMR (300 

MHz, d6-DMSO): δ 13.14 (s, 2H). 13C NMR (75 MHz, d6-DMSO): δ 130.6. EI-MS (70 

eV) m/z: 160 [M + 4]+, 158 [M + 2]+, 156 [M]+, 139 [M − OH]+. 

N2,N3-Dihydroxy-2,3-quinoxalinediamine (3.35). 1,2-phenylenediamine (1.12 g, 

10.4 mmol) and Na2CO3 (0.5 g, 6.0 mmol) were combined in CH3CN (100 mL) and 

stirred at 0 ºC. Separately, dichloroglyoxime 3.34 (1.76 g, 11.2 mmol) was dissolved in 

CH3CN (20 mL). The dichlorogloxime solution was added dropwise to the cold reaction 

mixture over a 1 h period. The reaction was warmed to rt and stirred for 2 h, by this time 

the reaction was complete (TLC, 9:1 CH2Cl2) and a white precipitate had formed. The 

solid material was isolated by vacuum filtration, washed with water, and air dried. The 

crude solid was recrystallized from hot EtOH yielding 1.61 g (8.5 mmol, 82 %) of an off 

white solid. mp 234 – 236 ºC (lit293 238 – 240 ºC). IR (KBr) cm−1: 3375, 3282, 1647, 

1529, 1458, 1438, 1123, 954, 927, 752.  1H NMR (300 MHz, d6-DMSO): δ 8.96 (bs, 4H), 

7.18 (dd, J = 6, 3 Hz, 1H), 7.00 (dd, J = 6, 4 Hz, 1H), 6.82 (dd, J = 6, 3 Hz, 1H), 6.74 (dd, 

J = 6, 4 Hz, 1H). 13C NMR (75 MHz, d6-DMSO): δ 137.9, 125.3, 122.3, 120.6, 120.0, 

114.1. ESI-MS (positive ion mode) m/z:  215.3 [M + Na]+. 

[1,2,5]Oxadiazolo[3,4-b]quinoxaline 1-oxide (3.36).293,294 2,3-bishydroxyimino-

1,2,3,4-tetrahydroquinoxaline 3.35 (1.03 g, 5.4 mmol) was suspended in CH2Cl2 (25 mL). 

The reaction mixture was sonicated to give a fine suspension and then cooled to 0 ºC. 
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Concentrated HNO3 (3 mL) was added dropwise to the stirring suspension. The reaction 

temperature was monitored so that it did not exceed 5 ºC and the reaction was followed 

by TLC (CH2Cl2). Once complete, the deep red solution was neutralized with aqueous 

NaHCO3 to pH = 7 and the CH2Cl2 layer was isolated. The aqueous layer was extracted 

with CH2Cl2 (3 x 25 mL) and the combined organic layers were washed with brine, dried 

over MgSO4 and concentrated to dryness to give a deep red solid. The crude solid was 

purified by column chromatography (silica gel, CH2Cl2) to give 0.78 g (4.1 mmol, 76 %) 

of a red crystalline solid. mp 160 – 162 ºC (lit295 161 – 162 ºC). IR (KBr) cm−1: 1593, 

1447, 1019, 776. 1H NMR (300 MHz, CDCl3): δ 7.89 – 7.85 (m, 2H), 7.74 – 7.70 (m, 

2H). 13C NMR (75 MHz, CDCl3): δ 147.1, 132.6, 128.4, 128.0. EI-MS (70 eV) m/z: 188 

[M]+, 172 [M − O]+. 

3-Hydroxy-2-phenyl-imidazo[4,5-b]quinoxaline 1-oxide (3.37). C-phenyl-N-

phenylnitrone 2.21a (0.512 g, 2.6 mmol) and [1,2,5]oxadiazolo[3,4-b]quinoxaline 1-

oxide 3.36 (0.351 g, 1.9 mmol) were suspended in toluene (15 mL) under an N2 atm. The 

reaction was heated to reflux, the starting materials dissolved and an orange solid 

precipitated immediately formed. The mixture was stirred an additional 5 min, at which 

time the reaction was complete (TLC, CH2Cl2). The precipitate was isolated by vacuum 

filtration, washed with toluene, acetone and pentane and dried en vacuo yielding 0.236 g 

(0.84 mmol, 44 %) of a dark orange powder.  mp decomp. 197 – 199 ºC. IR (KBr) cm−1: 

3064, 1522, 1465, 1445, 1330, 1223, 1080, 802, 759, 686. Anal. Calcd for C12H9N3O2: C, 

64.74; H, 3.62; N, 20.13. Found: C, 65.01; H, 3.77 N, 19.88. 

[Tetrabutylammonium][2-Phenyl-imidazo[4,5-b]quinoxaline 1,3-dioxide] (3.38). 3-

hydroxy-2-phenyl-imidazo[4,5-b]quinoxaline 1-oxide 3.37 (0.100 g, 0.36 mmol) was 
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suspended in EtOH (5 mL) with sonication. Tetrabutylammonium hydroxide (0.30 mL, 

0.3 mmol) was added dropwise to the sonicating suspension creating a black solution. 

The solution was eluted through a short Celite-545 pad and concentrated en vacuo. The 

resulting oil was sonicated with a minimum amount of toluene and concentrated by rotary 

evaporation to give a black solid. The solid was dissolved in acetone and precipitated 

from hexanes yielding a black powder. The powder was isolated by vacuum filtration, 

washed with hexanes and air dried yielding a black solid. Characterization was not 

consistent with product. 
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Chapter 4: Organic Open-Shell Benzonitronyl Nitroxide Donor–

Acceptor Triads 

4.1 Introduction 

Organic semiconductors have been incorporated as the active layer in light emitting 

diodes (LEDs),296-300 field effect transistors (FETs),301-306 organic photovoltaics,307-311 

sensors,312 lasers313 and electrochromics.314 While disadvantages arise due to decreased 

mobilities and intrinsic conductivities in disordered organics, efforts to increase figures of 

merit are driven by the low cost of solution-processing and direct-write printing used in 

the fabrication of flexible organic devices.315,316  
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Figure 4.1. Common organic semiconductors. 
 

The most common organic semiconductors, sexithiophene 4.1, pentacene 4.2, poly-3-

hexylthiophene (P3HT) 4.3, and tris(8-hydroxyquinoline)aluminum(III) (Alq3) 4.4 are 

shown in Figure 4.1. Research towards the development of organic devices has thus far 
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focused on maximizing device performance by optimizing device fabrication and, despite 

the number of organic devices assembled, most contain one of the four organic 

semiconductors shown above.  

To continue progress in this field, the synthesis of new organic systems affording 

semiconducting or conducting behavior will be necessary. If D–A coupling is strong and 

the barrier to electron transfer low, the conduction electrons can be supplied by electron 

transfer between donor and acceptor resulting in a system with intrinsic conductivity. An 

organic system in which the conductivity is high in the absence of doping is significant as 

organic materials typically require doping to achieve reasonable levels of conductivity. 

Doping decreases solubility thereby creating challenges for  solution processing which is 

the major processing advantage for organic electronics. 

The incorporation of unpaired electrons into D–A systems is a novel strategy towards 

developing organic D–A semiconductors in which the electrical conductivities can be 

modulated by changing the strength of the D or A and thereby modifying the electronic 

structure and intermolecular interactions. Planar radicals often form 1D chains which are 

predicted to give rise to a half-filled band structure100 that could lead to semiconducting 

or metallic-like conductivities in the absence of Peierls distortions or the formation of 

Mott insulating states. 

To date, a limited number of stable organic open-shell D–A systems have been 

realized.154,155,159,317,318 Neutral paramagnetic donor–acceptor dyads comprised of 

triphenylamine (TPA)-perchlorinated triphenylmethyl (PCTM),154,155 PTCM-

ferrocene,156-158 and tetrathiafulvalene (TTF) 2,5-di-tert-butyl-6-oxophenalenoxyl159 have 

been investigated in solution and found to exhibit optically induced charge transfer (CT) 
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transitions in the NIR that are solvatochromic with varying degrees of charge separation 

in the ground state. The solid state behaviour has been investigated in only a few of these 

systems. A tetracyanoquinone (TCNQ) derivative162 was found to exhibit a room 

temperature conductivity of 10−5 S cm−1 while a polycrystalline sample of TTF-

tetramethylnitronyl nitroxide (TMNN)163 exhibited a conductivity on the order of 10−4 S 

cm−1, weak ferromagnetic exchange along the π-stacking axis (intrachain J/kB = 6.5 K) 

and weak antiferromagnetic exchange between chains (interchain J/kB = −1.1 K).163  

We have shown that benzonitronyl nitroxides 2.15 are remarkably strong acceptors (~0 

V vs SCE), leading to a novel class of stable, planar, π-delocalized open-shell acceptors 

(Chapter 2). Given the exceptionally strong acceptor ability of BNN, stable open-shell D–

A–D triads were designed in order to investigate the effect of CT interactions on the solid 

state behavior of neutral paramagnetic D–A systems. The triads are unique in that their 

planar topology allows for reasonably strong π–π interactions in the solid state. In 

contrast, the bulky propeller morphology of PCTM-based D–A radicals176,177,319 does not 

allow for formation of close solid state contacts precluding the evaluation of the effect of 

intermolecular D–A interaction on solid state phenomena.  

Two D1–A–D2 BNN triads were prepared, where D1 = thiophene and D2 = thiophene 

4.11b or phenyl 4.11a. The electronic structure of each radical was elucidated through 

solution-phase spectroscopy, cyclic voltammetry and density functional theory (DFT). 

The solid state interactions were probed through the use of SQUID magnetometry, X-ray 

crystallography and diffuse reflectance spectroscopy. EPR spectroscopy and 

electrochemical studies reveal a spin-delocalized structure with a decreased SOMO 

energy and extremely low reduction potential. Structural characterization of the triads in 
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the solid state by PXRD and XRD reveal slipped  π stacks arising from π–π and 

intermolecular D–A interactions, providing pathways for magnetic exchange and charge 

transport. The differences in conductivity and magnetic exchange in the two triads can be 

rationalized by the degree of slippage dominated by π–π interactions (4.11a) and 

intermolecular D–A interactions (4.11b). In addition, increased slippage along the 1D π 

stacks give rise to additional interactions between chains in 4.11b, leading to increased 

dimensionality and pathways for charge transport and magnetic exchange. 

 

4.2 Synthesis 

Realization of radicals 4.11a-b required thiophene functionalization of the 

benzannelated ring of parent BNN radical 2.15. We previously developed a mild, 

generalizable methodology allowing for the synthesis of BNN radicals from aryl or alkyl 

nitrones and benzofuroxan.221 Although the preparation of benzofuroxans can be 

accomplished via the oxidation of ortho-amino-nitro arenes,259 and azido-nitro arenes,320 

the functionalization of benzofuroxans is not well known. Given their susceptibility to 

nucleophiles, we chose to form the necessary C-C bond prior to benzofuroxan formation. 

The thiophene ring could be installed at the C5 position of the benzannelated ring by 

modified palladium catalyzed coupling conditions originally developed for electron poor 

aryl halides.321 Oxidative benzofuroxan generation and condensation with the 

corresponding nitrone led cleanly to the radical precursors for 4.10a and 4.10b from the 

same furoxan intermediate 4.9. The synthetic methodology is shown in Scheme 4.1. 
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Figure 4.2. Labeled benzannelated nitroxide indicating C5 and C2 positions. 
 

Scheme 4.1. Synthetic pathway affording bis-substituted benzonitronyl nitroxide 
radicals. a 
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a Reagents and conditions: (i) acetic anhydride, Δ, 97 %; (ii) trifluoroacetic acid, fuming 
HNO3, 0 ºC, 96 %; (iii) HCl(aq), Δ, 92 % (iv) Pd2dba3, (o-tolyl)3P, CsF, THF, Δ, 92 %; (v) 
NaOH, EtOH, NaOCl(aq), 0 ºC, 91 %; (vi) toluene, Δ, 57 – 65 %; (vii) (nBu)4NOH, EtOH, 
then 1:3 EtOH:CH2Cl2, AgPF6, rt to −78 ºC, 20 %. 

 

Acetylation, nitration and acid catalyzed deprotection of commercially available p-

bromoaniline yielded 4-bromo-2-nitroaniline 4.7 in high yield (86% overall from p-

bromoaniline). Stille coupling of 4.7 with 2-(tributylstannyl)thiophene installed the 

thiophene moiety at C5 to give 4.8 in 92% yield. Oxidation of the o-amino-nitroaromatic 
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4.8 with alcoholic base/sodium hypochlorite afforded 5-thienyl-benzofuroxan (4.9, 91%) 

which was then condensed with the appropriate nitrone (2.21a or 2.21d) yielding the 

insoluble radical precursors 4.10a and 4.10b as tan powders in reasonable yield (57% and 

65% yield respectively). The radical precursors were solubilized by deprotonation with 

sodium hydroxide, then oxidized with silver(I) hexafluorophosphate to yield the 

corresponding radicals. Isolation of radicals 4.11b and 4.11a by low temperature 

(−78 °C) recrystallization gave analytically pure samples which were found to be 

moderately unstable in solution but stable over a period of several months in the solid 

state in the absence of light. 
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4.3 Characterization of electronic structure in solution 

X-band EPR spectra of radicals 4.11a and 4.11b were measured at room temperature in 

degassed toluene. The EPR spectra of nitronyl nitroxides 4.11a-b (Figure 4.3) exhibit a 

five-line pattern with relative intensities of 1:2:3:2:1 and g-values of 2.0068 ± 0.0003. 

The nitrogen atoms in the benzimidazole ring (N1, N3) bear a large proportion of the spin 

density with hyperfine coupling constants of a(N1) = 4.27 G and a(N3) = 4.39 G for 

radical 4.11b and a(N1) = 4.24 G and a(N3) = 4.41 G for radical 4.11a. The magnitude of 

the nitrogen hyperfine coupling constants is consistent with those reported for other BNN 

derivatives221-223,322 suggesting extended π conjugation via C5 functionalization does not 

significantly perturb the spin distribution in the benzannelated ring. 

 

 

Figure 4.3. EPR spectrum of 4.11a (left) and 4.11b (right) (top = experimental, bottom = 
simulated, R > 0.99), 10-5 M solution in dry, degassed toluene at room temperature. 

 

The electrochemical behavior of radicals 4.11a and 4.11b was investigated by cyclic 

voltammetry to determine the effect on reduction potential of a π-conjugated donor at C5.  

Both radicals exhibit a reversible one-electron reduction at 0.06 V vs SCE (∆Ep = 80 mV) 
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(Figure 4.4) and an irreversible oxidation at 1.4 V vs SCE. The irreversible oxidation 

process results in deposition of an iridescent film on the glassy carbon electrode which 

completely passivates the system. Efforts towards growing thicker films for spectroscopic 

and structural characterization were unsuccessful. The reduction potentials of extended 

radicals 4.11a and 4.11b were found to be 60 mV lower than that of the parent radical. 

Although substitution on the benzannelated ring with a weakly donating group should 

make the central BNN radical moiety more difficult to reduce, extending the π 

conjugation of the benzannelated system lowers the SOMO energy thereby lowering the 

reduction potential. In this case the latter effect dominates leading to radicals that can 

undergo a one-electron reduction at remarkably low potentials, comparable to that of 

7,7,8,8-tetracyanoquinodimethane (0.19 V vs SCE).323 

 

 

Figure 4.4. Cyclic voltammogram of the reductive process for radicals 4.11a-b, mM 
solution in NBu4PF6/CH3CN, 50 mV s−1 scan rate. 
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Figure 4.5. Absorption spectroscopy of 4.11a (▬) and 4.11b (▪▪▪), 10−5 M THF, ambient 
T. Inset shows expansion of visible and NIR transitions (inset). 

 

The electronic absorption spectra of radicals 4.11a and 4.11b (Figure 4.5) consist of 

several features in the UV and visible regions, as well as a broad absorption band in the 

NIR (λmax = 900 for 4.11a and 1025 nm for 4.11b, ε ≈ 500). The nature of the NIR 

transition has previously been shown to be dependent on the C2 substituent and is the 

result of a symmetry forbidden HOMO–SOMO transition.220,221 The UV absorptions 

(between 200 – 400 nm) are characteristic of benzonitronyl nitroxide π–π* transitions and 

are bathochromically shifted by roughly 100 nm relative to the parent BNN systems. This 

red shift is not unexpected given the increase in π conjugation as a result of C5 

substitution.  
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Figure 4.6. Charge transfer transition of 4.11a (top) and 4.11b (bottom) measured in 
solvents of varying dielectric (10−5 M, ambient T). 
 

The visible transitions (λmax = 557, ε ≈ 1500 and λmax = 599 (sh), ε  ≈ 1100, THF) have 

not previously been observed in any nitroxide system and are attributed to a CT 

excitation resulting from an interaction between the weakly donating C5 thiophene and 

strongly accepting nitronyl nitroxide moiety. The electronic absorption spectra of 4.11a 

and 4.11b were recorded in solvents ranging in polarity from cyclohexane to dimethyl 

sulfoxide (Figure 4.6). The transition at 550 nm exhibits a bathochromic shift and a 

decrease in extinction coefficient as the solvent polarity increases along the series, while 
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the transition at 580 nm exhibits a bathochromic shift and little change in extinction 

coefficient (by deconvolution, see Table 4.1) with increasing dielectric of the solvent.  At 

dielectrics above ~22, a reversal in intensities of the two excitations is observed, such that 

the longer wavelength band is more intense in acetonitrile and DMSO. The observed 

positive solvatochromism is consistent with a CT excitation in which the excited state is 

preferentially stabilized with respect to the ground state in higher polarity solvents 

(Figure 4.7). The magnitude of the solvatochromism is not as large as that reported for 

other neutral open-shell D–A systems,156 suggesting a highly delocalized ground state.  

S

N

N
O

O S

N

N
O

O

hv

G.S.

E.S
E.S

G.S.

low ε medium high ε medium  

Figure 4.7. Energy absorption leads to a charge separated excited state (top). A 
stabilization of the excited state occurs in solvents that are more able to solvate molecules 
with large dipole moments (bottom). 
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Figure 4.8. Variable temperature spectrum of 4.11a in MeTHF (top) and deconvolution 
of charge transfer band of radical 4.11a (MeTHF, 85 K) to give three transitions 
(bottom). 

 

The electronic absorption spectra of 4.11a and 4.11b were investigated in the 

temperature range of 295 K to 85 K in 2-methyltetrahydrofuran (MeTHF) (Figure 4.8). 

As the temperature was decreased, an increase in intensity and ~20 nm bathochromic 

shift in the 550 nm and 580 nm transitions was observed. The variable temperature 

behavior of radicals 4.11a-b was found to be fully reversible (Figure 4.9) thus the 

spectral changes cannot be the result of radical decomposition in solution nor are they 

due to aggregation as this would lead to peak broadening as opposed to the observed 
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sharpening. The bathochromic shift observed as temperature is decreased may be due to a 

planarization of the molecule, leading to an effective increase in electronic coupling and 

decrease in the energy of the CT excitation.  

 

Figure 4.9. Spectrum of 4.11a in MeTHF at 295 K before cooling (red) after cooling to 
85 K and warming back to 295 K (blue). 

 

In addition to the observed bathochromic shift and increase in molar absorptivity of the 

550 nm and 580 nm excitations with decreasing temperature, a shoulder at ~530 nm 

became visible at 85 K (Figure 4.8). Because of this additional transition observed at low 

temperature, each CT excitation (500 – 700 nm) was deconvoluted into three Gaussian 

bands (R2 > 0.99) (Figure 4.8, Table 4.1). In general, the two low energy transitions 

bathochromically shift with an increase in solvent polarity, while the high energy band 

(~530 nm) shows little dependence. The non-monotonic solvatochromic behavior may 

have contributions from specific and nonspecific solvent interaction as is observed for 

other neutral open-shell D–A molecules.154-156 

Overall, an examination of the CT excitation in different polarity solvents reveals the 

presence of three distinguishable transitions, a shoulder at 535 nm and two transitions at 
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580 and 630 nm. The intensity of each transition is solvent dependent and the features of 

each individual band are better defined in low polarity dielectrics. Similar behavior was 

observed in the triphenylamine-perchlorinated triphenylamine (TPA–PCTM) acceptor 

radical systems, in which a shoulder is present in non-polar solvents while a broad 

asymmetric band is observed in more polar solvents. In the case of the TPA–PCTM 

radicals this behavior was attributed to vibrational fine structure,154,324 however, these 

systems were not probed by variable temperature spectroscopy and their excited state 

spectroscopy was not modeled computationally. These experiments may prove valuable 

toward investigating the nature of the electronic transition in open-shell D–A systems, as 

was the case for the D–A–D BNN radicals 4.11a-b. Though vibrational fine structure 

could not be conclusively ruled out, variable temperature spectroscopy and computational 

data (discussed below) support the origin of the visible band as arising from at least two 

distinct electronic transitions, and not vibrational fine structure. 

 

4.4 Computational evaluation of charge transfer transitions 

It is well established that the electronic structure of π-delocalized organic D–A 

molecules are difficult to characterize properly using DFT primarily as a result of the 

self-interaction error (SIE).325,326 Computational evaluation of organic D–A systems 

using semi-empirical methods can be improved by utilizing hybrid exchange-correlation 

functionals327,328 together with a polarizable solvent continuum model.329 We chose to 

evaluate radicals 4.11a-b using unrestricted TDDFT with Becke’s three-parameter hybrid 

exchange functional237,330 and the Lee-Yang-Parr correlation functional238 (UB3LYP). 

The 6-31G(d,p) basis set was selected and all calculations were carried out using the 
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Gaussian 09 package.239 X-ray crystal structure of 4.11a (below) was used as the 

geometry input for each single point energy calculation. Three different solvation models 

(Onsager continuum model,242-244 conductor-like polarizable continuum model 

(CPCM),331,332 and self-consistent isodensity polarizable continuum model (SCI-

PCM)333) were evaluated and compared to the experimentally observed CT excitations 

(Table 4.1). In all solvents the highest energy peak was broad (50 - 130 nm), overlapped 

strongly with transitions in the UV and was not predicted by TDDFT. The high energy 

shoulder (530 nm) may in fact be due to vibrational structure of the 580 nm transition, or 

may be too high in energy for TDDFT to calculate. As such, we focused on the two 

excitations that occur completely in the visible region and were predicted 

computationally. 

 
 
Figure 4.10. SOMO (left) and spin density (right) of radical 4.11a generated with 
GaussView 4.1.2, grid = coarse, isovalue = 0.02. Calculated using TDDFT UB3LYP/6-
31G(d,p) with SCI-PCM solvation, solvent = THF. 
 

The SOMO and spin density distribution obtained for 4.11a (Figure 4.10) are 

consistent with the electronic structure of the parent BNN.221 There is some orbital 

population on the C5-thienyl due to π conjugation, and the node at C2 is maintained. The 

α and β–SOMO orbitals differ in energy and orbital population due to spin polarization 

effects (Figure 4.11).83  The spin density distribution (Figure 4.10) is consistent with spin 
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delocalization in the BNN moiety with spin polarization dominating the spin density 

distribution in the C2 aryl ring. 

 
Table  4.1. Excitation energies (λ) and oscillator strength (f) or molar absorptivity (ε) of 
the higher and lower energy visible absorption bands of 4.11a determined 
computationally and experimentally in solvents of increasing dielectric strength. 

  Onsager  CPCM  SCI-PCM  experimental 

Solvent dielectric 
constanta 

λ 
/nm f  λ 

/nm f  λ 
/nm f  λ  

/nm
ε  

/M−1cm−1

cyclohexane 2.0243 535.1 0.0771  536.8 0.0798  530.0 0.0567  543 1700 
  563.3 0.0022  561.7 0.0031  563.4 0.0013  584 1100 
1,4-dioxane 2.2189 536.7 0.0770  538.3 0.0793  531.5 0.0569  556 1700 
  562.6 0.0029  561.0 0.0041  562.7 0.0016  598 1200 
CCl4 2.2379 537.2 0.0783  538.8 0.0806  531.7 0.0570  553 1600 
  562.5 0.0030  561.0 0.0044  562.7 0.0016  594 1200 
toluene 2.379 538.5 0.0793  540.2 0.0814  532.7 0.0570  559 1400 
  562.1 0.0037  560.6 0.0055  562.2 0.0018  599 1100 
Et2O 4.2666 544.3 0.0664  545.2 0.0628  539.9 0.0550  549 1400 
  559.3 0.0133  558.6 0.0203  559.3 0.0060  591 1000 
EtOAc 6.0814 546.4 0.0553  546.9 0.0484  542.4 0.0511  552 1600 
  559.2 0.0263  559.1 0.0366  558.5 0.0107  595 1100 
MeTHFb 6.97          555 1400 
           596 1500 
THF 7.52 547.2 0.0469  547.4 0.0397  543.5 0.0479  557 1500 
  559.5 0.0366  559.8 0.0473  558.3 0.0143  599 1100 
CH2Cl2 8.93 547.6 0.0403  547.7 0.0388  544.1 0.0448  556 1600 
  560.0 0.0366  560.6 0.0544  558.2 0.0176  603 1400 
acetone 21.01 547.1 0.0254  547.2 0.0224  545.3 0.0333  552 1500 
  561.3 0.0574  562.2 0.0636  558.6 0.0299  595 1200 
CH3CN 36.64 546.8 0.0215  546.9 0.0196  545.4 0.0291  542 900 
  562.0 0.0609  562.9 0.0660  559.0 0.0344  587 1300 
DMSO 47.24 546.9 0.0195  547.1 0.0178  545.4 0.0277  560 850 
  562.9 0.0662  563.9 0.0714  559.2 0.0358  606 1100 
a Dielectric constants are those reported in the 91st CRC Handbook of Chemistry and 
Physics.234 b MeTHF was not modeled computationally as it was not a solvent available in 
the Gaussian 09 package. Simply changing the dielectric in a polarizable continuum 
model (PCM) to that of MeTHF was not appropriate as dielectric is only one many 
internal parameters used to define solvents when using PCM. 
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Computationally, all three solvation models gave similar predicted excitation energies 

for the visible transitions and all calculated excitations were higher in energy than the 

experimentally determined λmax values. TDDFT also reproduced the shifts in transition 

intensities with increasing solvent polarity, although only SCI-PCM accurately predicts 

the reversal of peak intensities observed in high dielectric solvents. The experimentally 

observed bathochromic shift in λmax with increasing solvent polarity was reproduced well 

computationally. Each of the two transitions had major contributions from HOMO−4 → 

SOMO and HOMO−1 → SOMO excitations, however, the relative contribution of each 

was highly dependent on solvent polarity. Using the SCI-PCM solvation model, the 

higher energy band (~550 nm) ranged from being 83%:3% (HOMO−1 → SOMO) to 

(HOMO−4 → SOMO) in low polarity solvents (cyclohexane) to 45%:51% in high 

dielectric solvents (acetone). As solvent polarity increased further, the relative 

contribution of the HOMO−1 → SOMO transition decreased until it contributed just 

36 % to the overall high energy excitation in DMSO. Conversely, the lower energy band 

(~580 nm) was predominantly (> 95 %) attributed to a HOMO−1 → SOMO transition in 

non-polar solvents (cyclohexane to toluene) whereas in polar solvents (acetone to 

DMSO) the contribution of the HOMO−1 and HOMO−4 → SOMO excitations were 

nearly equivalent.  

The contribution of a deep lying state, such as a HOMO−4 appears unusual, however, 

the open-shell nature of these molecules results in a number of close lying occupied states 

(< 0.05 eV difference, Figure 4.11) and DFT may not be ordering these effectively 

degenerate orbitals correctly. It may be more appropriate to describe the second 

contribution to the CT excitation as a HOMO−n → SOMO excitation, especially 
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considering the CT transition is much more likely to arise from an electronic excitation 

from a molecular orbital with large coefficients in a π-type orbital (HOMO−2 or 

HOMO−3, Figure 4.11). This is in contrast to the HOMO−4 which is localized over the σ 

system, nonetheless, the HOMO-4 → SOMO transition would result in a redistribution of 

electron density and dipole moment. 

 

 

Figure 4.11. Molecular orbital diagram for 4.11a with SCI-PCM solvation (THF), 
generated in GaussView 4.1, cube grid = coarse, isoval = 0.02. 
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Figure 4.12. Force constant (right) and excitation energy (left) of the 550 nm (○) and 580 
nm (●) transition as a function of torsion angle calculated using TDDFT with the 
UB3LYP functional and 6-31G(d,p) basis set with Onsager solvation (THF). 

 

The effect of planarization on the energy of the CT excitations was examined 

computationally and the results are depicted in Figure 4.12. Experimentally, the CT 

transitions bathochromically shift by nearly 20 nm and double in intensity as the system 

is cooled. Computations suggest the higher energy (550 nm) transition is highly 

susceptible to changes in the C5-thienyl…BNN torsion angle while the lower energy 

(580 nm) transition is not. The force constants for the two transitions also differ in their 

dependence on torsion angle. The force constant for the 580 nm transition is at a 

maximum in the planar configuration (0º and 180º), while the force constant for the 550 

nm transition is at a minimum in these configurations. Planarization of the system results 

in better orbital overlap between D and A which in turn leads to stronger electronic 

coupling and the experimentally observed enhancement of molar absorptivity. Contrary 

to that observed experimentally, computation suggests planarization would lead to a 

decrease in intensity (f) of the 550 nm band and an increase in the 580 nm. This 

discrepancy may be due to difficulties encountered when calculating excited state D–A 
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geometries using TDDFT, particularly when large changes in charge density are 

occurring.334,335  

 

4.5 Structural analysis by XRD 

Single crystals of 4.11a were grown by slow evaporation of a saturated n-

pentane/acetone solution to give purple plates, and analyzed by single crystal X-ray 

diffraction (XRD). Radical 4.11a refined in the monoclinic crystal system, P21/c space 

group, with four molecules per unit cell (Z = 4). Single crystals of 4.11b of sufficient size 

for single-crystal XRD analysis could not be grown. Instead the structure was analyzed 

with powder X-ray diffraction (PXRD) which revealed the structure of 4.11b to be 

closely related to that of 4.11a, with subtle variations in the degree of slippage along 

the π stacks.  

 

 

Figure 4.13. Experimental (blue) and calculated (red) X-ray powder pattern for radical 
4.11b. 

 

The PXRD data (Figure 4.13) was analyzed using Topas,336 starting from indexing the 

unit cell, determining the space group, and using a rigid body model with two variable 

torsion angles. As in 4.11a, refinement of the structure led to packing in the monoclinic 

crystal system in the P21/c space group with four molecules per unit cell (Z = 4). Detailed 



 

 

158
structural information (bond lengths and angles) is not analyzed here given that the 

quality of the diffraction data did not allow for refinement of atomic positions. Select 

crystallographic data is reported in Tables 4.2 and 4.3, further metrics including a 

complete listing of bond lengths and angles are reported in Appendices A and B. 

 

4.5.1 Crystallographic analysis of 4.11a 

 
Table  4.2. Crystallographic data for 4.11a. 
 4.11a 
formula C17H11N2O2S 
formula weight 307.35 
color of crystal dark purple 
crystal system monoclinic 
space group P21/c 
a (Å) 14.1620 (2) 
b (Å) 14.1493 (2) 
c (Å) 7.03310 (10) 
volume (Å3) 1409.30 (3) 
temperature (K) 296 
Z 4 
Rf

b 0.0449 
Rw

c 0.1188 
GOF 1.041 
aRf = [Σ||Fo| - |Fc||]/[Σ|Fo|], I > 2σ(I). bRw = ([Σw||Fo|2 - |Fc|2|2]/[Σ(w|Fo|2)2])1/2. 
 
 

The single crystal structure and packing diagram of 4.11a are shown in Figure 4.14. 

The benzimidazole skeleton, including the terminal oxygen atoms adopts a nearly planar 

geometry with an angle of just 1.2º between the plane of the benzannelated ring and the 

coplanar ONCNO atoms. The thiophene ring is twisted 27º from the plane of the central 

benzimidazole ring (C4-C5-C14-S1), while the phenyl ring is twisted 32º out of the plane 

(C9-C8-C1-N1). The radicals form slipped π stacks along the c-axis (Figure 4.14) with a 
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32º slippage angle and average interplanar distance of 3.31 Å between radicals. 

Interchain interactions occur between between O2…C3 at 3.074 Å along the c-axis. The 

well isolated π stacks would be expected to give rise to sizeable one-dimensional 

magnetic exchange via a direct exchange mechanism as there should be strong overlap 

between benzimidazole ring spin density along the stack, with very weak interchain 

interactions. 

 

Figure 4.14. Single crystal structure of 4.11a with 50 % probability thermal ellipsoids (i). 
Packing diagram of 4.11a viewed down the c-axis (ii), and viewed down the b-axis (iii). 
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4.5.2 Crystallographic analysis of 4.11b 

 
Table  4.3. Crystallographic data for 4.11b. 
 4.11b 

formula C15H9N2O2S2 
formula weight 313.37 
color of crystal green powder 
crystal system P21/c 
space group monoclinic 
a (Å) 13.000 (1) 
b (Å) 20.954 (2) 
c (Å) 4.9518 (3) 
volume (Å3) 1347.86 (8) 
temperature (K) 298 
Z 4 
Rf

a - 
Rw

b - 
GOF - 

 

The crystal structure and packing diagram of 4.11b were determined by PXRD and are 

shown in Figure 4.15. As in 4.11a, the benzimidazole skeleton adopts a planar geometry 

and the C5-thienyl ring is nearly coplanar (−7º torsion angle between S15-C11-C2-C3) 

with the benzimidazole moiety. The C2-thiophene imidazole torsion angle (N7-C8-C10-

S19) is larger (31º)  than that in 2-thienyl benzonitronyl nitroxide 2.15d suggesting solid-

state packing interactions are primarily responsible for the degree of ring torsion. 
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Figure 4.15. Labeled molecular structure of 4.11b (i). Packing diagram of 4.11b viewed 
along the c-axis (ii), and  down the a-axis (iii). 

 

Radical 4.11b forms slipped π stacks along the a-axis separated by an interplanar 

distance of 3.26 Å with a 49º slippage angle between radicals along the chain. This large 

degree of slippage results in close contacts between electron rich (donor) thiophene rings 

and neighboring electron poor (acceptor) benzonitronyl nitroxide units (Figure 4.16), 

giving rise to intermolecular donor–acceptor interactions that are governed by 

electrostatic interactions. In addition to the close contacts within the π stack, close 

thiophene ring (C18…C14, 2.72 Å and C18…C13, 3.15 Å) and benzimidazole O20…C6 

(2.25 Å) and O20…C1 (2.76 Å) contacts (Figure 4.15) exist between stacks, forming 

chains along the b- and c-axes. Analysis of the solid-state packing of 4.11b suggests the 

presence of multiple exchange pathways and a higher dimensional structure when 

compared to 4.11a which is predominantly 1D. 
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Figure 4.16. π stacks of 4.11b viewed along the c-axis. Donor–acceptor interactions 
indicated by red dashed lines. 

 
 

4.6 Magnetism of 4.11a and 4.11b 

The molar magnetic susceptibilities (χM,p) were measured for microcrystalline samples 

of radicals 4.11a-b using a Quantum Design SQUID magnetometer in the temperature 

range of 2 – 300 K at DC fields of 0.1 – 5 T (Figures 4.17 and 4.18). At 300 K 4.11a and 

4.11b exhibit magnetic moments close to the expected spin only value for an S = ½  

system (0.375 emu K/mol). Below 250 K, the magnetic moment (χM,pT) of phenyl 

derivative 4.11a decreases with decreasing temperature (Figure 4.17, right) with a 

maximum in the molar magnetic susceptibility at 20.0 K (Figure 4.17, left), consistent 

with the presence of antiferromagnetic exchange interactions. 
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Figure 4.17. Temperature dependence of the molar magnetic susceptibility (top) and 
magnetic moment for radical 4.11a (bottom). The solid line represents the best fit of the 
data to the model described in the text. 

 

Based on the uniform 1D chain-like behaviour observed in the crystal structure, the 

Bonner–Fisher chain model248 derived from the spin Hamiltonian H = −JSrad·Srad+1 was 

used to fit the magnetic moment.  A purity factor (f) was included to account for the 

percentage of spins behaving according to the model and the g-value was fixed at 2.0068 

as determined by EPR.  

χT=f
Ng2β2

kB
·

0.25+0.074975x+0.075235x2

1.0+0.9931x+0.172135x2+0.757825x3     

x = 
|J|

kBT
;    J ൑ 0 

The least-squares fit of the experimental data is very good (R = 1.0), leading to a 

exchange coupling parameter, J, of -33 cm-1 with f = 0.97. Moderate antiferromagnetic 

coupling on the order of that reported for 4.11a has been observed in other BNN 

radicals223 and can be attributed to the formation of 1D π stacks in the solid state. The 

system is well-described using a linear chain model suggesting that the O2…C3 
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interchain interactions do not contribute significantly to exchange pathways, thus, the 

inclusion of a mean-field parameter (2zJ′) was not necessary.  

The magnetic moment of derivative 4.11b is independent of temperature above 50 K 

with a magnitude of 0.378 at 300 K, slightly higher than the spin only value for an S = ½ 

system. The moment increases gradually below this temperature, suggesting 

ferromagnetic intermolecular interactions (Figure 4.18). The magnetic data was fit with a 

high-temperature series expansion of the Bonner-Fisher model (Padé approximant, 

below)337 derived from the same spin Hamiltonian described above.337 The data was not 

well represented by this model alone, which was not surprising as this analytical model 

only accounts for 1D magnetic chain interactions. Consequently a mean-field parameter 

was included in the analytical expression to account for the observed interchain magnetic 

interactions. 

 

 

Figure 4.18. Temperature dependence of the molar magnetic susceptibility (top) and 
magnetic moment for radical 4.11b (bottom). The solid line represents the best fit of the 
data to the model described in the text. 

 



 

 

165
A fit of the magnetic data using a linear chain model with a mean field approximation 

gave a least squares fit of the experimental data with R = 0.99. The g-value was fixed to 

the experimentally derived value of 2.0067 (from EPR) to give J = +5 cm−1 and 

2zJ′ = +0.9 cm−1 with an f of 0.96. A fit of the magnetic data confirms the system cannot 

be accurately described by a simple 1D chain model as there is non-negligible through 

space spin density overlap in more than one direction in the solid state. 

χ'T=f
Ng2β2

4kB
· ൤

ܰ
൨ ܦ

ଶ
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N = 1.0 + 5.7979916y + 16.902653y2 + 29.376885y3 + 29.832959y4 + 14.036918y5 

D = 1.0 + 2.7979916y + 7.0086780y2 + 8.6538644y3 + 4.5743114y4 

y = J/2kBT 

χT=
χ'T

1 െ ቆ ′ܬݖ2
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The maximum values of χm,pT were highly dependent on the applied field and 

saturation effects were observed below 15 K at higher field (Figure 4.20, a). More 

detailed studies of the magnetization at low temperatures (2 – 40 K) shed light on the 

nature of the low temperature ferromagnetic exchange interactions. The zero field cooled 

(ZFC) and field cooled (FC) magnetizations were measured and found not to diverge at 

low temperature (Figure 4.19), consistent with fast spin relaxation and the absence of a 

blocking temperature suggesting short-range magnetic interactions. 
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Figure 4.19. Temperature dependence of the molar magnetic susceptibility when cooled 
in the absence of an external field (ZFC) and in the presence of an external field (FC). 

 

The temperature and frequency dependence of the AC magnetization was measured in 

the low temperature regime. The AC susceptibility was measured at frequencies between 

1 and 999 Hz with a 2.57 Oe driving field, and 10 Oe external field between 2.0 and 10.0 

K. While both imaginary and real components to χac were observed, maxima were not 

observed above 2.0 K. A small frequency dependence was observed in the out-of-phase 

(χ′′) AC susceptibility that was more pronounced at high frequency (Figure 4.20, c and 

d). AC susceptibility suggests there may be short range interactions at low temperature on 

the time scale of the high frequency AC experiments, however, spin relaxation is fast. 

Measurement of the field dependence of the magnetization at 2 K revealed a small (10 

Oe) coercive field (Figure 4.20, b). 
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Figure 4.20. (a) Magnetic moment of 4.11b as a function of temperature and field, 2 – 15 
K. (b) Hysteresis loop at 2 K for 4.11b, −5 to 5 T, Hc = 10 Oe. (c) In phase (χ′) AC 
susceptibility and (d) out of phase (χ′′) AC susceptibility of 4.11b, 2.57 Oe driving field, 
10 Oe external field. 

 

4.7 Magnetostructural analysis 

Analysis of the intermolecular crystallographic packing interactions combined with 

unrestricted DFT methodology allow for computational evaluation of the magnetic 

exchange coupling constant J. This methodology is a first-principles bottom-up 

theoretical procedure338 and allows for correlation of the experimentally measured 

magnetism, a macroscopic phenomena of the system, with the microscopic magnetic 

motif arising from the crystallographic packing.339 Molecular packing in a crystal 
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structure can be described in terms of the distance between non-covalently bound 

molecules and the strength of the non-covalent interactions. The magnetic structure of a 

crystal can be described in an analogous way (Figure 4.21) where the overall magnetic 

solid state structure is the linear combination of all the dimeric magnetic exchange 

interactions JAB between radical sites A and B. It is the repeat of the dominant exchange 

interactions in any given direction that ultimately gives rise to the overall bulk magnetism 

of the solid. 

A B

A B

A B

A B

A B

A B

JAB JBA

JBBJAA

 

Figure 4.21. Different possible exchange interactions (J) between neighboring type A 
and type B radical sites in a theoretical solid. 

 

The identification and calculation of the energy gap between each pairwise (AA, AB 

etc.) interaction allows for the calculation of each individual value of J. This is 

accomplished by isolating each closely packed (within van der Waals) dimer and using 

the nuclear crystallographic coordinates as geometry input for two single point DFT 

calculations which, in the case of an S = ½ pair of radicals, calculate the energy of the 

singlet S = 0 (antiferromagnetically coupled) and the triplet S = 1 (ferromagnetically 

coupled) states. Using the overall energy calculated for each state (S = 0, 1) the magnetic 

exchange can be determined based on the equation below where EBS
 and ET denote the 

energies of the broken symmetry singlet and triplet state and ‹S2›BS and ‹S2›T are represent 

average spin square values of the broken symmetry singlet and triplet state.340 Broken 
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symmetry solutions often contain high degrees of spin contamination which can be 

partially accounted for using a spin projection technique which includes ‹S2›BS and ‹S2›T  

in the denominator of the expression used to calculate J. Additionally, when calculating 

the energy of the open-shell singlet the keyword “guess=mix” is included in the 

unrestricted formalism. 

ܬ ൌ  
ሺܧBS െ Tሻܧ

TۄS2ۃ െ BSۄS2ۃ
 

During analysis of the crystal packing of radical 4.11a it was noted the radicals form 

well-isolated uniform chains. For this reason it was believed only one type of dimer 

interaction would significantly contribute to the bulk magnetism of the system. DFT 

calculations of the π-dimer using the hybrid UB3LYP functional with the 6-311+G(d,p) 

basis set340 for the singlet and triplet states predicted a system with an exchange energy 

on the order of J = −5 cm−1 which is in good agreement with the experimentally derived 

value of −33 cm−1. This certainly suggests the π stacked chains are providing the 

dominant exchange pathway and confirms the antiferromagnetic nature of the exchange. 

Analysis of the crystal packing in radical 4.11b led to evaluation of three sets of 

dimers, the π stacked dimer, as well as two sets of interchain dimers arising from close 

thiophene and benzimidazole ring contacts (Figure 4.22). The D–A π dimer was 

predicted computationally to possess a high spin ground state with an exchange energy 

on the order of J = +33 cm-1. The thiophene C18…C13/14 dimer and O20…C1/6 dimers 

had much smaller exchange energies at +5 cm-1 and +1 cm-1 respectively. These 

computational values are in agreement with the sign of the experimentally derived 

magnetic exchange integrals (J = +5 cm-1 and 2zJ′ = +0.9 cm-1) and suggest very strong 

exchange in radical 4.11b would be possible in a more highly ordered state. The disorder 



 

 

170
present in the system, as revealed by the poor quality of the PXRD data, leads to an 

effective decrease in the exchange, and suggests that highly ordered single crystalline 

materials are capable of three dimensional magnetic ordering to give exchange integrals 

of significant magnitude. 

 

Figure 4.22. π dimer viewed along the c-axis (left) and thiophene C18…C13/14 and 
O20…C1/6 dimers viewed along the a-axis (right). Distances less than the sum of the van 
der Waals radii of two atoms (hydrogen excluded) indicated with black dashed lines. 

 

4.8 Conductivity 

The conductivity of 4.11a-b was measured using a two-probe pressed pellet 

conductivity apparatus341 externally calibrated with tetrathiafulvalene-

tetracyanoquinodimethane (TTF-TCNQ).132,342 The room temperature conductivity of 

4.11b was found to be on the order of 10−5 S cm−1 whereas 4.11a showed a conductivity 

of 10−7 S cm−1. These conductivities are accurate to within an order of magnitude and 

vary sample to sample, nevertheless, these preliminary measurements provide the 

conductivity regime of each material. The conductivity of 4.11b implies it is 

semiconducting while 4.11a lies on the semiconductor/insulator border. The higher 
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conductivity observed in 4.11b is a direct result of the close atom-atom contacts in the 

solid state that give rise to multidimensional overlap and numerous well defined 

conduction pathways. Single-component neutral radical conductors are rare100,119,120,343-347 

and future work will involve elucidating the mechanism of charge transport and the 

nature of the charge carriers in order to evaluate the potential of these materials as 

intrinsic molecular magneto-conductors. 

 

4.9 Solid state reflectance spectroscopy 

 

Figure 4.23. Diffuse reflectance spectra of films of 4.11a (―) and  4.11b (---) deposited 
from CH2Cl2 onto quartz slides, spectralon discs were used as a reflective background. 

 

Solid state reflectance spectra were obtained on thin films of 4.11a-b drop cast from 

dichloromethane. When compared to the solution phase absorption spectrum, the solid 

state absorbance (Figure 4.23) of 4.11a does not contain any new transitions that could be 

attributed to intermolecular interactions. Conversely, when the solution and solid phase 

absorption spectra of 4.11b are compared, the NIR transition is bathochromically shifted 

by ~200 nm in the solid state relative to the solution phase. The observed shift is 
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consistent with the presence of strong solid state intermolecular (donor–acceptor and π–

π) interactions giving rise to an absorption onset on the order of 0.77 eV (1600 nm).This, 

in combination with the magnetic data, suggests isolation of a more ordered state of 

radical 4.11b could lead to the realization of a purely organic ferromagnetic 

semiconductor with a moderately low activation energy. 

  

4.10 Conclusions 

We have shown that the structure of spin-delocalized acceptor BNN radicals can be 

modified to give paramagnetic donor–acceptor–donor triads that function as 

ferromagnetic or antiferromagnetic semiconductors, depending on a subtle interplay 

between π–π and donor–acceptor interactions in the solid state.  We have developed 

synthetic methodology for installation of a thienyl moiety in the C5 position of 

benzonitronyl nitroxide radicals, resulting in extended π-conjugated systems with a D–

A–D electronic structure. EPR spectroscopy was consistent with a spin delocalized 

structure, with hyperfine coupling to peripheral thienyl rings on the order of < 1 Gauss. A 

decrease in the SOMO energy results in a further decrease in the reduction potential of 

BNN, leading to a class of powerful electron acceptors for organic electronic materials.  

Functionalization of the benzannelated ring leads to the appearance of two new 

electronic transitions attributed to charge transfer excitations as a result of a donor–

acceptor interaction. The charge transfer excitations were investigated by solvatochromic 

and variable temperature electronic absorption spectroscopy. The lowest energy 

excitation at 1000 nm, observed in the parent BNN, is attributed to a HOMO–SOMO 

transition and was preserved in radicals 4.11a and 4.11b despite functionalization of the 
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benzannelated ring. Two close-lying charge transfer excitations in the visible (500 – 600 

nm) were observed and assigned as HOMO−1 → SOMO and HOMO−n → SOMO 

transitions, the energy and intensity of which depend on solvent polarity and C5-

thienyl…BNN torsion angle. TDDFT with the inclusion of a solvent continuum model 

provided a reasonable description of the observed spectroscopy and dependence of the 

transitions on geometry and dielectric medium, supporting the proposed assignment. 

TDDFT electronic structure computations using the unrestricted formalism (UB3LYP) 

support a spin delocalized structure with differences in orbital coefficients and energy of 

the α– and β–SOMO orbitals arising from spin polarization effects. The spin density 

distribution is consistent with significant spin population in all positions of the molecule, 

leading to strong magnetic exchange interactions in the solid state via π–π interactions.  

In the solid state, radical 4.11a exhibits face-to-face π–π interactions that give rise to 

1D chains responsible for the observed antiferromagnetic exchange and a room 

temperature conductivity of 10−7 S cm−1. In contrast, radical 4.11b exhibits slipped π 

stacks dominated by D/A interactions. The presence of additional interchain interactions 

leads to ferromagnetic exchange and an increase in conductivity (10−5 S cm−1) due to 

higher dimensionality of the interaction lattice. The dominant exchange pathway is found 

to be intrachain with significant contributions from interchain interactions. Using a first 

principles bottom-up approach, the magnetic exchange was reproduced well 

computationally and was consistent with the experimentally observed magnetization.  

The solid state conductivity was found to be remarkably high for a non-doped organic 

system containing only light elements and future work will involve investigating carrier 

mobility and characterizing the nature of the charge carriers in these D–A–D systems. 
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4.11 Experimental 

4.11.1 General procedures 

All general synthetic procedures employed have been previously reported in Chapter 

2.9. 

Reflectance Spectra. Reflectance spectra were collected on a Perkin Elmer Lambda 

1050 UV–vis–NIR spectrometer equipped with a 150 mm InGaAs integrating sphere. 

Solid samples were prepared by dropcasting films from concentrated dichloromethane 

solutions onto quartz slides under a stream of N2. Spectralon discs were used as a 

100 % R standards and were mounted behind the quartz slide to act as a reflective 

background. 

Computations. Quantum mechanical calculations were carried out at the UB3LYP/6-

31G(d,p) level of theory or the UB3LYP/6-311+G(d,p) level of theory237,238 using the 

Gaussian 09 package.239 All calculations were single point energy calculations where the 

input geometry was obtained from X-ray diffraction data. All single point energy 

calculations included a specified solvation model with the exception of the singlet-triplet 

gap dimer calculations. 

X-ray Crystallography. A purple plate-like crystal of C17H11N2O2S having 

approximate dimensions of 0.005 x 0.28 x 0.40 mm was mounted on a polymer loop. 

Single crystal X-ray diffraction data was collected on a Bruker SMART6000 CCD 

detector sitting on a Bruker D8 3-circle goniometer sitting on a Rigaku RU200 Cu 

rotating anode utilizing Cu/Kα radiation (λ = 1.54178 Å) and cross-coupled parallel 

focusing Göbel mirrors. The data were collected at a temperature of 23 ± 0.2 ºC to a 

maximum 2θ value of 68.3º. Of the 9124 reflections that were collected, 2508 were 
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unique (Rint = 0.0347). Data were corrected for absorption effects using the multi-scan 

technique with minimum and maximum transmission coefficients of 0.4847 and 0.9895, 

respectively. The structure was solved using the direct-methods procedure in the Bruker 

SHELXTL288,348 program library and refined by a full-matrix least-squares refinement on 

F2 based on 2508 reflections and 243 variable parameters. Upon convergence the 

maximum and minimum peaks on the final difference Fourier map corresponded to 0.186 

and –0.344 e Å−3, respectively. 

Powder XRD Crystallography. A powder X-ray diffraction pattern (0.0042º steps) 

was obtained on a Panalytical X’Pert Pro diffractometer using a Cu−Kα1 radiation with 

λ = 1.540598 Å source operating at 45 kV/35 mA at a temperature of 298 K. The 

X’Celerator linear detector was used to scan from 7 to 120º 2θ in a continuous scan. The 

powder X-ray data were analyzed using Topas336 starting from the indexing of the cell, 

identification of the space group (P21/c), and random positioning of a geometry 

optimized structure. The position and orientation of the molecule was refined, as were the 

torsion angles of the thiophene linkages. 

4.11.2 Synthesis 

Synthetic Methodology. Phenylhydroxylamine was synthesized according to known 

literature methods.349 C-phenyl-N-phenylnitrone and C-2-thienyl-N-phenylnitrone were 

synthesized as previously reported.221 2-nitro-4-(2-thienyl)-benzenamine 4.8 was 

synthesized by modifying the Stille reaction conditions developed by Littke et al.321 

N-(4-Bromophenyl)-acetamide (4.5).350 4-bromoaniline (15.0 g, 87 mmol) was 

suspended in 70 mL acetic anhydride. The mixture was heated at 90 ºC until the reaction 

was complete (TLC, 1:1 hexane:ethyl acetate). The hot solution was poured over ice and 
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the crude solid was isolated by vacuum filtration, washed with water (2 x 50 mL) and air 

dried. Recrystallization from hot MeOH/H2O afforded 17.9 g (84 mmol, 97 %) of a white 

crystalline solid. mp 156 – 158 ºC (lit350,351 168 ºC). IR (KBr) cm−1: 3295, 2853, 2601, 

1667, 1603, 1536.  1H NMR (300 MHz, CD3OD): δ 7.49 (d, J = 9 Hz, 2H), 7.42 (d, J = 9 

Hz, 2H), 2.11 (s, 3H). 13C NMR (75 MHz, CD3OD) δ 171.7, 139.2, 132.7, 123.1, 117.4, 

23.9. EI-MS (70 eV) m/z (relative intensity): 215 (M+, 100 %), 217 ([M + 2]+, 100 %). 

N-(4-Bromo-2-nitrophenyl)-acetamide (4.5). N-(4-bromophenyl)-acetamide 4.5 (17.0 

g, 79 mmol) was dissolved in a minimal amount of trifluoroacetic acid (~30 mL) and 

cooled to 0 ºC in an ice bath. Cold (4 ºC) fuming HNO3 was added dropwise to the 

stirring solution until the reaction was deemed complete by TLC (1:1 hexane:ethyl 

acetate). The reaction mixture was poured slowly over ice. Upon standing a yellow 

precipitate formed. The precipitate was isolated by suction filtration, washed with water, 

and dried en vacuo yielding 19.7 g (76 mmol, 96 %) of a yellow powder. The product 

was used without subsequent purification. mp 98 – 99 ºC (lit352 104 ºC) IR (KBr) cm−1: 

3366, 1713, 1604, 1573, 1480. 1H NMR (300 MHz, CDCl3): δ 10.23 (bs, 1H), 8.70 (d, J = 

9 Hz, 1H), 8.32 (d, J = 2 Hz, 1H), 7.70 (dd, J = 9, 2 Hz, 1H), 2.27 (s, 3H). 13C NMR (75 

MHz, CDCl3) δ 169.0, 138.7, 136.5, 133.9, 128.1, 123.6, 115.2, 25.6. EI-MS (70 eV) m/z 

(relative intensity): 259.1 (M+, 100 %), 261.1 ([M + 2]+, 100 %). Anal. Calcd for 

C8H7BrN2O3: C, 37.09; H, 2.72; N, 10.81. Found: C, 37.00; H, 2.79; N, 10.68. 

4-Bromo-2-nitro-benzenamine (4.7). N-(4-bromo-2-nitrophenyl)-acetamide 4.6 (10.0 

g, 39 mmol) was suspended in 300 mL 9 M HCl. The reaction mixture was heated gently 

until all starting material had dissolved. Upon completion (TLC, CH2Cl2) the warm 

reaction solution was poured over ice yielding an orange precipitate. The precipitate was 
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isolated with vacuum filtration, washed with minimal water, and dried en vacuo. 

Recrystalization from hot MeOH/H2O afforded 7.8 g (36 mmol, 92 %) of an orange 

crystalline solid. mp 102 – 104 ºC (lit353 109 – 110 ºC). IR (KBr) cm−1: 3474, 3352, 1636, 

1559, 1499.  1H NMR (300 MHz, CDCl3): δ 8.26 (d, J = 2 Hz, 1H), 7.42 (dd, J = 9, 2 Hz, 

1H), 6.73 (d, J = 9 Hz, 1H), 6.10 (bs, 2H). 13C NMR (75 MHz, CDCl3) δ 143.7, 138.6, 

132.6, 128.4, 120.5, 108.0. EI-MS (70 eV) m/z (relative intensity): 215.9 (M+, 100 %), 

217.9 ([M + 2]+, 100 %) Anal. Calcd for C6H5BrN2O2: C, 33.21; H, 2.32; N, 12.91. 

Found: C, 33.20; H, 2.47; N, 12.78. 

2-Nitro-4-(2-thienyl)-benzenamine (4.8). An oven dried two-neck flask was charged 

with 4-bromo-2-nitro-benzenamine 4.7 (1.109 g, 5.1 mmol), 

tris(dibenzylideneacetone)dipalladium(0) (0.070 g, 0.076 mmol, 1.5 mol %), tri-o-

tolylphosphine (0.079 g, 0.26 mmol, 5 mol %)  and cesium fluoride (1.580 g, 10 mmol). 

The flask was subject to three evacuation-backfill cycles (N2). Dry, degassed THF (20 

mL) and tributyl-2-thienyl-stannane (1.65 mL, 5.2 mmol) were added via syringe. The 

solution was gently refluxed for 10 h, cooled to room temperature, diluted with diethyl 

ether and eluted through a Celite-545/silica plug (diethyl ether as eluent). The filtrates 

were isolated and concentrated en vacuo to afford a crude solid. Recrystallization from 

hot MeOH/H2O afforded 1.033 g (4.7 mmol, 92 %) of a dark red crystalline solid. mp 

157 – 159 ºC. 1H NMR (300 MHz, CDCl3): δ 8.36 (d, J = 2 Hz, 1H), 7.62 (dd, J = 9, 2 

Hz, 1H), 7.27 – 7.21 (m, 2H), 7.07 (dd, J = 5, 4 Hz 1H), 6.84 (d, J = 9 Hz, 1H), 6.12 (bs, 

2H). 13C NMR (75 MHz, CDCl3): δ 143.7, 142.3, 133.6, 132.3, 128.1, 124.4, 124.2, 

122.7, 122.7, 119.3. EI-MS (70 eV) m/z (relative intensity): 220 (M+, 100 %), 174 ([M − 
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NO2]+, 15 %). Anal. Calcd for C10H8N2O2S: C, 54.53; H, 3.66; N, 12.72. Found: C, 

54.28; H, 4.00; N, 12.42. 

5-(2-Thienyl)-2,1,3-benzoxadiazole-3-oxide (4.9). 2-nitro-4-(2-thienyl)-benzenamine 

4.9 (0.511 g, 2.3  mmol) was dissolved in 20 mL of a 10 % w/v NaOH/EtOH solution and 

cooled to 0 °C in an ice bath. A cold 10.8 % w/w NaOCl solution was added dropwise 

until the reaction mixture had lost its deep red color and a light yellow precipitate had 

formed. The precipitate was isolated by vacuum filtration, washed with minimal water 

and purified by flash column chromatography (silica gel, 50:50 hexane:ethyl acetate) 

yielding 0.458 g (2.1 mmol, 91 %) of a pale yellow solid. mp 131 – 132 ºC. IR (KBr) 

cm−1: 2963, 2924, 1611, 1520, 1473. Note: isomerization occurring on NMR timescale, 

only broad peaks observed in 1H and 13C NMR. C signals could be resolved, even on 500 

MHz NMR with multiple scans. 1H NMR (300 MHz, CDCl3): δ 7.70 – 7.40 (m, 5H), 7.15 

(dd, J = 5, 4 Hz, 1H). EI-MS (70 eV) m/z (relative intensity): 218 (M+, 100 %), 202 ([M − 

O]+, 25 %), 172 ([M − NO2]+, 10 %). Anal. Calcd for C10H6N2O2S: C, 55.04; H, 2.77; N, 

12.84. Found: C, 54.75; H, 2.68; N, 12.73. 

1-Hydroxy-2,5-di-(2-thienyl)-benzimidazole-3-oxide (4.10b). 5-(2-thienyl)-2,1,3-

benzoxadiazole-3-oxide 4.9 (0.506 g, 2.3 mmol) and C-(2-thienyl)-N-phenylnitrone 

2.21d (0.523 g, 2.6 mmol) were dissolved in 20 mL toluene. The reaction was warmed to 

45 ºC for 16 hours. A tan precipitate formed in the flask and was isolated by vacuum 

filtration. The solid was washed with acetone and pentane and dried en vacuo yielding 

0.401 g (1.3 mmol, 57 %) of a light tan powder. mp decomp. 200 − 202 ºC. 1H NMR 

(300 MHz, 1.0 M NaOD in CD3OD): δ 9.01 (dd, J = 4, 1 Hz, 1H), 7.94 (d, J = 1 Hz, 1H), 

7.75 – 7.63 (m, 2H), 7.62 (dd, J = 9, 2 Hz, 1H), 7.45 (dd, J = 4, 1 Hz, 1H), 7.38 (dd, J = 5, 
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1 Hz, 1H), 7.31 (dd, J = 5, 4 Hz, 1H), 7.11 (dd, J = 5, 4 Hz, 1H). 13C NMR (75 MHz, 1.0 

M NaOD in CD3OD): δ 145.7, 136.3, 131.3, 131.0, 130.7, 129.6, 129.2, 128.6, 127.7, 

125.7, 125.6, 124.3, 122.7, 112.6, 108.6. EI-MS (70 eV) m/z (relative intensity): 314 (M+, 

15 %) 298 ([M − O]+, 100 %). Anal. Calcd for C15H10N2O2S: C, 57.31; H, 3.21; N, 8.91. 

Found: C, 57.31; H, 3.01; N, 8.83. 

1-Hydroxy-2-phenyl-5-(2-thienyl)-benzimidazole-3-oxide (4.10a). Light tan powder 

isolated in 65 % yield.  mp decomp. 186 – 188 ºC. 1H NMR (300 MHz, 1.0 M NaOD in 

CD3OD): δ 8.59 (dd, J = 7, 5 Hz, 2H), 7.99 (dd, J = 2, 1 Hz, 1H), 7.77 (dd, J = 9, 1 Hz, 

1H), 7.67 – 7.53 (m, 4H), 7.46 (dd, J = 4, 1 Hz, 1H), 7.39 (dd, J = 5, 1 Hz, 1H), 7.12 (dd, 

J = 5, 4 Hz, 1H). 13C NMR (75 MHz, 1.0 M NaOD in CD3OD): δ 145.6, 138.7, 131.6, 

131.3, 130.9, 129.7, 129.2, 129.1, 128.7, 125.8, 125.6, 124.5, 122.9, 113.1, 109.0. EI-MS 

(70 eV) m/z (relative intensity): 308 (M+, 10 %), 292 ([M − O]+, 100 %). Anal. Calcd for 

C17H12N2O2S: C, 66.22; H, 3.92; N, 9.08. Found: C, 66.06; H, 3.63; N, 9.05.  

2,5-Di-(2-thienyl)-benzimidazolyl N-N′-dioxide (4.11b). 1-hydroxy-2,5-di-(2-

thienyl)-1H-benzimidazole-3-oxide 4.10b (0.142 g, 0.45 mmol) was suspended in EtOH 

(15 mL) with sonication. An NaOH in ethanol (~0.6 M) solution was added dropwise to 

the sonicating suspension until all starting material had dissolved to give a yellow 

solution. The solution was filtered through a Celite-545 plug and concentrated by rotary 

evaporation. The crude solid was dissolved in a minimal amount of acetone and the 

solution was added dropwise to pentane. A yellow precipitate formed immediately and 

was isolated by suction filtration and air dried. The yellow precipitate was dissolved in 

1:3 EtOH:CH2Cl2 (40 mL) with sonication. AgPF6 (0.110 g, 0.44 mmol) was dissolved in 

minimal ethanol (~2 mL) and added in one portion to the sonicating solution. A brown 
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precipitate formed immediately. Further sonication led to formation of a dark green-black 

solution. The reaction mixture was eluted through a short neutral alumina column 

(CH2Cl2 as eluent). The filtrates were isolated and concentrated until the bulk of the 

dichloromethane had been removed. The ethanol solution was cooled to −78 ºC 

(CO2(s)/acetone) for one hour. The solid material that formed was isolated on a cold filter 

stick, washed with cold pentane and dried en vacuo. The crude solid was dissolved in a 

minimal amount of dry diethyl ether and filtered through a Celite-545 plug (diethyl ether 

as eluent). The filtrates were isolated and cooled to −78 ºC (CO2(s)/acetone). The diethyl 

ether was removed slowly at this temperature until a dark green solid was observed. The 

material was isolated on a cold filter stick and dried en vacuo yielding 0.024 g (0.08 

mmol, 20 %) of a dark green powder.  mp decomp. 132 – 134 ºC. HRMS Calcd for 

C15H9N2O2S, 313.0105; found: 313.0119. Anal. Calcd for C15H9N2O2S: C, 56.49; H, 

2.89; N, 8.94. Found: C, 56.20; H, 3.04; N, 8.75. UV–vis (THF) λmax, nm (ε): 352 

(37000), 420 (sh, 2500), 444 (sh, 2100), 475 (1400), 560 (2100), 590 (sh, 1800), 1050 

(500). 

6-(2-Thienyl)-2-(phenyl)benzimidazolyl N-N′-dioxide (4.11a). Dark purple 

microcrystalline solid isolated in 20 % yield. mp decomp. 90 – 92 ºC. HRMS Calcd for 

C17H11N2O2S, 307.0541; found: 307.0692. Anal. Calcd for C17H11N2O2S: C, 66.43; H, 

3.61; N, 9.11. Found: C, 66.30; H, 3.60; N, 9.08. UV–vis (THF) λmax, nm (ε): 320 

(31000), 330 (35000), 379 (4000), 414 (2200), 434 (sh, 2100), 466 (1300), 580 (1700), 

910 (520). 
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Chapter 5: Synthesis and Characterization of Benzannelated 

Nitronyl Nitroxide Donor–Acceptor Dyads 

5.1 Modulation of D–A coupling 

Increased conductivities and mobilities have been observed in donor–acceptor (D–A) 

molecular96,354 and polymeric systems.309,355,356 In such systems the effective optical band 

gap is dictated by the energy of the charge transfer band, which is, to a first 

approximation, a function of the ionization potential (IP) and electron affinity (EA) of the 

donor and acceptor.309,355,357-361  

HOMO
HOMO

A-DA D

LUMO
LUMO

"band gap"

En
er

gy

 

Figure 5.1. Theoretical donor (D) and acceptor (A) where hybridization of D and A 
energy levels results in a D–A monomer unit with a small HOMO–LUMO (band gap) 
separation. 

 

When the IP of the donor and EA of the acceptor are close in energy, efficient mixing 

between D and A occurs resulting in a D–A molecule with an unusually small 

HOMO−LUMO separation (Figure 5.1). This D–A approach has been used to construct 
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closed-shell regioregular D–A copolymers that exhibit conductivities much greater than 

their homopolymer analogues.355,356,362-364 Consequently, in closed-shell systems, 

physical properties such as band gap, frontier orbital energy levels, and carrier mobility 

can be modulated by appropriate choice of donor and acceptor.  

SOMO
HOMO

A-DA D

dispersion

resulting
band diagram

conduction band

band gap

valence band

 

Figure 5.2. Mixing of an A and D where the HOMO of A is only half-filled (left) and the 
resulting band structure of the theoretical D–A system. 

 

A similar molecular orbital diagram can be constructed to describe the mixing of an 

open-shell acceptor with a closed-shell donor (Figure 5.2), however, the net result is not 

simply a decrease in band gap. Dispersion of the orbitals presented in Figure 5.2 would 

result in formation of a filled band and a half-filled band. The half-filled band would be 

of radical character and susceptible to the same lattice deformations that typically lead to 

an opening of a band gap between the conduction and valence band in 1D S = ½ systems, 

that is Peierls distortions or the formation of Mott insulating states.  

Nevertheless, D–A molecular architectures have resulted in systems that exhibit high 

conductivity in the absence of doping (Section 1.6), possibly due to the formation of 2- 

and 3D exchange pathways arising from electrostatic intermolecular D–A interactions 

that stabilize the system towards lattice deformations. We have also shown that close 
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solid-state intermolecular D–A contacts result in greater dimensionality (Chapter 4), 

leading to higher room temperature conductivity and ferromagnetic exchange. We 

became interested in designing a series of open-shell molecules using BNN as a strong 

acceptor and systematically varying the strength of the donor in order to investigate how 

modulation of the intramolecular D–A interaction affects molecular electronic structure, 

as well as solid state phenomena such as packing, magnetic exchange (J) and 

conductivity. Furthermore, this series may allow for elucidation of the mechanism by 

which charge carriers migrate through these D–A materials. Depending on orbital 

dispersion and the degree of crystallinity, a well defined band structure may not form and 

charge carrier migration would occur by hopping. Additionally, conductivity (σ) is 

defined as the product of the charge carrier mobility (μ) and the number of charge 

carriers (n), where q is the charge of the carrier (Equation 1). We hope to understand 

whether the bulk conductivity is higher in open-shell D–A systems as a result of an 

increase in mobility or the number of charge carriers present. 

 σ = nqμ (1) 

In BNN radicals, the lowest energy excitation occurs in the NIR and has been 

attributed to a HOMO–SOMO CT transition that is dependent on the nature of the C2 

substituent (Chapter 2). A theoretical model derived by Hush (Equation 2) describes the 

parameters responsible for the excitation energy of the CT transition (vmax).145,365 The 

Frank–Condon factors (λi and λo) correspond to the inner- and outer-sphere 

reorganization energy (Section 1.5). The redox asymmetry (ΔE0) is the difference in 

redox potential between donor and acceptor and is typically assessed experimentally 

using electrochemical potential measurements, that is the oxidation potential of the donor 
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and reduction potential of the acceptor. Finally, any additional contributions due to spin-

orbit coupling and ligand field asymmetry are included in the ΔE′ term. 

 vmax = λi + λo + ΔE0 + ΔE′ (2) 

Assuming the molecular systems in question are similar in architecture, the inner- and 

outer-sphere reorganization energies should be of similar magnitude, thus they can be 

treated as a constant. Additionally, the systems presented here are organic and 

consequently spin orbit coupling and ligand field contributions are negligible (ΔE′ ≈ 0). 

The net result is a change in the energy of the charge transfer excitation (vmax) is 

dominated by differences in D–A redox potential for a series of structurally similar 

molecules. Although this may seem to be an oversimplification, Equation 2 is a powerful 

predictive tool, suggesting systematically reducing the oxidation potential of the donor 

while holding the reduction potential of the acceptor constant should result in a decrease 

in the HOMO–SOMO CT excitation energy. The CT excitation energy and intensity can 

be monitored spectroscopically and, using band shape analysis, the strength of the D–A 

interactions in each system can be quantitatively determined. 

A initial series of BNN–donors (Figure 5.3) were designed such that the redox 

asymmetry between donor and acceptor (ΔE0) ranged from ~2.3 V to 0.3 V. Each 

electron rich donor was selected based on oxidation potential and the ease by which it 

could be incorporated via an aldehyde into existing synthetic methodology. The solvated 

geometry optimized structure and excitation energy of the CT transition (vmax) of each 

BNN–donor was calculated using time-dependent density functional theory (TDDFT) to 

determine if conclusions drawn from Equation 2 would hold across this series.  
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Figure 5.3. Series of BNN-donor radicals increasing in donor strength from phenyl to 
tetrathiafulvalene. 

 

From the above proposed series (Figure 5.3) a subset of BNN–donor radicals 5.1a-e 

were synthesized using the benzofuroxan/nitrone condensation methodology developed 

in Chapter 2. The electronic structure of each radical was elucidated through solution-

phase spectroscopy and cyclic voltammetry. The solid state interactions were probed 

through the use of SQUID magnetometry, X-ray crystallography and diffuse reflectance 
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spectroscopy. EPR spectroscopy and electrochemical studies reveal a spin-delocalized 

structure with an extremely low reduction potential, although significant perturbations of 

the electronic structure with increasing donor ability were not observed. Weak 

intramolecular electronic coupling (V) between donor and acceptor was found to occur 

but was independent of donor strength and effectively constant across the series. Solid 

state magnetic interactions were weak suggesting little spin density overlap between 

molecules and, with the exception of p-methoxyphenyl BNN, the series of BNN–donor 

radicals were insulating at room temperature. This study highlights the importance of 

steric interactions and intramolecular torsion angles on the solid-state properties of 

organic materials as both result in a perturbation of the intra- or intermolecular electronic 

coupling pathways critical to magnetic exchange and electrical conductivity. 

 

5.2 Calculation of BNN–D excitation energies 

The absorption spectrum of each benzonitronyl nitroxide–donor (BNN–D) molecule 

was calculated using time dependent density functional theory (TDDFT) in order to 

determine the energy of the HOMO–SOMO CT excitation. Geometry optimization was 

accomplished using DFT with an unrestricted hybrid exchange-correlation functional 

(UB3LYP) and the 6-311+G(d,p) basis set. Solvation by chloroform (dielectric = 4.81)234 

using the conductor-like polarizable continuum model331,332 (CPCM) was included in the 

calculation to better represent experimental spectroscopic conditions. All calculations 

were carried out using the Gaussian 09 package.239 The oxidation potential and TDDFT 

predicted NIR λmax (HOMO–SOMO energy gap) and force constant (f) for each donor 

group are reported in Table 5.1. 
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Table  5.1. Series of donors computationally evaluated for incorporation into BNN–D 
radicals. Absorption maximum (λmax) and force constant (f) calculated using TDDFT 
UB3LYP/6-311+G(d,p) with the inclusion of CPCM solvation (chloroform). 
Donor Compound Eox (V vs SCE)a λmax (nm) f 

*
 

2.15a 2.30 721 0.0241 

S*

 
2.15d 2.15 930 0.0192 

* O
 

5.1a 1.76 905 0.0209 

S*

 
5.1c - 947 0.0162 

S
S

*

 
5.1f 1.30b 1165 0.0121 

N

*  

5.1b 1.2 1136 0.0154 

*

N

 

5.1d 1.14 1019 0.0146 

S
S

S*

 
5.1g 1.05c 1302 0.0093 

* N

 

5.1e 0.86 1172 0.0092 

* S

N

 

5.1i 0.59 1211 0.0076 

*

S

S

S

S

 
5.1h 0.32 2410 0.0188 

a Oxidation potentials determined from reference 366 and are reported vs SCE in CH3CN 
unless otherwise noted. b Reference 361. c Reference 367, CH2Cl2. 
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Figure 5.4. Geometry optimized structures of BNN-donors that exhibited torsion angles 
between benzimidazole and the donor ring. Visualized using GaussView 4.1.   
 

Previously, all geometry optimizations of BNN based radicals have been carried out in 

the gas phase. The energy optimized molecular structure obtained when the calculation is 

carried out in the absence of solvent is always completely planar as a result of over-

delocalization of the π system by DFT.325,368,369 Here the inclusion of solvation has 

reduced over-delocalization in the larger five-six rotors 5.1a, 5.1d, 5.1e, and 5.1i as well 

as the N-methylindole 5.1b and tetrathiafulvalene (TTF) 5.1h derivatives as evidenced by 

the presence of a non-zero torsion angle between benzimidazole and the C2 aryl group 

(Figure 5.4). Placing the molecules in a solvation cavity during geometry optimization 

has resulted in calculated molecular geometries that better represent those typically 
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observed crystallographically. This series of calculations suggest the inclusion of a 

polarizable-continuum solvation model, even with a low polarity dielectric such as 

chloroform, may result in geometry optimized structures that better approximate the 

molecular geometry.  

 

Figure 5.5. Differences in the bond lengths of the benzimidazole N,N′-dioxide ring upon 
C2 subsititution with phenyl 2.15a and tetrathiafulvalene 5.1h. 

 

The benzimidazole bond lengths of the geometry optimized series of radicals 2.15a, 

2.15d, and 5.1a-i were compared to determine if functionalization with an increasingly 

electron rich group altered the geometry of the benzimidazole skeleton. Across the series 

the bond lengths of the benzimidazole N,N′-dioxide ring remained constant (Figure 5.5) 

suggesting little perturbation of the electronic structure with increasing donor ability. 

This is supported by comparing the SOMOs of the TTF and phenyl BNN derivatives as 

although the oxidation potential of these two aryl groups differs by ~2 V, the SOMO of 
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each radicals is indistinguishable (Figure 5.6). This is consistent with functionalization at 

C2, a nodal position in the SOMO, as little perturbation of the electronic structure is 

observed even when redox asymmetry (ΔE0) is low. 

 

Figure 5.6. β SOMO of phenyl benzimidazole nitronyl nitroxide 2.15a (left) and 
tetrathiafulvalene benzimidazole nitronyl nitroxide 5.8 (right), generated in GaussView 
4.1, cube grid = coarse, isoval = 0.02. 

 

The absorption maxima (λmax) calculated using TDDFT support the conclusion based 

on Equation 2, that is decreasing the difference in redox potential between D and A will 

result in a decrease in the energy of the CT excitation. The shift in λmax is not directly 

proportional to ΔE0, suggesting contributions from inner- and outer-sphere reorganization 

energy cannot be assumed to be constant across the series. Given the variations in size 

and shape of the C2 substituents, the contribution from reorganization energy must vary 

from system to system. As the NIR excitation is dominated by a β–HOMO → β–SOMO 

transition (~95 %), the optically induced CT excitation results in transfer of an electron 

from the HOMO (which is primarily located on the donor in the absence of strong 

mixing, i.e. the system is Robin–Day Class II) to the benzimidazole-based SOMO. Thus 

electron transfer results in the formation of a donor-based radical cation. For many of the 

above donors the reorganization energy would be large as there are significant geometric 

changes associated with oxidation of these molecules to their respective radical cations.   
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A computational analysis of the target D–A series suggests perturbation of the HOMO–

SOMO CT excitation is possible by changing the strength of the donor at C2. The energy 

of the CT excitation can be measured directly through the use of absorption spectroscopy 

and Mulliken–Hush analysis of the CT absorption band gives the strength of electronic 

coupling (V) between D and A. As we are interested in understanding how intramolecular 

electronic coupling affects solid state interactions, the magnetic exchange, conductivity 

and solid state absorbance of each radical will be investigated using solid state techniques 

such as SQUID magnetometry, reflectance spectroscopy and X-ray diffraction.  

 

5.3 Synthesis of D–A nitronyl nitroxide radicals 

 
Scheme 5.1. Synthesis methodology developed for the synthesis of BNN-Donor radical 
radicals 5.1a-e. a 
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a Reagents and conditions: (i) EtOH, 71 – 95 %; (ii) toluene, Δ; (iii) NaOH, EtOH, 25 – 
59 %; (iv) AgPF6, rt to −78 ºC, 13 – 36 %. 
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An initial group of five donors (anisole 5.1a, N-methylindole 5.1b, benzo[b]thiophene 

5.1c, N-ethylcarbazole 5.1d, and triphenylamine 5.1e) were selected from the above 

series. The synthesis of the series of A–D type BNN radicals 5.1a-e was accomplished 

using functionalized nitrones221 (see Chapter 2) resulting in the incorporation of a series 

of donors at C2 that ranged in donor strength from Eox = 1.76 V vs SCE (anisole) to 0.86 

V vs SCE (triphenylamine) (Scheme 5.1).  

Phenylhydroxylamine was prepared according to literature methodology228 and 

condensed with the appropriate aldehyde to give nitrones 5.2a-e in 71 – 95 % yield. This 

series of donors represent the first examples of BNN radicals with strongly electron rich 

aryl groups, particularly triphenylamine, at C2. At the outset of the synthesis of this series 

we anticipated two potential problems, the first pertaining to the synthesis and stability of 

the nitrone and the second regarding the generation of radical. Condensation of 

phenylhydroxylamine with aldehyde requires nucleophilic attack by hydroxylamine at the 

aldehyde carbon. As the aldehyde was now more electron rich it was unknown if the 

synthesis would proceed as before, specifically whether the equilibrium would shift far 

enough to the right without the application of heat or other significant procedural 

modification. Along the same line, we were unsure if the isolated nitrone would be stable 

towards hydrolysis (Scheme 5.2). In the end, nitrone formation occurred using the same 

procedure as before and the isolated yields were comparable to those previously reported. 

No additional precautions were taken when handling the electron rich nitrones and each 

of 5.2a-e were found to be stable (> 8 months) in the solid state when stored at −17 ºC in 

the absence of light.  
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Scheme 5.2. Condensation of phenylhydroxylamine and aldehyde yield nitrone, which is 
susceptible to a back reaction (hydrolysis). 
 

NHOH

R
N

O

R
+

O

2.20

+ H2O

5.2a-e  
 

Nitrone was reacted with benzofuroxan in refluxing toluene to give the corresponding 

radical precursor which was then deprotonated with sodium hydroxide in methanol to 

give precursor salts 5.3a-e (25 – 59 %). This series of precursor salts marked the first 

time the BNN−/BNN• redox couple was close in oxidation potential to the redox couple of 

the C2 substituent (D/D•+). It was unknown if removal of a single electron from the 

[Na][BNN–D] salt (to generate neutral radical) would be possible, as the oxidation of 

potential of Ag(I) was high enough that BNN–D could be oxidized a second time to give 

diradical cation (BNN•–D•+). The doubly oxidized product was avoided by controlling the 

molar equivalents of oxidant added. Instead of adding Ag(I) in slight excess (as before), 

Ag(I) was used as the limiting reagent. This modification prevented diradical cation 

formation as we wished to isolate and fully characterize the series of neutral BNN–D 

radicals prior to examining them in an alternative oxidation state.  

Oxidation of salts 5.3a and 5.3c-e with silver(I) hexafluorophosphate afforded radicals 

5.1a and 5.1c-e. The major product generated during the oxidation of N-methylindole 

derivative 5.3b was not a benzonitronyl nitroxide radical and radical 5.1b was not 

isolated as evidenced by UV–vis spectroscopy. Radicals 5.1a and 5.1c-e were isolated 

from solution by precipitation from ~1:1 methanol:methylene chloride at low temperature 

(−78 °C) followed by low temperature recrystallization (−78 °C) which resulted in 

analytically pure samples in 13 – 36 % yield. Radicals 5.1a and 5.1d-e were stable in 
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solution for short periods of time (< 12 h) and indefinitely stable in the solid state when 

stored at ambient temperatures in the absence of light. Triphenylamine derivative 5.1e 

was one of the most stable BNN radicals handled to date, likely as a result of kinetic 

stabilization of the radical centre by the bulky triphenylamine substituent. In contrast, 

radical 5.1c was found to decompose rapidly (< 20 min) in solution as determined by 

EPR spectroscopy.  

 

5.4 EPR spectroscopy 

 

Figure 5.7. EPR spectrum of 5.1a (top left, R > 0.98), 5.1c (top right, R > 0.93), 5.1d 
(bottom left, R > 0.97) and 5.1e (bottom right, R > 0.97) (top = experimental, bottom = 
simulated), 10−5 M solution in dry, degassed toluene at ~300 K. 
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Figure 5.8. Labeled nitrogen and hydrogen atoms of radicals 5.1a and 5.1c-e. 
 

 
Table  5.2. Experimental g-values and hyperfine coupling constants (Gauss) for radicals 
5.1a and 5.1c-e. Parent phenyl benzonitronyl nitroxide 2.15a included for reference. 
Refer to Figure 5.8 for nitrogen and hydrogen labeling. 

 2.15a 5.1a 5.1c 5.1d 5.1e 
g 2.007a 2.0076 2.0077 2.0082 2.0075 
a(N1,3) 4.370 4.410 4.312 4.417 4.404 
a(Namine) - - - 0.517 0.188 
a(Hα) 0.930 0.921 0.988 0.979 0.904 
a(Hβ) 0.650 0.488 0.727 0.575 0.496 
a(Ho) 0.490 0.200 - - 0.227 
a(Hm) 0.220 - - - 0.086 
a(Hp) 0.410 - - - - 
a(H4) - - 0.108 - - 
a(Hother) - < 0.05 < 0.05 < 0.05 < 0.05 
a Reference 219. 

 
The spin density distribution and degree of spin delocalization in benzonitronyl 

nitroxide-donor radicals 5.1a and 5.1c-e was probed using EPR spectroscopy. X-band 

EPR spectra of 5.1a and 5.1c-e were recorded as a 10−5 M solutions in dry, degassed 

toluene at room temperature and are shown in Figure 5.7. Simulation of the spectra was 

accomplished using Winsim2002. Initial hyperfine coupling constants used as simulation 

input were those reported for phenylbenzyl nitronyl nitroxide in Chapter 2. Additional H 
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atoms were included as necessary, however, assignments of the superhyperfine coupling 

constants for H atoms reported in Table 5.2 are tentative assignments. 

Each EPR spectrum exhibits a five-line pattern with relative intensities of 1:2:3:2:1 and 

a g-value of ~2.008 (Table 5.2), consistent with the larger class of benzonitronyl 

nitroxide radicals. The presence of a five-line hyperfine splitting pattern is significant as 

it suggests the bulk of the spin density is delocalized over two equivalent I = 1 atoms and 

confirms isolation of a neutral benzonitronyl nitroxide based radical and not a diradical 

cation. The nitrogen atoms in the benzimidazole ring (N1, N3) bear the largest proportion 

of the spin density with hyperfine coupling constants of a(N1,3) = 4.31 – 4.42 G, while the 

triphenylamine 5.1e and N-ethylcarbazole 5.1d nitrogen bear a much smaller proportion 

of spin with a(Namine) = 0.517 G in carbazole and 0.188 G in triphenylamine. Although 

the spin population on the triphenylamine nitrogen seems low, the triphenylamine group 

is covalently bound to BNN through C2, which is in a nodal position in the SOMO and 

bears a small amount of negative spin density. This, coupled with a moderate BNN-

phenyl torsion angle (22º from calculation, 31º from X-ray structure), results in weak 

coupling to the triphenylamine nitrogen. A greater degree of spin density resides on the 

carbazole nitrogen, however, carbazole hydrogen atoms bear very little spin density, as 

evidenced by the almost negligible (Hother) hyperfine coupling constants reported for 

5.1d. Comparison of each isolated radical to parent phenyl benzonitronyl nitroxide 2.15a 

shows little perturbation of the spin system has occurred with functionalization at C2, 

consistent with our observations in Chapter 2.  
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Figure 5.9. EPR spectrum of benzo[b]thienyl benzonitronyl nitroxide, 10−5 M solution in 
dry, degassed toluene at ~298 K in a sealed tube (5.1c, top) and sample after ~20 min had 
elapsed (bottom). 

 

During collection of the EPR spectrum of benzo[b]thienyl derivative 5.1c 

decomposition of the radical was observed after ~20 min, as evidenced by noticeable 

degradation of the EPR signal (bottom, Figure 5.9). The solution phase stability of this 

radical was poor, preventing analysis by cyclic voltammetry and growth of X-ray quality 

single crystals. The instability is also reflected in the magnetometry (see below) as the 

paramagnetic magnetic moment is lower than that calculated for an S = ½ species, 

consistent with the presence of diamagnetic impurities.  

 

5.5 Cyclic voltammetry 

The electrochemical behavior of the series of BNN radicals 5.1a and 5.1d-e were 

investigated by cyclic voltammetry. Initially the BNN–/BNN• redox couple was probed 

using the corresponding sodium salts 5.3a-e, however, the solubility of the sodium salts 

was poor in CH3CN. As a result the current detected during the potential scan was low 

and the resulting voltammogram was of inferior quality. The solubility and solution phase 
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stability of radicals 5.1a and 5.1d-e in acetonitrile was high enough that voltammetric 

data could be collected using the neutral radical. 
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Figure 5.10. Cyclic voltammetry of the reduction process of 5.1a, 5.1d, and 5.1e, 10 mM 
solution in CH3CN, 0.1 M NBu4PF6, 50 mV s−1 scan rate, ferrocene used as reference 
(full voltammograms in Appendix C). 
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Cyclic voltammograms of 5.1a and 5.1d-e are shown in Figure 5.10. The parent phenyl 

BNN radical 2.15a exhibits a reversible one-electron reduction at −0.03 V vs SCE (ΔEp = 

80 mV) and an irreversible one electron oxidation at 1.60 V vs SCE in acetonitrile 

(Section 2.3). BNN–D radicals 5.1a and 5.1d-e exhibited reduction potentials at similar 

potentials (~0 V vs SCE, Table 5.3) consistent with little electronic coupling between D 

and A. Little perturbation in the oxidation potential of the donor was also observed, with 

the oxidation of N-ethylcarbazole (1.17 V vs SCE) and triphenylamine (0.98 V vs SCE) 

occurring at only slightly more positive potentials, consistent with inductive effects 

slightly raising the oxidation potential as electron density is drawn towards the acceptor. 

 
Table  5.3. Electrochemical properties of BNN radicals 2.15a, 5.1a, and 5.1d-e. Redox 
processes reported in V vs SCE. 10 mM solution in CH3CN, 50 mV s−1 scan rate. 

 2.15a 5.1a 5.1d 5.1e 
E1/2(red) −0.03 0.03 −0.04 −0.01 
ΔEp (mV) 80 77 74 78 
E1/2(ox) 1.29 1.35 1.17a 0.98 
ΔEp (mV) 171 82 - 75 
Ecell 1.29 1.32 n/a 0.99 

a Irreversible process, anodic peak potential reported. 
 

The scan rate dependence of the reduction wave for 5.1a and 5.1d-e is summarized in 

Table 5.4. For all three radicals the separation of peak potentials (ΔEp) increased with 

increasing scan rate, confirming the reduction process was quasi-reversible. The ratio of 

anodic to cathodic peak current (ipa/ipc) confirms the observed chemical stability of the 

radicals and their corresponding anions as for all three of 5.1a and 5.1d-e the peak 

current ratio is near unity at all scan rates. 
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Table  5.4. Scan rate dependence of the separation of peak potentials (ΔEp, difference in 
anodic and cathodic peak potential, reported in mV) and ratio of peak currents (ipa/ipc) of 
radical reduction process. 10 mM solution in CH3CN, 0.1 M NBu4PF6, 100 mV s−1 scan 
rate, Fc/Fc+ internal standard. 
Scan Rate 5.1a  5.1d  5.1e 
(mV s−1) ΔEp ipa/ipc  ΔEp ipa/ipc  ΔEp ipa/ipc 

50 77 1.02  74 1.13 78 1.15 
100 73 1.02  70 1.04 88 1.07 
150 78 1.01  74 1.05 97 1.04 
200 81 1.01  78 1.05 103 1.05 
250 85 1.01  78 1.07 105 1.03 
500 98 1.01  90 1.03 125 1.00 

 

 

Figure 5.11. Cyclic voltammogram of 5.1e cycled between positive and negative 
potential five times (10−3 M solution in 0.1 M NBu4PF6/CH2Cl2, 100 mV s−1 scan rate). 
 

When potential was scanned multiple times over a larger window for 5.1e, the radical 

reduction process became increasingly irreversible and after five complete scans a 

negligible concentration of radical remained in solution (Figure 5.11). This would 

normally be attributed to decomposition of the entire molecule, however, after multiple 

scans the triphenylamine oxidation peak remains virtually unchanged. During the 

oxidation and subsequent reduction of triphenylamine (~1 V vs SCE in CH2Cl2) a 

chemical process is occurring that is degrading the nitroxide radical. A comparison of the 
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quantity of current passed (i.e. the height of the redox wave) during the oxidation process 

at 1 V vs SCE and the  reduction process at 0 V vs SCE, the oxidation process may be a 

2e− process where both triarylamine and BNN radical are oxidized at nearly equivalent 

potentials. Following oxidation a new species is observed on the reverse scan which 

exhibits an electrochemical process at ~600 mV V SCE. This species may be responsible 

for degradation of the radical as following generation of the new chemical species, ipc of 

the radical reduction decreases and the potential is cathodically shifted. The fact that 

formation of triphenylamine radical cation results in degradation of benzonitronyl 

nitroxide unfortunately suggests isolation of the diradical cation, and subsequent 

examination of the intramolecular magnetic D–A exchange may not be possible. 

 

5.6 UV–vis–NIR spectroscopy 

The electronic absorption spectra of radicals 5.1a and 5.1c-e (Figure 5.12) include 

several features in the UV and visible regions, as well as a broad absorption band in the 

NIR (Table 5.5). The nature of NIR transition has previously been shown to be dependent 

on the C2 substituent and is the result of a symmetry forbidden HOMO–SOMO 

transition. The intense (ε ≈ 56000 M−1 cm−1) UV absorption (λmax = 380 nm) observed in 

5.1e (Figure 5.9, red) is characteristic of triphenylamine absorption (λmax = 303 nm).370 
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Figure 5.12. UV–vis–NIR spectra of nitronyl nitroxide radicals 5.1a and 5.1c-e, 10−5 M 
solutions in chloroform, ~298 K. 
 

Given the strong acceptor strength found for benzonitronyl nitroxide (−0.03 V vs SCE), 

the low energy NIR transition observed in the spectrum of radicals 5.1a and 5.1c-e can be 

rationalized as a CT excitation between the accepting benzonitronyl nitroxide moiety and 

the C2 donor. As in Chapter 2, the strength of the electronic donor–acceptor coupling 

parameter (V) can be calculated using band shape analysis of the Gaussian-shaped optical 

charge transfer excitation. This is accomplished using the following equation in which 

vmax is the excitation energy (cm−1), Δν1/2 is the bandwidth at half-height (cm−1), εmax is 

the molar extinction coefficient (M−1 cm−1), and rDA is the distance between the opposite 

charges in the charge separated D•+A− excited state (Å). Here rDA has been estimated to 

be the length of the benzonitronyl nitroxide C2-phenyl carbon-carbon bond (1.45 Å) or 

C2-thienyl carbon-carbon bond (1.43 Å) as determined from the X-ray crystal structure 

of 5.1e and 2.15d respectively.  

ܸ ൌ ሺ0.0205ሻ
ൣεmaxΔvଵ/ଶvmax൧

rDA

ଵ/ଶ
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Table  5.5. Electronic coupling energies of radicals 5.1a, 5c-e determined using a 
Mulliken–Hush analysis.  

  5.1a 5.1c 5.1d 5.1e 
Experimental a λmax(exp) /nm 927 1019 982 1020 
 ε /M−1 cm−1 980 649 885 903 
      

Calculated b λmax(calc) /nm 905 947 1019 1172 
 f 0.0192 0.0162 0.0146 0.0092 
      

Fit rDA 1.45 1.43 1.45 1.45 
 Δν1/2 /cm−1 3334 3336 3457 3642 
 νmax /cm−1 11059 10186 10367 9940 
 R2 0.985 0.982 0.985 0.993 
 V /cm−1 2700 2100c 2500 2600 
a Experimental λmax measured in chloroform. b Calculated λmax determined by TDDFT 
UB3LYP/6-311+G(d,p) with CPCM (chloroform). c This value is approximate as the 
concentration of radical in solution was not known to a high degree of accuracy due to 
solution phase instability. 
 
 
 

 

Figure 5.13. NIR band of 5.1e fit with a Gaussian function, R2 > 0.99. Fit parameters 
reported in Table 5.5.  

 

For each of radical 5.1a and 5c-e the NIR CT excitation is weak (≤ 5000 M−1 cm−1), 

Gaussian in shape and exhibits large bandwidths (Δv1/2 ≥ 2000 cm−1). This, coupled with 

the magnitude of electronic coupling V (Table 5.5), confirms these systems are weakly-

coupled Robin–Day Class II donor–acceptors. This is consistent with cyclic voltammetry 
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which showed little perturbation of the redox potentials of the acceptor and donor upon 

formation of a covalently bound molecule. The weak electronic coupling is likely a 

function of the site of substitution as we have previously shown C2 to be a nodal position 

in the SOMO, thus there is not a high degree of orbital mixing between donor and 

acceptor units. 

 

Figure 5.14. UV–vis–NIR of product isolated during attempted synthesis of 5.3b. 
Solution of unknown concentration in chloroform, ~298 K. 

 

The major product isolated from the oxidation of the N-methylindole sodium salt 5.3b 

was EPR silent, suggesting the material was not paramagnetic. Additionally, the NIR 

HOMO–SOMO transition characteristic of BNN-based radicals was absent from the UV–

vis–NIR spectrum (Figure 5.14). The reason radical 5.3b could not be isolated is 

unknown, although the instability is consistent with the decreased stability of the 4-

pyridyl 2.5c and instability of the 2-pyridyl 2.5b derivatives. The basicity of these groups 

may make the radical more susceptible to acidic impurities as protonation of the nitrogen 

in the aryl ring may open up alternate decomposition pathways. In contrast, the 



 

 

205
N-ethylcarbazole 5.1d and triphenylamine radicals 5.1e exhibited good solution stability, 

suggesting proximity of the basic nitrogen to the nitronyl nitroxide may be important.  

 

5.7 Structural analysis 

Irregular black blocks of 5.1e, long black needles of 5.1a and small bronze needles of 

5.1d were grown by slow evaporation from saturated pentane/acetone solutions. Of the 

crystals grown, only 5.1e diffracted X-ray irradiation well enough for crystal structure 

determination by single crystal XRD. 

5.7.1 Crystal structure of diphenylaminophenyl derivative 5.1e by XRD 

Table  5.6. Select crystallographic metrics for 5.1e. 
 5.1e 

formula C25H18N3O2 
formula weight 392.42 
crystal color, habit black, irregular 
crystal system P21/c 
space group monoclinic 
a (Å) 12.7544(6) 
b (Å) 9.1449(5) 
c (Å) 16.5677(8) 
volume (Å3) 1922.6(2) 
temperature (K) 90.0(1) 
Z 4 
Rf

a 0.048 
Rw

b 0.093 
GOF 1.03 
a Rf = [Σ||Fo| − |Fc||]/[Σ|Fo|], I > 2σ(I). b Rw = ([Σw||Fo|2 − |Fc|2|2]/[Σ(w|Fo|2)2])1/2. 

 

Refinement of the structure of 5.1e led to packing in the monoclinic crystal system in 

the P21/c space group with four molecules per unit cell (Z = 4). The detailed 

crystallographic data is reported in Table 5.6 and the single crystal structure and unit cell 
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of 5.1e are shown in Figure 5.15. The benzimidazole ring, including the terminal oxygen 

atoms adopts a coplanar geometry with an angle of just 0.4º between the plane of the 

benzannelated ring and the coplanar ONCNO atoms. The para-substituted phenyl ring 

between BNN and diphenylamine is twisted 31º (N2-C1-C11-C12) from the plane of the 

central benzimidazole ring. This torsion angle was larger than expected as when the C2 

group is substituted with an unsubstituted phenyl group, a torsion angle of just 10º is 

observed (Section 4.5.1 and phenyl benzonitronyl nitroxide222). It is only when the 

phenyl substituents are ortho substituted (Cl, F) that much larger torsion angles (54 – 76º) 

are present due to steric interaction.223  

 

 

Figure 5.15. Single crystal structure of 5.1e with 50 % probability thermal ellipsoids 
(left) and unit cell viewed along the a-axis of (right). 
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Figure 5.16. Triphenylamine benzonitronyl nitroxide 5.1e (left) and 3-cyanophenyl 
benzonitronyl nitroxide 5.4223 (right), thermal ellipsoids at the 50 % probability level. 
 
 
Table  5.7. Selected bond lengths (A), angles (deg) and torsions (deg) for triphenylamine 
benzonitronyl nitroxide 5.1e determined crystallographically and from geometry 
optimization compared to 3-cyanophenylbenzonitronyl nitroxide 5.4. 
Atoms 5.1e 5.4a 5.1e calcd 
O1–N1 1.283(1) 1.284(3) 1.275(1) 
O2–N2 1.280(1) 1.284(3) 1.275(1) 
N1–C1 1.371(2) 1.362(3) 1.377(5) 
N1–C2 1.414(2) 1.414(3) 1.414(5) 
N2–C7 1.411(2) 1.370(3) 1.414(5) 
N2–C1 1.371(2) 1.370(3) 1.377(5) 
C1–C11 1.448(2) 1.447(4) 1.449(0) 
C2–C7 1.383(2) 1.373(4) 1.390(2) 
    

O1–N1–C1 126.9(1) 126.6(2) 127.0(7) 
O2–N2–C1 126.9(1) 126.9(2) 127.0(7) 
N2–C1–C11 125.9(1) 126.4(2) 126.4(7) 
C8–N3–C20 120.0(1) - 120.5(9) 
    

N2–C1–C11–C12 31.1(6) 21.0(3) 22.2(5) 
C13–C8–N3–C20 43.5(5) - 32.4(1) 
a From reference 223, atom numbering has been changed to match that used for 5.1e. 
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To evaluate if substitution with a strong donor leads to a perturbation in molecular 

structure, selected imidazole N,N′-dioxide bond lengths in and angles of 5.1e were 

compared to electron poor 3-cyanophenyl benzonitronyl nitroxide 5.4.223 A comparison 

of the bond lengths and angles (Table 5.7) of 5.1e and 5.4 reveals the imidazole rings are 

nearly identical and the only significant difference is in the length of the C2-C7 bond. 

Additionally, the ONC bond angles are nearly indistinguishable between the two 

molecules suggesting negligible difference in structure is occurring with substitution. 

This is consistent with spectroscopy and confirms little mixing between donor and 

acceptor is occurring upon functionalization at C2. Additionally comparison of the 

crystallographically determined structure to the geometry optimized structure (Section 

5.2) reveals DFT calculations represented the solid state structure well, with the 

exception of the N2-C1-C11-C12 and C13-C8-N3-C20 torsion angles, which may be 

increased in the solid state as a result of packing effects. 

 

Figure 5.17. 1D chains of 5.1e formed along the c-axis (top). A spacefill model shows 
the intermolecular interactions are between neighboring donor and acceptor units 
(bottom). 
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The bulky triphenylamine group results in a non-planar molecule and the closely 

packed π stacks common in other nearly planar BNN radicals are no longer observed. 

Consequently, intermolecular π overlap is virtually nonexistent and each BNN–

triphenylamine molecule is well isolated from adjacent units. The only interactions 

present are the face-to-face contacts between the C14 phenyl ring of a triphenylamine 

donor and a neighboring accepting benzimidazole ring separated by an average distance 

of 3.22 Å (Figure 5.17). While the benzimidazole ring contains the bulk of the spin 

density, by EPR and calculation the spin density on the C14 aryl ring of triphenylamine is 

effectively zero (Figure 5.22). Accordingly, close contacts between rings of neighboring 

molecules is not predicted to result in strong magnetic exchange by way of a direct 

exchange mechanism. 

 

5.8 Magnetism measurements 

The molar magnetic susceptibilities (χM,p) were measured for microcrystalline samples 

of radicals 5.1a and 5.1c-e using a Quantum Design SQUID magnetometer in the 

temperature range of 2 – 300 K at a DC field of 1 T. Without structural information the 

magnetic plots of 5.1a, 5.1c, and 5.1e were analyzed using a Curie-Weiss analysis to 

obtain both the Curie and Weiss constants. Curie-law was used to analyze these systems 

as, in the absence of solid state packing information, it is inappropriate to use a spin 

Hamiltonian to extract the magnetic exchange coupling constant, J. 
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5.8.1 Magnetic exchange in p-methoxyphenyl derivative 5.1a 

 

Figure 5.18. Temperature dependence of the molar magnetic susceptibility (top, black), 
inverse susceptibility (top, red) and magnetic moment for radical 5.1a (bottom). 

 

At 300 K 5.1a exhibits a magnetic moment of 0.379 emu K mol−1, close to the 

expected spin only value for a spin = ½  system (0.375 emu K mol−1). Below 100 K, the 

magnetic moment (χM,pT) of p-methoxyphenyl derivative 5.1a began to decrease with 

decreasing temperature consistent with antiferromagnetic exchange interactions (Figure 

5.18). A linear fit (R = 1.0) of the inverse magnetic susceptibility (1/χ) in the 

paramagnetic regime (100 – 300 K) yielded a Curie constant, C, of 0.380 consistent with 
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a spin ½ material. The Weiss constant, θ was calculated to be −0.5 K confirming weak 

antiferromagnetic exchange. 

5.8.2 Magnetic exchange in benzo[b]thienyl derivative 5.1c 

 

Figure 5.19. Temperature dependence of the molar magnetic susceptibility (top, black), 
inverse susceptibility (top, red) and magnetic moment for radical 5.1c (bottom). 

 

At 300 K 5.1c exhibits a magnetic moment of 0.362 emu K mol−1, slightly lower than 

the expected spin only value for a spin = ½  system (0.375 emu K mol−1), consistent with 

the moderate instability observed for this system. Below 100 K, the magnetic moment 

(χM,pT) of benzo[b]thienyl derivative 5.1c began to decrease with decreasing temperature 



 

 

212
consistent with antiferromagnetic exchange interactions (Figure 5.19). A linear fit (R = 

1.0) of the inverse magnetic susceptibility (1/χ) in the paramagnetic regime (100 – 300 

K) yielded a Curie constant, C, of 0.364 and a Weiss constant, θ, of −1.0 K consistent 

with weak antiferromagnetic exchange. 

5.8.3 Magnetic exchange in (N-ethyl)carbazole derivative 5.1d 

 

Figure 5.20. Temperature dependence of the molar magnetic susceptibility (top, black), 
inverse susceptibility (top, red) and magnetic moment for radical 5.1d (bottom). 

 

The temperature dependence of the magnetic moment of N-ethylcarbazole derivative 

5.1d is shown in Figure 5.16. At 300 K 5.1d exhibits a magnetic moment of 0.374 emu K 
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mol−1, close to the expected spin only value for an S = ½  system (0.375 emu K mol−1). 

Below 50 K, the magnetic moment (χM,pT) of 5.1d began to increase with decreasing 

temperature consistent with ferromagnetic exchange interactions (Figure 5.20). A 

maximum magnetic moment of 0.421 emu K mol−1 was observed at 7 K. A linear fit 

(R = 1.0) of the inverse magnetic susceptibility (1/χ) in the paramagnetic regime (50 –  

300 K) yielded a Curie constant, C, of 0.374 consistent with a spin ½ material. The Weiss 

constant, θ was calculated to be +0.4 K confirming weak ferromagnetic exchange. 

 

5.8.4 Magnetic exchange in triphenylamine derivative 5.1e 

The molar magnetic susceptibility (χM,p) was measured for a microcrystalline sample of 

radical 5.1e in the temperature range of 2 – 300 K at a DC field of 1 T (Figure 5.17). At 

300 K 5.1e exhibits a magnetic moment consistent with the spin only value of 

0.375 emu K mol−1 for an S = ½ system. The magnetic moment of 5.1e is independent of 

temperature above ~50 K and begins to decrease gradually below this temperature, 

suggesting weak intermolecular antiferromagnetic interactions (Figure 5.17). Based on 

the uniform 1D chain-like behaviour observed in the crystal structure, the Bonner−Fisher 

chain model248 derived from the spin Hamiltonian H = −JSrad·Srad+1 was used to fit 

magnetic moment. A purity factor (f) was included to account for the percentage of spins 

behaving according to the model and the g-value was set to 2.0075 as determined from 

EPR spectroscopy.  

χT=f
Ng2β2

kB
·

0.25+0.074975x+0.075235x2

1.0+0.9931x+0.172135x2+0.757825x3     

x = 
|J|

kBT
;    J ≤ 0 
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The least-squares fit of the experimental data to the above (R = 0.97) lead to a spin 

coupling, J, of −0.5 cm−1 and f = 1.0. The exceptionally weak antiferromagnetic exchange 

is consistent with the solid state packing where individual BNN-triphenylamine 5.1e  

radicals are fairly well isolated. 

 

Figure 5.21. Temperature dependence of magnetic susceptibility, χM,p (left) and magnetic 
moment, χM,pT (right) for radical 5.1e. The solid line represents the best fit of the data to 
the model described in the text. 

 

5.9 Computational and magnetostructural analysis of 5.1e 

Single point calculations were performed to determine the electronic structure and spin 

density distribution of radical 5.1e using unrestricted TDDFT with Becke’s three-

parameter hybrid exchange functional237,330 and the Lee–Yang–Parr correlation 

functional238 (UB3LYP). The 6-311+G(d,p) basis set was selected and all calculations 

were carried out using the Gaussian 09 package.239 The X-ray crystal structure of 5.1e 

was used as the geometry input for the single point energy calculation. A conductor-like 

polarizable continuum model was used to solvate the system as the inclusion of solvation 
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reduces over delocalization of the π system in the calculated electronic structure of large 

π-delocalized D–A molecules. 

 

 

Figure 5.22. α SOMO (left) and spin density (right) of radical 5.1e generated with 
GaussView 4.1, grid = coarse, isovalue = 0.02. Calculated using TDDFT UB3LYP/6-
311+G(d,p) with CPCM solvation, solvent = chloroform. 

 

The SOMO and spin density distribution obtained for 5.1e (Figure 5.22) are consistent 

with the electronic structure of this class of nitroxide radicals.221 The symmetry and node 

at C2 are maintained and the majority of the spin density is located in the benzannelated 

imidazole ring, consistent with EPR spectroscopy. The spin density distribution (Figure 

5.22, right) indicates spin density is present in the benzimidazole ring through spin 

delocalization while spin polarization is dominating the spin density distribution in the 

C2 triphenylamine. Very little spin is found on the triphenylamine nitrogen, in agreement 

with the small hyperfine coupling constant (a(Namine) = 0.188 G) determined by EPR 

spectroscopy.  
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Figure 5.23. Molecular orbital diagram for 5.1e with CPCM solvation (CHCl3), 
generated in GaussView 4.1, cube grid = coarse, isoval = 0.02. 

 

The molecular orbital diagram calculated for 5.1e is shown in Figure 5.23. The α and β 

SOMO orbitals are significantly different in energy as a result of spin polarization arising 

from the mixing in of excited states.83 Additionally, the HOMO has been calculated to be 

higher in energy than the α SOMO. When the HOMO and SOMO are close in energy, as 

they are here, the energy of the HOMO can be raised due to inclusion of an electron-

electron repulsion term in the exchange correlation functional. Electron repulsion is not 

present in the SOMO as this orbital is singly occupied, thus the HOMO is artificially 

raised in energy relative to the SOMO and the calculation converges to give an  electron 
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configuration that is not representative of the correct electronic structure. Analogous 

molecular orbital diagrams have been calculated for other open shell D−A molecules, 

most notably the nitronyl nitroxide(A)-tetrathiafulvalene(D) derivatives,163,371-373 and 

used to rationalize the high conductivity and electron motility observed in these systems. 

Unfortunately, an explanation of the observed macroscopic properties based on this 

orbital configuration cannot be correct as this is not representative of the ground state 

electronic structure of the system. 

As before (Section 4.7), a first principles bottom up approach was used to calculate the 

exchange parameter, J. Using the overall energy calculated for each state (S = 0, 1) the 

magnetic exchange was determined based on the equation below where EBS
 and ET 

correspond to the energies of the broken symmetry singlet and triplet state and ‹S2›BS and 

‹S2›T are the spin expectation values of the broken symmetry singlet and triplet state.340  

ܬ ൌ  
ሺܧBS െ Tሻܧ

TۄS2ۃ െ BSۄS2ۃ
 

Analysis of the crystal packing of radical 5.1e revealed the molecules were well 

isolated, with only one set of close contacts between benzimidazole and a neighboring 

triphenylamine aryl ring. For this reason it was believed only one type of solid state 

interaction would significantly contribute to the bulk magnetism of the system. DFT 

calculations of the dimer using the hybrid UB3LYP functional at the 6-311+G(d,p) level 

of theory340 for the singlet (keyword guess=mix) and triplet states predicted a system with 

an exchange energy on the order of J = +0.1 cm−1 as compared to the experimentally 

derived value of −0.5 cm−1. As the gap in energy between the singlet and triplet state is 

small, the degree of error is larger than the size of the singlet-triplet gap and the results 

are consistent with an essentially degenerate singlet and triplet state.  
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5.10 Conductivity 

The conductivities of 5.1a and 5.1c-e were measured using a two-probe pressed pellet 

conductivity apparatus341 externally calibrated with tetrathiafulvalene-

tetracyanoquinodimethane (TTF-TCNQ).132,342 With the exception of p-methoxyphenyl 

derivative 5.1a, the room temperature conductivity of each radical was too low to be 

measured using our experimental setup, suggesting 5.1c-e have conductivities at room 

temperature that are ≤ 10−9
 S cm−1. The room temperature conductivity of 5.1a was on the 

order of 10−7
 S cm−1 implying it may be semiconducting, although this would need to be 

confirmed by examining the temperature dependence of the conductivity. Although 

conclusions about solid state packing cannot be drawn without XRD data, the negligible 

magnetic exchange and low conductivities observed for 5.1a and 5.1c-e suggest very 

weak intermolecular interactions along the series. 

 

5.11 Reflectance 

Solid state reflectance spectra were obtained on thin films of 5.1a, 5.1c-e dropcast from 

dichloromethane (Figure 5.24). Solid state absorption decreases in energy with 

decreasing oxidation potential of the donor. Taking the onset of absorption to be greater 

than 0.2 a.u., the onset of absorption ranges from 1430 nm (0.87  eV) for 5.1a to 1610 nm 

(0.77 eV) for 5.1e. Each transition is bathochromically shifted by ~100 nm, suggesting 

the presence of weak solid state π–π or D–A interactions. The emergence of a shoulder is 

observed on the low energy side of the NIR excitation in each of 5.1a, 5.1c, and 5.1d. In 

the absence of variable temperature solution phase spectroscopy it is difficult to 

determine whether the shoulder is due to the emergence of vibrational fine structure or 
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whether we are observing a new excitation as a result of solid state D–A interactions. 

Further investigation of this excitation may provide insight into the nature of the solid 

state environment in the absence of a crystal structure. 

 

 

Figure 5.24. Solid state absorbance spectra of films of 5.1a and  5.1c-e deposited from 
CH2Cl2 onto quartz slides, spectralon discs were used as a reflective background (top). 
Solution phase absorbance spectrum of each radical shown for comparison (bottom). 

 

5.12 Conclusion 

Hush theory was used to design a series of benzonitronyl nitroxide-based D–A radicals 

that exhibited decreased NIR absorptions as the electron donor ability of the C2 
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substituent increased. The NIR excitation of each D–A radical was calculated using 

TDDFT and λmax was found to decrease with decreasing donor oxidation potential, 

although the relationship was not linear as reorganization energy could not be assumed to 

be constant along the series.  

Five donors ranging in oxidation potential were selected and incorporated at C2 in 

benzonitronyl nitroxide. The resulting D–A radicals are the first examples of BNN 

radicals substituted with strong donors. The isolation of such systems was significant as 

this confirmed a one-electron chemical oxidation of the precursor anion to yield a neutral 

radical was possible, even when the oxidation potential of the donor substituent was 

lower than that of the oxidant. EPR and UV–vis–NIR spectroscopy confirmed the 

isolated species were paramagnetic and benzonitronyl nitroxide based. The low energy 

HOMO–SOMO CT excitation characteristic of BNN radicals was observed and 

bathochromically shifted as the donor oxidation potential decreased. Band shape analysis 

of the optically induced CT transition suggested the donor and acceptor were weakly 

coupled Robin–Day Class II systems. This was confirmed by cyclic voltammetry as little 

perturbation of the acceptor reduction and donor oxidation potentials was observed. 

Solid state spectroscopy and the temperature dependent magnetization suggests little 

interaction between individual molecules in the solid state. The magnetic exchange 

determined for each radical was weak and each system was effectively paramagnetic over 

the entire temperature range measured. A new low energy transition was observed in the 

solid state absorbance spectra of 5.1a and 5.1c-e which may be due to the presence of 

intermolecular D–A coupling. Furthermore, analysis of the solid state packing of 

triphenylamine derivative 5.1e revealed the presence of close intermolecular D–A 
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contacts. Solid state absorption spectroscopy and X-ray diffraction suggest solid state D–

A interactions are present and it may be that close D–A packing is attainable in more 

planar systems, for example the tetrathiafulvalene derivative.  

We have shown substitution at C2 with a variety of substituents, including strong 

donors, is possible and calculations of the CT excitation energy suggest the HOMO–

SOMO gap decreases with increasing donor ability. Despite this, high conductivity and 

strong magnetic exchange are not observed as strong D–A intermolecular interactions 

which would provide a pathway for conductivity and magnetic exchange were not 

present. As a result, the observed conductivity and magnetic exchange were very weak 

precluding elucidation of a relationship between the strength of the intramolecular D–A 

coupling and the bulk solid state properties.  

 

5.13 Experimental 

5.13.1 General procedures 

All general synthetic procedures employed have been previously reported in Chapter 

2.9. All starting materials were purchased from commercial suppliers and used without 

further purification.  

Computations. Geometry optimizations were carried out at the UB3LYP/6-

311+G(d,p) level of theory while single point calculations were carried out at the 

UB3LYP/6-311+G(d,p) or the UB3LYP/6-311+G(d,p) level of theory237,238 using the 

Gaussian 09 package.239 All geometry optimizations and single point energy calculations 

included a specified solvation model (CPCM, scrf = chloroform) with the exception of 

the singlet-triplet gap dimer calculations. 
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Cyclic Voltammetry. As in Chapter 2.9 with the exception of the multi-scan 

experiments performed on 5.1e which were obtained in CH2Cl2 as the solubility of the 

radical was improved under these conditions. Solution was a degassed 1 mM radical 

solution in 0.1 M nBu4NPF6/CH2Cl2 at ~300 K with a 3.0 mm diameter glassy carbon 

working electrode, platinum counter electrode, and Ag wire pseudo-reference electrode. 

Ferrocene was used as an internal standard and 5.1e was reported vs SCE (Fc/Fc+ = 0.40 

V vs SCE in acetonitrile and 0.46 V vs SCE in methylene chloride).230 Peak potentials 

(Ep) and peak currents (ip) were extracted using BASi software. 

X-ray Crystallography. An irregular black crystal of C25H18N3O2 having approximate 

dimensions of 0.08 x 0.10 x 0.25 mm was mounted on a glass fiber. All measurements 

were made on a Bruker APEX DUO diffractometer with Mo-Kα radiation. The data were 

collected at a temperature of −183.0 ± 0.1ºC to a maximum 2θ value of 55.8º. Data were 

collected in a series of φ and ω scans in 0.5º oscillations with 5.0-second exposures. The 

crystal-to-detector distance was 40.00 mm. Of the 14080 reflections that were collected, 

4513 were unique (Rint = 0.031); equivalent reflections were merged. Data were 

collected and integrated using the Bruker SAINT374 software package. The linear 

absorption coefficient, μ, for Mo-Kα radiation is 0.88 cm−1. Data were corrected for 

absorption effects using the multi-scan technique (SADABS375), with minimum and 

maximum transmission coefficients of 0.948 and 0.993, respectively.  The data were 

corrected for Lorentz and polarization effects. The structure was solved by direct 

methods.251  The final cycle of full-matrix least-squares refinement on F2 was based on 

4513 reflections and 271 variable parameters and converged (largest parameter shift was 

0.00 times its electrostatic discharge) with unweighted and weighted agreement factors of 
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0.048 and 0.093 respectively. The maximum and minimum peaks on the final difference 

Fourier map corresponded to 0.29 and –0.25 e Å−3, respectively. All refinements were 

performed using the SHELXL-97376 via the WinGX11377 interface. 

5.13.2 Synthesis 

Previously reported compounds. Phenylhydroxylamine 2.20228,252 was prepared 

according to literature methods. 

C-4-Methoxyphenyl-N-phenylnitrone 5.2a. Phenylhydroxylamine (4.47 g, 41.0 

mmol) and p-anisaldehyde (4.52 g, 33.2 mmol) were combined in 100 % EtOH (30 mL) 

to give a pale yellow solution. The reaction mixture was capped with a rubber septum and 

allowed to stand at rt in the absence of light for 16 h. The solvent was removed under 

reduced pressure and crude solid was purified by flash column chromatography (nitrone 

eluted in 90:10 CH2Cl2:EtOH, silica gel) yielding 5.66 g (24.9 mmol, 75 %) of a pale 

yellow solid. mp 107 – 109 ºC. IR (neat) cm−1: 3052, 3009, 2933, 2837, 1601, 1572, 

1553, 1507, 1458, 1397, 1306, 1258, 1176, 1063, 1029, 849, 755, 688. 1H NMR (300 

MHz, CDCl3): δ 8.38 (d, J = 9 Hz, 2H), 7.83 (s, 1H), 7.74 (dd, J = 8, 2 Hz, 2H), 7.46 – 

7.38 (m, 3H), 6.96 (d, J = 9 Hz, 2H). 13C NMR (75 MHz, CDCl3): δ 161.5, 148.9, 134.2, 

131.2, 129.6, 129.1, 123.8, 121.6, 114.0, 55.4. EI-MS (70 eV) m/z: 227 [M]+, 211 [M − 

O]+. 

C-(1-Methyl-3-indole)-N-phenylnitrone 5.2b. Phenylhydroxylamine (1.07 g, 9.80 

mmol) and 1-methylindole-3-carboxaldehyde (1.20 g, 7.54 mmol) were combined in 100 

% EtOH (10 mL) to give a pale yellow solution. The reaction mixture was capped with a 

rubber septum and allowed to stand at rt in the absence of light for 48 h. The solvent was 

removed under reduced pressure and crude yellow oil was purified by recrystallization 
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from hexanes/ethyl acetate yielding 1.59 g (6.35 mmol, 84 %) of a yellow crystalline 

solid. mp 114 – 116 ºC. IR (neat) cm−1: 3056, 1568, 1514, 1475, 1388, 1327, 1248, 1198, 

1132, 1069, 1016, 764, 743, 688. 1H NMR (300 MHz, CDCl3): δ 9.14 (s, 1H), 8.32 (s, 

1H), 7.84 (dd, J = 7, 1 Hz, 2H), 7.72 (d, J = 8 Hz, 1H), 7.49 – 7.21 (m, 6H), 3.84 (s, 3H). 

13C NMR (75 MHz, CDCl3): δ 147.8, 136.7, 134.3, 129.1, 129.0, 127.5, 127.1, 123.1, 

121.4, 121.0, 118.0, 110.2, 107.3, 33.4. EI-MS (70 eV) m/z: 250 [M]+, 234 [M − O]+. 

C-2-Benzo[b]thienyl-N-phenylnitrone 5.2c. Phenylhydroxylamine (1.30 g, 11.9 

mmol) and benzo[b]thiophene-2-carboxaldehyde (1.42 g, 8.75 mmol) were combined in 

100 % EtOH (10 mL) to give a pale yellow solution. The reaction mixture was capped 

with a rubber septum and allowed to stand at rt in the absence of light for 48 h. The 

solvent was removed under reduced pressure and crude solid was purified by 

recrystallization from ~9:1 CH2Cl2:EtOH, washed with cold hexanes and air dried 

yielding 1.80 g (8.29 mmol, 95 %) of pale yellow needles. mp 169 – 171 ºC. IR (neat) 

cm−1: 3107, 3051, 1549, 1479, 1457, 1369, 1237, 1159, 1150, 1070, 840, 774, 751, 725, 

692. 1H NMR (300 MHz, CDCl3): δ 8.51 (d, J = 1 Hz, 1H), 7.94 – 7.91 (m, 1H), 7.86 – 

7.80 (m, 4H), 7.49 – 7.38 (m, 5H). 13C NMR (75 MHz, CDCl3): δ 146.8, 141.2, 138.0, 

133.4, 130.2, 129.5, 129.3, 127.6, 126.1, 124.7, 123.8, 122.6, 121.2. EI-MS (70 eV) m/z: 

253 [M]+, 237 [M − O]+. 

C-(9-Ethyl-3-carbazole)-N-phenylnitrone 5.2d. Phenylhydroxylamine (2.06 g, 18.9 

mmol) and 9-ethyl-3-carbazole-carboxaldehyde (3.01 g, 13.5 mmol) were combined in 

100% EtOH (20 mL) to give a yellow suspension. The reaction mixture was heated 

gently until all solids dissolved to give a clear solution, then capped with a rubber septum 

and allowed to stand at rt in the absence of light for 96 h. The solvent was removed under 
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reduced pressure and the resulting orange solid was purified by flash chromatography 

(nitrone eluted in 70:30 hexane:ethyl acetate) yielding 3.67 g (11.7 mmol, 87 %) of an 

orange oil that solidified upon standing. mp 158 – 160 ºC. IR (neat) cm−1: 3060, 2977, 

2934, 2893, 1709, 1625, 1592, 1491, 1471, 1457, 1378, 1348, 1290, 1238, 1177, 1132, 

1067, 1022, 908, 768, 730, 689. 1H NMR (300 MHz, CDCl3): δ 9.56 (d, J = 1 Hz, 1H), 

8.10 (td, J = 8, 2 Hz, 2H), 7.97 (s, 1H), 7.76 (dd, J = 7, 2 Hz, 2H), 7.38 – 7.24 (m, 6H), 

7.18 (t, J = 8 Hz, 1H), 4.15 (q, J = 7 Hz, 2H), 1.27 (t, J = 7 Hz, 3H). 13C NMR (75 MHz, 

CDCl3): δ 148.9, 141.2, 140.4, 135.4, 129.4, 129.0, 128.1, 126.2, 123.2, 122.9, 121.9, 

121.8, 121.5, 120.8, 119.8, 108.9, 108.4, 37.6, 13.8. EI-MS (70 eV) m/z: 314 [M]+, 298 

[M − O]+. 

C-4-Diphenylaminophenyl-N-phenylnitrone 5.2e. Phenylhydroxylamine (0.72 g, 6.6 

mmol) and 4-diphenylaminobenzaldehyde (1.33 g, 4.87 mmol) were combined in 100% 

EtOH (20 mL) to give a yellow suspension. The reaction mixture was heated gently until 

all solids dissolved to give a clear solution, then capped with a rubber septum and 

allowed to stand at rt in the absence of light for 48 h. The solvent was removed under 

reduced pressure and the resulting orange solid was purified by recrystallization from 

ethyl acetate yielding 1.26 g (3.46 mmol, 71%) of a bright yellow crystalline solid. mp 

168 - 170 ºC. IR (neat) cm−1: 3057, 1586, 1490, 1398, 1329, 1283, 1188, 1175, 1068, 

757, 697. 1H NMR (300 MHz, CDCl3): δ 8.25 (d, J = 9 Hz, 2H), 7.80 (s, 1H), 7.75 (dd, J 

= 8, 2 Hz, 2H), 7.47 – 7.40 (m, 3H), 7.33 – 7.25 (m, 4H), 7.04 – 7.15 (m, 8H). 13C NMR 

(75 MHz, CDCl3): δ 150.0, 148.9, 146.7, 134.2, 130.5, 129.5, 129.1, 125.6, 124.3, 123.8, 

121.6, 120.8. EI-MS (70 eV) m/z: 364 [M]+, 348 [M − O]+. 
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General procedure for the generation of radical precursor salts: [Sodium][2-(4-

Methoxyphenyl)benzimidazole-1,3-dioxide] 5.3a. Benzofuroxan (1.78 g, 13.1 mmol) 

and C-(4-methoxyphenyl)-N-phenylnitrone 5.2a (2.11 g, 9.3 mmol) were suspended in 

toluene (20 mL) and heated to gentle reflux under an N2 atm. The reaction was heated for 

6 h, by which time a tan precipitate had formed. The reaction mixture was cooled to 

ambient temperature and the precipitate was isolated by vacuum filtration. The solid was 

washed with toluene, acetone and pentane and air dried. The tan powder was suspended 

in EtOH (50 mL) with sonication to give a fine suspension. An ~0.7 M NaOH in EtOH 

solution (6.5 mL, 4.6 mmol, 0.9 eq) was added dropwise to the sonicating suspension 

until most (but not all) material had dissolved to give a yellow solution with some 

suspended particulate. The suspension was filtered through a Celite-545 plug and the 

resulting yellow solution concentrated to dryness by rotary evaporation. The crude solid 

was dissolved in a minimal amount of acetone and added dropwise to pentane. A yellow 

precipitate formed immediately, was isolated by vacuum filtration, washed with pentane 

and air dried yielding 1.3498 g (4.9 mmol, 53 %) of a bright yellow powder. mp decomp. 

244 – 246 ºC. 1H NMR (300 MHz, d6-DMSO): δ 9.29 (d, J = 8 Hz, 2H), 7.52 (dd, J = 6, 3 

Hz, 2H), 7.06 – 6.99 (m, 4H), 3.83 (s, 3H). 13C NMR (75 MHz, d6-DMSO): δ 158.9, 

133.7, 129.4, 127.3, 120.2, 119.8, 112.5, 111.6, 111.3, 55.0. ESI-MS (negative ion mode) 

m/z: 533.61 [(M)2Na]−. 

 [Sodium][2-(3-N-Methylindole)benzimidazole-1,3-dioxide] 5.3b. Tan solid isolated 

in 50 % yield. mp decomp. 234 – 236 ºC. 1H NMR (300 MHz, d6-DMSO): δ 8.96 (s, 1H), 

8.81 (s, 1H), 7.48 – 7.39 (m, 3H), 7.19 (t, J = 8 Hz, 1H), 7.06 – 6.98 (m, 3H), 3.84 (s, 
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3H). 13C NMR (75 MHz, d6-DMSO): δ 136.1, 135.3, 132.3, 127.5, 125.8, 125.7, 121.3, 

119.7, 118.8, 110.7, 109.3, 100.5, 32.8. ESI-MS (negative ion mode) m/z: 378.44 [M]−. 

[Sodium][2-(2-Benzo[b]thienyl)benzimidazole-1,3-dioxide] 5.3c. Yellow solid 

isolated in 25 % yield. mp decomp. 306 – 308 ºC. 1H NMR (300 MHz, CD3OD): δ 9.29 

(d, J = 1 Hz, 1H), 7.99 – 7.96 (m, 2H), 7.76 (dd, J = 6, 3 Hz, 2H), 7.43 (dd, J = 6, 3 Hz, 

2H), 7.35 (dd, J = 6, 3 Hz, 2H). 13C NMR (75 MHz, CD3OD): δ 142.4, 139.9, 135.0, 

129.4, 127.5, 126.7, 125.9, 125.7, 125.4, 124.4, 122.9, 112.2. ESI-MS (negative ion 

mode) m/z: 281.33 [M]−. 

[Sodium][2-(9-Ethyl-3-carbazole)benzimidazole-1,3-dioxide] 5.3d. Yellow solid 

isolated in 59 % yield. mp decomp. 256 – 258 ºC. 1H NMR (300 MHz, d6-DMSO): δ 

10.12 (s, 1H), 9.49 (d, J = 8 Hz, 1H), 8.08 (d, J = 8 Hz, 1H), 7.64 (d, J = 8 Hz, 2H), 7.52 

– 7.45 (m, 3H), 7.25 (t, J = 8 Hz, 1H), 7.03 (dd, J = 6, 3 Hz, 2H), 4.48 (q, J = 7 Hz, 2H), 

1.36 (t, J = 7 Hz, 3H). 13C NMR (75 MHz, d6-DMSO): δ 139.2, 138.6, 134.1, 126.8, 

125.6, 125.0, 122.1, 120.3, 119.7, 119.4, 118.4, 117.6, 110.5, 108.6, 107.0, 36.4, 13.1. 

ESI-MS (negative ion mode) m/z: 342.27 [M]−. 

[Sodium][2-(4-Diphenylaminophenyl)benzimidazole-1,3-dioxide] 5.3e. Yellow solid 

isolated in 47 % yield. mp decomp. 322 – 324 ºC. 1H NMR (300 MHz, CD3OD): δ 8.50 

(d, J = 9 Hz, 2H), 7.73 (dd, J = 6, 3 Hz, 2H), 7.36 – 7.31 (m, 6H), 7.16 – 7.09 (m, 8H). 

13C NMR (75 MHz, CD3OD): δ 150.9, 148.5, 138.1, 131.9, 130.6, 129.3, 126.5, 125.2, 

124.0, 121.9, 118.4, 112.2. ESI-MS (negative ion mode) m/z: 392.12 [M]−. 

General procedure for the generation of radical 2-(4-Methoxyphenyl)-

benzimidazolyl N,N′-dioxide 5.1a. [sodium][2-(4-methoxyphenyl)benzimidazole-1,3-

dioxide] 5.3a (0.562 g, 2.02 mmol) was dissolved in 1:2 EtOH:CH2Cl2 (60 mL) with 
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sonication. AgPF6 (0.514 g, 1.85 mmol) was dissolved in minimal ethanol (~2 mL) and 

added in one portion to the sonicating solution. A grey precipitate formed immediately. 

Further sonication led to formation of a brown-green solution. The reaction mixture was 

eluted through a short neutral alumina column (CH2Cl2 as eluent). The filtrates were 

isolated and concentrated until the bulk of the dichloromethane had been removed. The 

ethanol solution was cooled to −78 ºC (CO2(s)/acetone) for one hour. The solid material 

that formed was isolated on a cold filter stick, washed with cold pentane and dried en 

vacuo. The crude solid was dissolved in a minimal amount of dry acetone and filtered 

through a Celite-545 plug (diethyl ether as eluent). The filtrates were isolated and cooled 

to −78 ºC (CO2(s)/acetone). The acetone was removed slowly at this temperature until a 

brown microcrystalline solid was observed. The material was isolated on a cold filter 

stick, washed with pentane and dried en vacuo yielding 0.106 g (0.41 mmol, 22 %) of a 

copper colored crystalline solid. HRMS Calcd for C14H11N2O3: 255.07697; Found: 

255.07741. Anal. Calcd for C14H11N2O3: C, 65.88; H, 4.34; N, 10.97. Found: C, 65.68; H, 

4.38; N, 10.92. UV–vis (CHCl3) λmax, nm (ε): 240 (18000), 288 (26000), 314 (30000), 

327 (34000), 382 (6000), 430 (3000), 480 (2500), 925 (950). 

2-(2-Benzo[b]thienyl)benzimidazolyl N,N′-dioxide 5.1c. Brown powder isolated in 

13 % yield. Radical decomposes rapidly in solution, HRMS and EA not obtained. UV–

vis (CHCl3) λmax, nm (ε): 240 (23000), 295 (14000), 236 (44000), 354 (49000), 390 

(6000), 452 (sh, 2300), 488 (1700), 630 (1100). 

2-(9-Ethyl-3-carbazole)benzimidazolyl N,N′-dioxide 5.1d. Bronze microcrystalline 

needles isolated in 25 % yield. HRMS Calcd for C21H16N3O2: 342.12425; Found: 

342.12400. Anal. Calcd for C21H16N3O2: C, 73.67; H, 4.71; N, 12.27. Found: C, 71.76; 
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H, 4.70; N, 11.88. UV–vis (CHCl3) λmax, nm (ε): 240 (48000), 295 (37000), 350 (37000), 

390 (sh, 7000), 480 (2500), 990 (850). 

2-(4-Diphenylaminophenyl)-benzimidazolyl N,N′-dioxide 5.1e. Black 

microcrystalline solid isolated in 36 % yield. HRMS Calcd for C15H9N2O2S: 392.13990; 

Found: 392.13993. Anal. Calcd for C15H9N2O2S: C, 76.52; H, 4.62; N, 10.71. Found: C, 

76.30; H, 4.79; N, 10.61. UV–vis (CHCl3) λmax, nm (ε): 240 (29000), 272 (23000), 297 

(23000), 378 (56000), 480 (2500), 1030 (850). 
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Chapter 6: General Conclusions and Future Work 

Research in the Frank group has been driven by the need for new stable spin 

delocalized organic radicals with unique solid state properties for magneto-conducting 

applications. BNN radicals are of interest in that they possess stability toward 

dimerization in solution and the solid state, a planar topology for strong intermolecular 

interactions, and delocalized spin density that provides multiple direct magnetic exchange 

pathways critical for conducting and magnetic materials development. Prior to this work, 

the synthesis of benzonitronyl nitroxide radicals was shown to be feasible, however, 

radical generation suffered from poor yield and reproducibility and the radicals were not 

isolated in high purity.  

Significant advances in the design, synthesis, and chemistry of benzonitronyl nitroxide 

radicals have been made over the course of this research. A mild, generalizable 

methodology based on furoxan/nitrone condensation was optimized and used to generate 

a series of BNN precursors and radicals with aromatic, heteroaromatic and alkyl 

substituents. This methodology was subsequently modified to allow for the synthesis of 

BNN D–A–D triads and D–A dyads, where BNN radicals were substituted with a 

selection of strong donors. Unfortunately, the larger π-delocalized furoxans (naphthalene, 

phenanthrene and pyrene) did not condense with nitrones suggesting the synthesis of 

these larger π-delocalized systems cannot be accomplished using furoxan condensation 

methodology. 

 Not only was a mild synthetic methodology developed allowing for the synthesis of a 

number of benzonitronyl nitroxide precursors, but the oxidation procedure used to 

generate the radicals was significantly improved. The development of a mild 
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homogeneous oxidation procedure has allowed for the isolation and characterization of 

analytically pure samples, which is of particular importance when measuring bulk 

phenomena such as magnetism and conductivity.  

The electronic structure of each series of benzonitronyl nitroxide radicals was 

investigated through solution phase techniques (EPR, UV–vis–NIR, and cyclic 

voltammetry) and compared to computational results. Annelation resulted in 

delocalization of ~20 % of the total spin density into the benzannelated ring and the 

appearance of a new NIR excitation attributed to a HOMO–SOMO charge transfer 

excitation. Cyclic voltammetry revealed the presence of a remarkably low reduction 

potential, attributed to a decrease in the energy of the SOMO upon annelation. The 

electronic structure of the BNN radicals was largely independent of substitution at C2 

and only small perturbations in spin density and reduction potential were observed, even 

when the substituent was a strong electron donor. The magnitude of the observed changes 

were consistent with inductive effects and were minor, as C2 is located at a nodal 

position in the SOMO. 

The D–A–D triads demonstrate larger changes in the electronic structure could be 

observed with functionalization at C5. This class of radicals exhibited further spin 

delocalization into the conjugated C5 thiophene ring and a reduction potential that was 50 

mV more positive than that observed for phenyl BNN. A new weakly solvatochromic 

transition was observed in the visible spectrum and was investigated using variable 

temperature spectroscopy. The transition was deconvoluted into two excitations which 

were computationally attributed to a solvent dependant combination of a 

HOMO−n → SOMO and HOMO−1 → SOMO charge transfer excitations.  
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When available, the solid state packing was investigated through X-ray crystallography 

and the crystallographic data was used to interpret the observed magnetic exchange and 

electrical conductivity. With the exception of the D–A–D triads, the magnetic exchange 

and conductivity were weak as a result of either disorder or the absence of close 

intermolecular contacts. In the case of the D–A–D triads, an interplay between π–π and 

D–A interactions resulted in strong intermolecular interactions in the solid state. The 

solid state structure of thienyl-BNN-thienyl D–A–D derivative 4.11b revealed the 

presence of additional interchain interactions that lead to ferromagnetic exchange and an 

increase in conductivity (10−5 S cm−1) due to higher dimensionality of the interaction 

lattice. For all radicals, modeling of the magnetic exchange using a first principles 

bottom-up approach resulted in good agreement between the energy of the singlet-triplet 

gap and the observed magnetic exchange so long as the singlet-triplet gap was not 

effectively degenerate.   

The solution phase properties and calculated electronic structure of the BNN radicals 

were in remarkably good agreement when the computational basis set and molecular 

environment were carefully selected. When DFT was used with either the EPR-II basis 

set or the UB3LYP basis set plus solvation, the calculated hyperfine coupling constants, 

spin density, electron affinity, and molecular geometry were all representative of the 

solution or solid state structure on the condition that the donor and acceptor were weakly 

coupled. Calculations also provided a reasonable description of the molecular orbital 

energies providing the redox asymmetry between donor and acceptor was large. As the 

donor and acceptor became close in energy, TDDFT artificially raised the HOMO level 

as a result an electron-electron repulsion term in the exchange correlation functional.  
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Overall, while it is possible to design and synthesize planar π-delocalized radicals with 

very low energy optical absorptions and extremely positive reduction potentials, packing 

effects preclude the observation of strong magnetic exchange and high conductivity. 

Moving forward, systems of interest may be those in which the electron coupling and 

magnetic exchange both occur by way of intramolecular exchange interactions. The 

synthesis of a series of donor bridged BNN diradicals (Figure 6.1) may allow for 

elucidation of a relationship between charge transfer (or donor strength) and magnetic 

exchange. If such a relationship could be realized, organic systems could be synthesized 

in which the magnetic exchange and charge transfer could be controlled at the molecular 

level giving rise to a new generation of organic magnetoelectronic materials.  
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Figure 6.1. Acceptor–donor–acceptor benzonitronyl nitroxide diradical where bridge 
represents an electron rich donor. 
 

Preliminary synthetic efforts towards these diradical systems suggests the 

furoxan/nitrone methodology is not amenable to bis-functionalization (Scheme 6.1). The 

synthesis of doubly-substituted nitrone 6.2 is possible, however, upon condensation with 

two equivalents of furoxan the monosubsituted intermediate 6.3 immediately precipiates. 

Attempts at solubilizing 6.3 through the use of non-nucleophilic amine bases (e.g. TEA, 

DBU, pyridine) results in decomposition of the starting materials (TLC) and bis-

substituted 6.4 was never isolated. Moreover, this methodology yields an A–D–A 
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topology where the radicals are exchange coupled through the nodal C2 position. We 

have shown these radical-substituent interactions to be weak and are interested in 

substituting BNN at a site with a high molecular orbital coefficient, and therefore positive 

spin density.  

 
Scheme 6.1. Proposed synthesis for C2 bridged A–D–A diradicals.a 
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Scheme 6.2. Proposed diradical synthesis.a 
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a Proposed reagents and conditions: (i) HCl(aq), sonication, rt; (ii) NaH, THF, Δ; (iii) 
Pd(0), PtBu3, CsF, THF; (iv) mCPBA followed by DDQ, rt to –78 ºC 

 

Over the course of this work an alternate synthetic methodology was briefly explored 

(Scheme 6.2) based on the work by Gardiner et al.378-380 that yields benzyl-protected 

imidazole oxides 6.6 from o-nitrophenylamine 4.7 and two equivalents of benzyl halide. 

Preliminary results suggest the isolation of 6.6 in high yield is possible although the 
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reaction was sluggish when p-methoxybenzylchloride was used as the benzyl source. In 

this protected form, the benzimidazole-N-oxide exhibits excellent solubility and should 

be amenable to bis-functionalization using palladium catalyzed cross coupling to join two 

protected radical fragments to give diradical precursor 6.7. Thiophene has been used as 

an example donor bridge, however, this methodology would be amenable to the insertion 

of a number of donor bridges through the use of bis-tin or bis-boronic acid/ester 

derivatized donors. Once 6.7 has been realized, the N-oxide could be formed by oxidation 

with m-chloroperoxybenzoic acid (mCPBA). DDQ (2,3-dichloro-5,6-

dicyanobenzoquinone) is known to cleave the benzyl-oxygen bond,378-380 which in this 

case should yield diradical 6.8.  

A series of A–D–A diradicals allowing for a systematic study of the effect of donor 

strength on intramolecular magnetic exchange could permit elucidation of a relationship 

between magnetic exchange and electron transfer. If the radicals were ferromagnetically 

coupled (S = 1 ground state) weak antiferromagnetic intermolecular interactions would 

still give rise to a ferrimagnetic system and observation of a high Tc may be possible. 

Furthermore, intermolecular electrostatic D–A interactions can be expected to guide 

formation of a 3D solid state structure, resulting in increased conductivity through 

suppression of Peierls distortions. 
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Appendix A: Crystallographic Parameters 

Table A–1. Crystallographic parameters. 
 2.15d 2.15e 4.11a 

formula C11H7N2O2S1 C11H7N2O2S1 C17H11N2O2S 
formula weight 231.25 231.25 307.34 
dimensions (mm) 0.15 × 0.10 × 0.05 0.41 × 0.05 × 0.02 0.005 × 0.28 × 0.40 
color of crystal maroon plates dark red needles dark purple 
crystal system P21/c P21/c P21/c 
space group monoclinic monoclinic monoclinic 
Z 2 4 4 
a (Å) 7.3290(9) 4.8000(10) 14.1620(2) 
b (Å) 4.6390(4) 17.022(4) 14.1493(2) 
c (Å) 14.756(2) 12.5200(15) 7.03310(10) 
α (deg) 90.00 90.00 90.00 
β (deg) 104.364(6) 111.273(6) 90.2230(10) 
γ (deg) 90.00 90.00 90.00 
volume (Å3) 486.01(11) 953.3(3) 1409.30(3) 
ρcalcd (g cm−3) 1.580 1.611 1.449 
μ (mm−1) 0.316 0.322 2.117 
temperature (K) 130(2) 130(2) 296 
λ (Å) 0.71073 0.71073 1.54178 
2θmax (deg) 27.50 23.77a 68.30 
total reflections 1662 865 9124 
unique reflections 925 282 2508 
Rint 0.1030 0.3254 0.0347 
solution method direct direct direct 
Rf 

b 0.1680 0.2504 0.0449 
Rw 

c 0.1678 0.1796 0.1188 
GOF 0.997 0.758 1.041 
a To avoid problems with twinning, we needed to select a very small sample that then did produce 
a good data set that did not scatter well. As a result, more reflections at higher angle in theta 
turned out to be too low in intensity to be counted in the data statistics. b Rf = [Σ||Fo| − 
|Fc||]/[Σ|Fo|], I > 2σ(I). c Rw = ([Σw||Fo|2 − |Fc|2|2]/[Σ(w|Fo|2)2])1/2. 
 
  



 

 

269
Table A–1 (continued). Crystallographic parameters. 
 4.11ba 5.3e 

formula C15H9N2O2S2 C25H18N3O2 
formula weight 313.37 392.42 
dimensions (mm) - 0.25 × 0.10 × 0.08 
color of crystal green powder irregular black blocks 
crystal system P21/c P21/c 
space group monoclinic monoclinic 
Z 4 4 
a (Å) 13.000(1) 12.7520(7) 
b (Å) 20.954(2) 9.1405(5) 
c (Å) 4.9518(3) 16.5638(10) 
α (deg) 90.00 90.00 
β (deg) 92.265(89) 95.7950(10) 
γ (deg) 90.00 90.00 
volume (Å3) 1347.86(8) 1920.80(19) 
ρcalcd (g cm−3) - 1.357 
μ (mm−1) - 0.088 
temperature (K) 298 90.0(1) 
λ (Å) 1.540598 0.71073 
2θmax (deg) - 27.86 
total reflections - 4541 
unique reflections - 3722 
Rint - 0.0311 
solution method - direct 
Rf 

b - 0.0481 
Rw 

c - 0.0926 
GOF - 1.026 
a Structure solved by PXRD. b Rf = [Σ||Fo| − |Fc||]/[Σ|Fo|], I > 2σ(I). c Rw = ([Σw||Fo|2 − 
|Fc|2|2]/[Σ(w|Fo|2)2])1/2.  



 

 

270

Appendix B: Complete Listing of Bond Lengths and Angles 

 
Figure   B–1. ORTEP representations of all crystal structures for which bond lengths and 
angles are tabulated. Thermal ellipsoids presented at the 50 % probability level. 
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Table B–1. Bond lengths (Å) and angles (deg) for 2.15d. 
S1 C6 1.242(12) 
S1 C11 1.67(2) 
S1 C8 1.706(14) 
O1 N2 1.230(11) 
O1 N1 1.333(10) 
N1 N2 0.709(8) 
N1 C7 1.014(13) 
N1 C7 1.344(17) 
N1 C1 1.384(14) 
N1 C8 1.821(14) 
N2 C7 1.187(15) 
N2 C7 1.362(16) 
N2 C6 1.428(14) 
N2 C8 1.933(14) 
C1 C8 0.631(12) 
C1 C7 1.375(15) 
C1 C6 1.390(12) 
C1 C2 1.395(17) 
C2 C3 1.46(2) 
C2 H2 0.95 
C3 C4 1.58(4) 
C3 H3 0.95 
C4 C5 1.48(4) 
C4 H4 0.95 
C5 C6 1.45(2) 
C5 H5 0.95 
C6 C8 0.805(11) 
C6 N2 1.428(14) 
C6 C7 1.499(14) 
C7 C7 0.887(15) 
C7 N2 1.187(15) 
C7 N1 1.344(17) 
C7 C8 1.430(12) 
C8 C9 1.370(18) 
C8 N2 1.933(14) 
C9 C10 1.41(3) 
C9 H9 0.95 
C10 C11 1.16(4) 
C10 H10 0.95 
C11 H11 0.95 
C6 S1 C11 117.5(12) 
C11 S1 C8 91.4(11) 



 

 

272
N2 N1 C7 103.1(18) 
N2 N1 O1 66.1(14) 
C7 N1 O1 169.1(11) 
N2 N1 C7 61.8(13) 
O1 N1 C7 127.8(9) 
N2 N1 C1 170.4(19) 
C7 N1 C1 67.9(8) 
O1 N1 C1 122.9(9) 
C7 N1 C1 109.2(11) 
N2 N1 C8 154.4(18) 
C7 N1 C8 51.5(7) 
O1 N1 C8 139.3(9) 
C7 N1 C8 92.8(9) 
N1 N2 C7 86.5(15) 
N1 N2 O1 82.2(15) 
C7 N2 O1 168.6(9) 
N1 N2 C7 46.5(12) 
O1 N2 C7 128.6(9) 
N1 N2 C6 155.5(19) 
C7 N2 C6 69.3(8) 
O1 N2 C6 122.0(9) 
C7 N2 C6 109.2(10) 
N1 N2 C8 133.9(17) 
C7 N2 C8 47.5(6) 
O1 N2 C8 143.8(8) 
C7 N2 C8 87.5(8) 
C8 C1 C7 82.0(16) 
C8 C1 N1 125.1(18) 
C7 C1 C6 65.7(9) 
N1 C1 C6 108.8(10) 
C8 C1 C2 105.2(18) 
C7 C1 C2 172.8(11) 
N1 C1 C2 129.7(9) 
C6 C1 C2 121.5(10) 
C1 C2 C3 119.3(13) 
C1 C2 H2 120.4 
C3 C2 H2 120.3 
C2 C3 C4 114.2(19) 
C2 C3 H3 122.9 
C4 C3 H3 122.9 
C5 C4 C3 127(3) 
C5 C4 H4 116.4 
C3 C4 H4 116.4 
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C6 C5 C4 106(2) 
C6 C5 H5 127 
C4 C5 H5 127 
C8 C6 S1 111.1(14) 
S1 C6 C1 123.8(10) 
C8 C6 N2 117.1(13) 
S1 C6 N2 131.8(10) 
C1 C6 N2 104.4(9) 
C8 C6 C5 118.7(17) 
C1 C6 C5 131.4(14) 
N2 C6 C5 124.1(14) 
C8 C6 C7 69.4(11) 
S1 C6 C7 179.1(11) 
C1 C6 C7 56.7(8) 
N2 C6 C7 47.8(6) 
C5 C6 C7 171.7(15) 
C7 C7 N1 89.7(18) 
C7 C7 N2 80.7(17) 
N1 C7 N2 170.4(9) 
C7 C7 N1 48.9(13) 
N1 C7 N1 138.7(9) 
C7 C7 N2 59.3(14) 
N2 C7 N2 140.0(8) 
N1 C7 N2 108.2(6) 
C7 C7 C1 159(2) 
N1 C7 C1 68.9(10) 
N2 C7 C1 120.6(10) 
N1 C7 C1 152.3(12) 
N2 C7 C1 99.3(11) 
C7 C7 C8 175(2) 
N1 C7 C8 94.8(11) 
N2 C7 C8 94.8(10) 
N1 C7 C8 126.5(12) 
N2 C7 C8 125.2(12) 
C7 C7 C6 144(2) 
N1 C7 C6 126.6(10) 
N2 C7 C6 63.0(8) 
N1 C7 C6 94.7(11) 
N2 C7 C6 156.9(11) 
C1 C7 C6 57.7(6) 
C1 C8 C6 151(2) 
C1 C8 C9 56.0(16) 
C6 C8 C9 153.0(16) 
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C1 C8 C7 72.1(16) 
C6 C8 C7 78.8(13) 
C9 C8 C7 128.1(13) 
C1 C8 S1 166.2(18) 
C9 C8 S1 110.2(9) 
C7 C8 S1 121.7(10) 
C6 C8 N1 112.5(13) 
C9 C8 N1 94.4(11) 
S1 C8 N1 155.3(8) 
C1 C8 N2 109.9(16) 
C9 C8 N2 165.8(11) 
S1 C8 N2 83.9(7) 
N1 C8 N2 71.4(4) 
C8 C9 C10 105.5(16) 
C8 C9 H9 127.3 
C10 C9 H9 127.3 
C11 C10 C9 122(3) 
C11 C10 H10 119.2 
C9 C10 H10 119.1 
C10 C11 S1 111(2) 
C10 C11 H11 124.6 
S1 C11 H11 124.6 
 
 
  



 

 

275
Table B–2. Bond lengths (Å) and angles (deg) for 2.15e. 
S1 C4 1.547(15) 
S1 S1A 1.57(3) 
S1 C1 1.73(9) 
S1 H1A 1.0198 
C1A C4 1.48(2) 
C1A S1A 1.68(9) 
C1A H1A 0.9602 
O1 N1 1.249(10) 
O2 N2 1.285(10) 
N1 C5 1.291(16) 
N1 C11 1.451(14) 
N2 C5 1.302(15) 
N2 C6 1.437(13) 
S1A C2 1.545(16) 
S1A H1 1.0279 
C1 C2 1.48(2) 
C1 H1 0.9601 
C2 C3 1.500(12) 
C2 H2 0.96 
C3 C5 1.444(16) 
C3 C4 1.468(11) 
C4 H4 0.9598 
C6 C11 1.297(12) 
C6 C7 1.391(15) 
C7 C8 1.429(13) 
C7 H7 0.95 
C8 C9 1.432(10) 
C8 H8 0.95 
C9 C10 1.426(13) 
C9 H9 0.95 
C10 C11 1.382(15) 
C10 H10 0.95 
C4 S1 S1A 105.8(10) 
C4 S1 C1 104.9(12) 
C4 S1 H1A 110.6 
S1A S1 H1A 141.4 
C1 S1 H1A 142.3 
C4 C1A S1A 104(4) 
C4 C1A C1 103(4) 
C4 C1A H1A 120.2 
S1A C1A H1A 134.5 
C1 C1A H1A 135.7 



 

 

276
O1 N1 C5 132.6(11) 
O1 N1 C11 119.2(9) 
C5 N1 C11 108.0(10) 
O2 N2 C5 132.3(11) 
O2 N2 C6 120.1(9) 
C5 N2 C6 107.4(10) 
C2 S1A S1 105.9(11) 
C2 S1A C1A 103.9(15) 
C2 S1A H1 125.7 
S1 S1A H1 128.4 
C1A S1A H1 129.9 
C2 C1 S1 101(4) 
C2 C1 C1A 99(4) 
C2 C1 H1 140.3 
S1 C1 H1 118.6 
C1A C1 H1 120.2 
C1 C2 C3 115(3) 
C3 C2 S1A 109.2(10) 
C1 C2 H2 114.9 
C3 C2 H2 130 
S1A C2 H2 120.7 
C5 C3 C4 128.3(10) 
C5 C3 C2 122.6(10) 
C4 C3 C2 108.9(9) 
C3 C4 C1A 113(4) 
C3 C4 S1 110.1(10) 
C3 C4 H4 128.9 
C1A C4 H4 117.9 
S1 C4 H4 121 
N2 C5 N1 110.8(12) 
N2 C5 C3 121.8(12) 
N1 C5 C3 127.4(13) 
C11 C6 C7 120.8(11) 
C11 C6 N2 107.7(10) 
C7 C6 N2 131.5(11) 
C6 C7 C8 120.0(10) 
C6 C7 H7 120 
C8 C7 H7 120 
C7 C8 C9 118.0(9) 
C7 C8 H8 121 
C9 C8 H8 121 
C10 C9 C8 118.5(9) 
C10 C9 H9 120.7 
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C8 C9 H9 120.7 
C11 C10 C9 118.6(10) 
C11 C10 H10 120.7 
C9 C10 H10 120.7 
C6 C11 C10 124.1(12) 
C6 C11 N1 106.0(10) 
C10 C11 N1 129.9(11) 
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Table B–3. Bond lengths (Å) and angles (deg) for 4.11a. 
S1 C17 1.692(3) 
S1 C14 1.7210(19)
N1 O1 1.2813(18)
N1 C1 1.373(2) 
N1 C2 1.408(2) 
N2 O2 1.2778(19)
N2 C1 1.362(2) 
N2 C7 1.409(2) 
C1 C8 1.456(3) 
C2 C3 1.375(3) 
C2 C7 1.382(2) 
C3 C4 1.378(3) 
C3 H3 0.92(2) 
C4 C5 1.409(3) 
C4 H4 0.92(2) 
C5 C6 1.398(3) 
C5 C14 1.466(3) 
C6 C7 1.374(3) 
C6 H6 0.93(2) 
C8 C9 1.391(3) 
C8 C13 1.395(3) 
C9 C10 1.377(3) 
C9 H9 0.87(2) 
C10 C11 1.370(3) 
C10 H10 0.85(2) 
C11 C12 1.379(3) 
C11 H11 0.95(2) 
C12 C13 1.374(3) 
C12 H12 0.98(2) 
C13 H13 0.93(2) 
C14 C15 1.392(3) 
C15 C16 1.400(3) 
C15 H15 0.75(2) 
C16 C17 1.343(4) 
C16 H16 0.96(3) 
C17 H17 0.95(3) 
C17 S1 C14 92.21(12) 
O1 N1 C1 126.45(16) 
O1 N1 C2 123.95(14) 
C1 N1 C2 109.58(14) 
O2 N2 C1 126.27(15) 
O2 N2 C7 123.77(14) 
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C1 N2 C7 109.94(14) 
N2 C1 N1 106.87(15) 
N2 C1 C8 126.10(15) 
N1 C1 C8 126.98(16) 
C3 C2 C7 121.81(17) 
C3 C2 N1 131.32(16) 
C7 C2 N1 106.87(14) 
C2 C3 C4 116.26(17) 
C2 C3 H3 123.7(14) 
C4 C3 H3 120.0(14) 
C3 C4 C5 122.83(17) 
C3 C4 H4 119.6(13) 
C5 C4 H4 117.5(13) 
C6 C5 C4 119.64(17) 
C6 C5 C14 119.30(16) 
C4 C5 C14 120.99(17) 
C7 C6 C5 116.81(17) 
C7 C6 H6 120.1(13) 
C5 C6 H6 123.0(13) 
C6 C7 C2 122.63(16) 
C6 C7 N2 130.65(16) 
C2 C7 N2 106.72(15) 
C9 C8 C13 119.07(18) 
C9 C8 C1 120.36(17) 
C13 C8 C1 120.56(16) 
C10 C9 C8 119.8(2) 
C10 C9 H9 121.5(15) 
C8 C9 H9 118.6(15) 
C11 C10 C9 120.8(2) 
C11 C10 H10 121.9(15) 
C9 C10 H10 117.3(15) 
C10 C11 C12 119.8(2) 
C10 C11 H11 118.4(14) 
C12 C11 H11 121.8(14) 
C13 C12 C11 120.3(2) 
C13 C12 H12 119.3(14) 
C11 C12 H12 120.2(14) 
C12 C13 C8 120.1(2) 
C12 C13 H13 119.4(14) 
C8 C13 H13 120.4(14) 
C15 C14 C5 127.67(18) 
C15 C14 S1 109.84(15) 
C5 C14 S1 122.44(14) 
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C14 C15 C16 112.3(2) 
C14 C15 H15 120.9(19) 
C16 C15 H15 126.7(19) 
C17 C16 C15 113.2(2) 
C17 C16 H16 122.1(18) 
C15 C16 H16 124.6(18) 
C16 C17 S1 112.36(19) 
C16 C17 H17 130.2(18) 
S1 C17 H17 117.4(18) 
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Table B–4. Bond lengths (Å) and angles (deg) for 5.3e. 
C1 N1 1.3709(15) 
C1 N2 1.3714(14)
C1 C11 1.4484(16)
C2 C3 1.3806(17)
C2 C7 1.3828(16)
C2 N1 1.4136(15)
C3 C4 1.3918(19)
C3 H3 0.95 
C4 C5 1.3980(19)
C4 H4 0.95 
C5 C6 1.3924(18)
C5 H5 0.95 
C6 C7 1.3795(17)
C6 H6 0.95 
C7 N2 1.4107(15)
C8 C9 1.3988(16)
C8 C13 1.4009(15)
C8 N3 1.4078(15)
C9 C10 1.3856(17)
C9 H9 0.95 
C10 C11 1.4018(16)
C10 H10 0.95 
C11 C12 1.4030(16)
C12 C13 1.3796(16)
C12 H12 0.95 
C13 H13 0.95 
C14 C19 1.3873(17)
C14 C15 1.3916(16)
C14 N3 1.4319(14)
C15 C16 1.3890(17)
C15 H15 0.95 
C16 C17 1.387(2) 
C16 H16 0.95 
C17 C18 1.383(2) 
C17 H17 0.95 
C18 C19 1.3884(18)
C18 H18 0.95 
C19 H19 0.95 
C20 C25 1.3938(15)
C20 C21 1.3958(16)
C20 N3 1.4271(14)
C21 C22 1.3884(17)
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C21 H21 0.95 
C22 C23 1.3903(17)
C22 H22 0.95 
C23 C24 1.3843(17)
C23 H23 0.95 
C24 C25 1.3888(16)
C24 H24 0.95 
C25 H25 0.95 
N1 O1 1.2825(13)
N2 O2 1.2798(12)
N1 C1 N2 107.04(10)
N1 C1 C11 127.04(10)
N2 C1 C11 125.92(10)
C3 C2 C7 122.15(11)
C3 C2 N1 130.87(11)
C7 C2 N1 106.97(10)
C2 C3 C4 115.81(12)
C2 C3 H3 122.1 
C4 C3 H3 122.1 
C3 C4 C5 121.97(12)
C3 C4 H4 119 
C5 C4 H4 119 
C6 C5 C4 121.58(12)
C6 C5 H5 119.2 
C4 C5 H5 119.2 
C7 C6 C5 115.72(12)
C7 C6 H6 122.1 
C5 C6 H6 122.1 
C6 C7 C2 122.77(11)
C6 C7 N2 130.35(11)
C2 C7 N2 106.88(10)
C9 C8 C13 118.49(10)
C9 C8 N3 121.81(10)
C13 C8 N3 119.71(10)
C10 C9 C8 120.78(11)
C10 C9 H9 119.6 
C8 C9 H9 119.6 
C9 C10 C11 120.49(11)
C9 C10 H10 119.8 
C11 C10 H10 119.8 
C10 C11 C12 118.77(11)
C10 C11 C1 121.11(10)
C12 C11 C1 120.12(10)
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C13 C12 C11 120.41(11)
C13 C12 H12 119.8 
C11 C12 H12 119.8 
C12 C13 C8 121.06(10)
C12 C13 H13 119.5 
C8 C13 H13 119.5 
C19 C14 C15 119.98(11)
C19 C14 N3 120.79(10)
C15 C14 N3 119.24(11)
C16 C15 C14 119.96(12)
C16 C15 H15 120 
C14 C15 H15 120 
C17 C16 C15 119.92(12)
C17 C16 H16 120 
C15 C16 H16 120 
C18 C17 C16 120.00(12)
C18 C17 H17 120 
C16 C17 H17 120 
C17 C18 C19 120.36(12)
C17 C18 H18 119.8 
C19 C18 H18 119.8 
C14 C19 C18 119.75(12)
C14 C19 H19 120.1 
C18 C19 H19 120.1 
C25 C20 C21 119.62(11)
C25 C20 N3 121.07(10)
C21 C20 N3 119.27(10)
C22 C21 C20 119.79(11)
C22 C21 H21 120.1 
C20 C21 H21 120.1 
C21 C22 C23 120.68(11)
C21 C22 H22 119.7 
C23 C22 H22 119.7 
C24 C23 C22 119.24(11)
C24 C23 H23 120.4 
C22 C23 H23 120.4 
C23 C24 C25 120.79(11)
C23 C24 H24 119.6 
C25 C24 H24 119.6 
C24 C25 C20 119.86(11)
C24 C25 H25 120.1 
C20 C25 H25 120.1 
O1 N1 C1 126.88(10)
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O1 N1 C2 123.67(10)
C1 N1 C2 109.46(9) 
O2 N2 C1 126.89(10)
O2 N2 C7 123.45(9) 
C1 N2 C7 109.65(9) 
C8 N3 C20 119.96(9) 
C8 N3 C14 119.44(9) 
C20 N3 C14 116.84(9) 
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Appendix C: Cyclic Voltammetry 

 

 
 
Figure   C–1. Cyclic voltammogram of 5.1a, 10−3 M solution in 0.1 M NBu4PF6/CH3CN, 
100 mV s−1 scan rate, ambient temperature. 

 

 

 
 
Figure   C–2. Cyclic voltammogram of 5.1d, 10−3 M solution in 0.1 M NBu4PF6/CH3CN, 
100 mV s−1 scan rate, ambient temperature. 
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Figure   C–3. Cyclic voltammogram of 5.1e, 10−3 M solution in 0.1 M NBu4PF6/CH3CN, 
100 mV s−1 scan rate, ambient temperature. 
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Appendix D: 1H and 13C NMR Spectra 

 
Figure   D–1. 1H NMR spectrum of 2.21a (300 MHz, CD2Cl2). 

 
Figure   D–2. 13C NMR spectrum of 2.21a (75 MHz, CDCl3). 
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Figure   D–3. 1H NMR spectrum of 2.21b (300 MHz, CDCl3). 

 
Figure   D–4. 13C NMR spectrum of 2.21b  (75 MHz, CDCl3). 
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Figure   D–5. 1H NMR spectrum of 2.21c (300 MHz, CDCl3). 

 
Figure   D–6. 13C NMR spectrum of 2.21c (75 MHz, CDCl3). 
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Figure   D–7. 1H NMR spectrum of 2.21d (300 MHz, CDCl3). 

 
Figure   D–8. 13C NMR spectrum of 2.21d (75 MHz, CDCl3). 
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Figure   D–9. 1H NMR spectrum of 2.21e (300 MHz, CDCl3). 

 
Figure   D–10. 13C NMR spectrum of 2.21e (75 MHz, CDCl3). 
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Figure   D–11. 1H NMR spectrum of 2.21h (300 MHz, CDCl3). 

 
Figure   D–12. 13C NMR spectrum of 2.21h (75 MHz, CDCl3). 



 

 

293

 
Figure   D–13. 1H NMR spectrum of 2.21j (300 MHz, CDCl3). 

 
Figure   D–14. 13C NMR spectrum of 2.21j (75 MHz, CDCl3). 
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Figure   D–15. 1H NMR spectrum of 2.21k (300 MHz, d6-DMSO). 

 
Figure   D–16. 13C NMR spectrum of 2.21k (75 MHz, CDCl3). 
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Figure   D–17. 1H NMR spectrum of 2.16b (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–18. 13C NMR spectrum of 2.16b (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–19. 1H NMR spectrum of 2.16c (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–20. 13C NMR spectrum of 2.16c (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–21. 1H NMR spectrum of 2.16d (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–22. 13C NMR spectrum of 2.16d (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–23. 1H NMR spectrum of 2.16e (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–24. 13C NMR spectrum of 2.16e (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–25. 1H NMR spectrum of 2.16f (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–26. 13C NMR spectrum of 2.16f (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–27. 1H NMR spectrum of 2.16g (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–28. 13C NMR spectrum of 2.16g (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–29. 1H NMR spectrum of 2.16h (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–30. 13C NMR spectrum of 2.16h (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–31. 1H NMR spectrum of 2.16i (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–32. 13C NMR spectrum of 2.16i (75 MHz, 1.0 M NaOD in D2O). 



 

 

303

 
Figure   D–33. 1H NMR spectrum of 2.16j (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–34. 13C NMR spectrum of 2.16j (75 MHz, 1.0 M NaOD in D2O). 



 

 

304

 
Figure   D–35. 1H NMR spectrum of 2.16k (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–36. 13C NMR spectrum of 2.16k (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–37. 1H NMR spectrum of 2.16l (300 MHz, 1.0 M NaOD in D2O). 

 
Figure   D–38. 13C NMR spectrum of 2.16l (75 MHz, 1.0 M NaOD in D2O). 
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Figure   D–39. 1H NMR spectrum of 3.9 (300 MHz, CDCl3). 

 
Figure   D–40. 13C NMR spectrum of 3.9 (75 MHz, CDCl3). 
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Figure   D–41. 1H NMR spectrum of 3.10 (300 MHz, CDCl3). 

 
Figure   D–42. 13C NMR spectrum of 3.10 (75 MHz, d6-DMSO). 
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Figure   D–43. 1H NMR spectrum of 3.12 (300 MHz, d6-DMSO). 

 
Figure   D–44. 13C NMR spectrum of 3.12 (75 MHz, d6-DMSO). 



 

 

309

 
Figure   D–45. 1H NMR spectrum of 3.13 (300 MHz, d6-DMSO). 

 
Figure   D–46. 13C NMR spectrum of 3.13 (75 MHz, d6-DMSO). 
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Figure   D–47. 1H NMR spectrum of 3.14 (300 MHz, CDCl3). 

 
Figure   D–48. 13C NMR spectrum of 3.14 (75 MHz, CDCl3). 
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Figure   D–49. 1H NMR spectrum of 3.16 (300 MHz, d6-DMSO). 

 
Figure   D–50. 13C NMR spectrum of 3.16 (75 MHz, d6-DMSO). 
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Figure   D–51. 1H NMR spectrum of 3.17 (300 MHz, d6-DMSO). 

 
Figure   D–52. 13C NMR spectrum of 3.17 (75 MHz, d6-DMSO). 
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Figure   D–53. 1H NMR spectrum of 3.19 (300 MHz, d6-DMSO). 

 
Figure   D–54. 13C NMR spectrum of 3.19 (75 MHz, d6-DMSO). 
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Figure   D–55. 1H NMR spectrum of 3.20 (300 MHz, d6-DMSO). 

 
Figure   D–56. 13C NMR spectrum of 3.20 (75 MHz, d6-DMSO). 
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Figure   D–57. 1H NMR spectrum of 3.23 (300 MHz, d6-DMSO). 

 
Figure   D–58. 13C NMR spectrum of 3.23 (75 MHz, d6-DMSO). 
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Figure   D–59. 1H NMR spectrum of 3.24 (300 MHz, CDCl3). 

 
Figure   D–60. 13C NMR spectrum of 3.24 (75 MHz, CDCl3). 
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Figure   D–61. 1H NMR spectrum of 3.26 (300 MHz, d6-DMSO). 

 
Figure   D–62. 13C NMR spectrum of 3.26 (75 MHz, d6-DMSO). 
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Figure   D–63. 1H NMR spectrum of 3.27 (300 MHz, CDCl3). 

 
Figure   D–64. 13C NMR spectrum of 3.27 (75 MHz, CDCl3). 
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Figure   D–65. 1H NMR spectrum of 3.29 (300 MHz, d6-DMSO). 

 
Figure   D–66. 13C NMR spectrum of 3.29 (75 MHz, d6-DMSO). 
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Figure   D–67. 1H NMR spectrum of 3.30 (300 MHz, CDCl3). 

 
Figure   D–68. 13C NMR spectrum of 3.30 (75 MHz, d6-DMSO). 
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Figure   D–69. 1H NMR spectrum of 3.32 (300 MHz, d6-DMSO). 

 
Figure   D–70. 13C NMR spectrum of 3.32 (75 MHz, d6-DMSO). 
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Figure   D–71. 1H NMR spectrum of 3.33 (300 MHz, d6-DMSO). 

 
Figure   D–72. 13C NMR spectrum of 3.33 (75 MHz, MeOD). 
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Figure   D–73. 1H NMR spectrum of 3.34 (300 MHz, d6-DMSO). Asterisk indicates 
peaks due to DMF. 

 
Figure   D–74. 13C NMR spectrum of 3.34 (75 MHz, d6-DMSO). Asterisk indicates 
peaks due to DMF. 
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Figure D–75. 1H NMR spectrum of 3.35 (300 MHz, d6-DMSO). Asterisk indicates peaks 
due to EtOH. 

 
Figure   D–76. 13C NMR spectrum of 3.35 (75 MHz, d6-DMSO). 
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Figure   D–77. 1H NMR spectrum of 3.36 (300 MHz, CDCl3). 

 
Figure   D–78. 13C NMR spectrum of 3.36 (75 MHz, CDCl3). 
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Figure   D–79. 1H NMR spectrum of 4.5 (300 MHz, MeOD). 

 
Figure   D–80. 13C NMR spectrum of 4.5 (75 MHz, MeOD). 
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Figure   D–81. 1H NMR spectrum of 4.6 (300 MHz, CDCl3). 

 
Figure   D–82. 13C NMR spectrum of 4.6 (75 MHz, CDCl3). 
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Figure   D–83. 1H NMR spectrum of 4.7 (300 MHz, CDCl3). 

 
Figure   D–84. 13C NMR spectrum of 4.7 (75 MHz, CDCl3). 
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Figure   D–85. 1H NMR spectrum of 4.8 (300 MHz, CDCl3). 

 
Figure   D–86. 13C NMR spectrum of 4.8 (75 MHz, CDCl3). 
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Figure   D–87. 1H NMR spectrum of 4.9 (300 MHz, CDCl3). 
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Figure   D–88. 1H NMR spectrum of 4.10a (300 MHz, 1.0 M NaOD in MeOD). 

 
Figure   D–89. 13C NMR spectrum of 4.10a (75 MHz, 1.0 M NaOD in MeOD). 
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Figure   D–90. 1H NMR spectrum of 4.10b (300 MHz, 1.0 M NaOD in MeOD). 

 
Figure   D–91. 13C NMR spectrum of 4.10b (75 MHz, 1.0 M NaOD in MeOD). 
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Figure   D–92. 1H NMR spectrum of 5.2a (300 MHz, CDCl3). 

 
Figure   D–93. 13C NMR spectrum of 5.2a (75 MHz, CDCl3). 
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Figure   D–94. 1H NMR spectrum of 5.2b (300 MHz, CDCl3). 

 
Figure   D–95. 13C NMR spectrum of 5.2b (75 MHz, CDCl3). 
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Figure   D–96. 1H NMR spectrum of 5.2c (300 MHz, CDCl3). 

 
Figure   D–97. 13C NMR spectrum of 5.2c (75 MHz, CDCl3). 



 

 

336

 
Figure   D–98. 1H NMR spectrum of 5.2d (300 MHz, CDCl3). Asterisk indicates peak 
due to acetone. 

 
Figure   D–99. 13C NMR spectrum of 5.2d (75 MHz, CDCl3). Asterisk indicates peaks 
due to acetone. 
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Figure   D–100. 1H NMR spectrum of 5.2e (300 MHz, CDCl3). 

 
Figure   D–101. 13C NMR spectrum of 5.2e (75 MHz, CDCl3). 
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Figure   D–102. 1H NMR spectrum of 5.3a (300 MHz, d6-DMSO). 

 
Figure   D–103. 13C NMR spectrum of 5.3a (75 MHz, d6-DMSO). 
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Figure   D–104. 1H NMR spectrum of 5.3b (300 MHz, d6-DMSO). 

 
Figure   D–105. 13C NMR spectrum of 5.3b (75 MHz, d6-DMSO). 
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Figure   D–106. 1H NMR spectrum of 5.3c (300 MHz, MeOD). 

 
Figure   D–107. 13C NMR spectrum of 5.3c (75 MHz, MeOD). 
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Figure   D–108. 1H NMR spectrum of 5.3d (300 MHz, d6-DMSO). 

 
Figure   D–109. 13C NMR spectrum of 5.3d (75 MHz, d6-DMSO). 
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Figure   D–110. 1H NMR spectrum of 5.3e (300 MHz, MeOD). 

 
Figure   D–111. 13C NMR spectrum of 5.3e (75 MHz, MeOD). 
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Appendix E: DFT Calculation Output Parameters 

Table E–1. Output parameters for 2.15d. 
N-N= 1.139349524138D+03 E-N=-7.207947321593D+03  KE= 1.609251365430D+03 
 1\1\GINC-COMPUTE-0-0\SP\UTD-B3LYP-FC\6-31G(d,p)\C11H7N2O2S1(2)\BRYNND\ 
 20-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=chloroform,a0=4.72 
 )\\2ThBNN TDDFT ACN\\0,2\C,0,-4.139458,-0.845231,0.000335\C,0,-4.22947 
 3,0.556653,0.000472\C,0,-3.087542,1.365182,0.000201\C,0,-1.869922,0.70 
 4066,-0.000288\C,0,-1.780938,-0.687803,-0.000421\C,0,-2.903179,-1.5004 
 05,-0.000081\N,0,-0.548875,1.208999,-0.000284\N,0,-0.406519,-1.012563, 
 -0.000516\O,0,-0.258495,2.449607,0.00025\O,0,0.061583,-2.198422,-0.000 
 214\H,0,-5.050537,-1.434674,0.000598\H,0,-3.132146,2.447589,0.000294\H 
 ,0,-2.80841,-2.579596,-0.000178\H,0,-5.208627,1.024411,0.000835\C,0,0. 
 331369,0.147473,-0.000648\C,0,4.194159,-0.246874,0.00047\C,0,3.921265, 
 1.096409,-0.000234\C,0,2.531093,1.374519,-0.00018\C,0,1.756884,0.22573 
 3,-0.000001\H,0,5.162214,-0.729158,0.000858\H,0,4.686223,1.863983,-0.0 
 00299\H,0,2.091208,2.36178,-0.000491\S,0,2.761099,-1.217325,0.000372\\ 
 Version=AM64L-G09RevA.02\State=2-A\HF=-1081.4063644\S2=0.805773\S2-1=0 
 .\S2A=0.750504\RMSD=5.657e-09\PG=C01 [X(C11H7N2O2S1)]\\@ 

 

Table E–2. Output parameters for 2.3, EPR-II. 
1\1\GINC-COMPUTE-0-5\FOpt\UB3LYP\EPR-II\C13H17N2O2(2)\BRYNND\04-Sep-20 
 10\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\TMNN epr 
 -II\\0,2\N,-0.5781754178,1.100041174,-0.1302079932\C,0.2278309745,-0.0 
 000003772,0.0000007918\N,-0.5781753349,-1.1000419591,0.1302097925\O,-0 
 .2181282192,2.317131453,-0.2798234586\O,-0.2181280145,-2.3171322783,0. 
 2798244324\C,1.6970075342,-0.0000003236,0.0000003135\C,2.4212993548,1. 
 2202096581,-0.0491413806\C,2.4212996531,-1.2202101542,0.0491413874\C,3 
 .8204711684,1.210280172,-0.0467922459\H,1.8812244259,2.1549014787,-0.0 
 963187367\C,3.8204714575,-1.210280334,0.0467912389\H,1.8812251127,-2.1 
 549021716,0.0963190575\C,4.5291823555,0.0000000004,-0.000000744\H,4.35 
 69497326,2.1545167582,-0.0840917998\H,4.3569502765,-2.1545167918,0.084 
 0903617\H,5.6159109399,0.0000001073,-0.0000011519\C,-2.0270052382,-0.7 
 695420258,-0.1303060343\C,-2.0270052361,0.7695412806,0.1303081206\C,-2 
 .9205253655,1.5978572584,-0.7987483282\H,-2.7831714755,2.6577107059,-0 
 .5791059453\H,-3.9698885846,1.3388887184,-0.6297354246\H,-2.6841102783 
 ,1.4395982168,-1.8518557243\C,-2.296809963,1.1597308598,1.5997864867\H 
 ,-2.0775466482,2.2227741346,1.7234695892\H,-1.6661081979,0.5955810963, 
 2.2920909207\H,-3.3441173475,0.9881287416,1.8609915205\C,-2.9205258451 
 ,-1.5978589177,0.7987493352\H,-3.969888987,-1.3388899411,0.6297365627\ 
 H,-2.6841109965,-1.439601402,1.8518569501\H,-2.7831722612,-2.657712131 
 1,0.5791056577\C,-2.2968100812,-1.1597300055,-1.5997846942\H,-1.666109 
 817,-0.5955777966,-2.2920885365\H,-2.0775447206,-2.2227726431,-1.72346 
 95495\H,-3.3441179558,-0.988129468,-1.8609888754\\Version=AM64L-G09Rev 
 A.02\State=2-A\HF=-765.5994308\S2=0.813486\S2-1=0.\S2A=0.750666\RMSD=9 
 .581e-09\RMSF=2.639e-06\Dipole=-0.9536772,-0.000004,0.0000007\Quadrupo 
 le=11.5234324,-8.7723654,-2.751067,0.000001,-0.0000046,1.947859\PG=C01 
  [X(C13H17N2O2)]\\@ 
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Table E–3. Output parameters for 2.15a, EPR-II. 
1\1\GINC-COMPUTE-0-21\FOpt\UB3LYP\EPR-II\C13H9N2O2(2)\BRYNND\16-Aug-20 
 10\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\BNN epr  
 II\\0,2\N,-0.9506118249,-0.2723574256,0.5918425006\C,-1.9597509395,-0. 
 1977317323,-0.357982988\N,-1.3513507284,0.1017572857,-1.5688587357\O,- 
 1.0641219712,-0.5258923292,1.8375519101\O,-1.9069331658,0.2608893482,- 
 2.7068227635\C,-3.3896295267,-0.3955611615,-0.127037744\C,-3.878453643 
 8,-0.6988133655,1.1718503187\C,-4.3179027615,-0.2878461796,-1.19696074 
 67\C,-5.2484436875,-0.8855568804,1.3824131067\H,-3.1846789681,-0.78407 
 66405,1.995832556\C,-5.6839947423,-0.4782220288,-0.9653720843\H,-3.961 
 3316363,-0.0578132905,-2.1906821071\C,-6.1597456976,-0.7774879463,0.32 
 05940597\H,-5.6031929605,-1.116763869,2.3829649465\H,-6.3785238233,-0. 
 391652144,-1.7963612019\H,-7.2225151342,-0.9237950933,0.4923702932\C,0 
 .0470302826,0.2155379808,-1.3795190323\C,1.0650083121,0.4995843946,-2. 
 2874366585\C,0.2982846675,-0.0190109941,-0.024933674\C,2.3689450909,0. 
 5380786016,-1.7622698862\C,1.5839856815,0.0150725672,0.5108348222\C,2. 
 6229366728,0.3009163538,-0.3925947129\H,1.7565159891,-0.1700544777,1.5 
 647509854\H,3.6449948283,0.3402381437,-0.0285991179\H,3.2005826024,0.7 
 552426101,-2.4255090161\H,0.8478634943,0.6782300228,-3.3342005801\\Ver 
 sion=AM64L-G09RevA.02\State=2-A\HF=-760.7508538\S2=0.802734\S2-1=0.\S2 
 A=0.750445\RMSD=6.232e-09\RMSF=5.233e-05\Dipole=0.7374101,0.103027,-0. 
 118865\Quadrupole=13.7043762,-7.2121975,-6.4921787,2.9271977,-3.333998 
 6,-0.5804068\PG=C01 [X(C13H9N2O2)]\\@ 

 

Table E–4. Output parameters for 3.2, EPR-II. 
1\1\GINC-COMPUTE-0-1\FOpt\UB3LYP\EPR-II\C17H11N2O2(2)\BRYNND\15-Aug-20 
 10\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\naphNN E 
 PR II\\0,2\N,0.422642126,-1.9988544543,-0.8058699986\C,0.7974060026,-1 
 .7780703999,0.5138653061\N,2.085524736,-2.266210459,0.6407109045\O,-0. 
 6954593506,-1.6961036811,-1.3438224999\O,2.8256236263,-2.2731555568,1. 
 6805191274\C,-0.0091598621,-1.1537092806,1.561825974\C,-1.3259203669,- 
 0.6937319561,1.2932854855\C,0.5116077007,-0.9948101938,2.8740336199\C, 
 -2.0849820334,-0.0985293295,2.3063631681\H,-1.7386287566,-0.8061448306 
 ,0.3013521716\C,-0.2635128627,-0.3970539857,3.8731645903\H,1.511534950 
 5,-1.3388281502,3.096270475\C,-1.5636735543,0.054899369,3.6001036623\H 
 ,-3.0901468101,0.2466339366,2.0800218588\H,0.1540142767,-0.2852667977, 
 4.8700677281\H,-2.1597872306,0.5182417868,4.3814404765\C,0.7847035329, 
 -3.3701321613,-5.1342801254\C,0.5641811056,-2.915493036,-3.8438312951\ 
 C,1.5856270671,-3.05294203,-2.8602467797\C,2.845923366,-3.6654751679,- 
 3.2130225396\C,3.0271710099,-4.118001307,-4.5524353872\C,2.021119724,- 
 3.9746916813,-5.4931785985\C,1.4813702684,-2.6278654734,-1.5071575758\ 
 C,3.890906539,-3.8158835046,-2.2414759394\C,3.7486213061,-3.3875364043 
 ,-0.9315944479\C,2.5162063341,-2.7923898572,-0.6002483842\H,0.00417741 
 12,-3.2640616367,-5.8823143509\H,-0.3735094444,-2.4540800421,-3.561259 
 9317\H,3.9728689017,-4.5796762883,-4.824308792\H,2.1731883114,-4.32421 
 34424,-6.5103305202\H,4.5274303038,-3.4934531017,-0.1856813219\H,4.820 
 0775217,-4.2828332929,-2.5557691501\\Version=AM64L-G09RevA.02\State=2- 
 A\HF=-914.4108252\S2=0.79874\S2-1=0.\S2A=0.750417\RMSD=8.413e-09\RMSF= 
 7.754e-06\Dipole=0.3530462,-0.3827158,-0.8450966\Quadrupole=-0.0800761 
 ,-5.4477901,5.5278662,-5.7907153,-6.5211821,6.979282\PG=C01 [X(C17H11N 
 2O2)]\\@ 
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Table E–5. Output parameters for 3.3, EPR-II. 
1\1\GINC-COMPUTE-0-17\FOpt\UB3LYP\EPR-II\C19H11N2O2(2)\BRYNND\16-Aug-2 
 010\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\aceNN e 
 pr II\\0,2\N,1.1370875481,-1.7008719894,-1.1649037004\C,0.7276976933,- 
 0.3811499747,-1.3673534954\N,1.8203350309,0.2949495487,-1.9144232909\O 
 ,0.4520420311,-2.6632822397,-0.6824310894\O,1.8852057001,1.5231061549, 
 -2.2546056145\C,-0.5870079896,0.1822048497,-1.0657118246\C,-1.61337267 
 15,-0.6259020341,-0.5070112686\C,-0.8682616314,1.550629486,-1.32439700 
 32\C,-2.8680190231,-0.0772715555,-0.2220014505\H,-1.4189192942,-1.6690 
 235485,-0.3030329507\C,-2.1294827663,2.0800546013,-1.032174736\H,-0.10 
 07238053,2.1815353622,-1.7490914292\C,-3.1379861395,1.2753054462,-0.48 
 04240665\H,-3.6379557063,-0.7142286964,0.2050769276\H,-2.3221081297,3. 
 1294720348,-1.2384061499\H,-4.1151290643,1.6940136703,-0.2562316595\C, 
 5.0191652336,-4.7206590307,-1.7043020806\C,6.0637052892,-3.9793640447, 
 -2.2518844494\C,5.88221871,-2.5898751881,-2.5499876062\C,4.6206535087, 
 -2.0492912276,-2.2605388671\C,3.5414704949,-2.8073320096,-1.6968260992 
 \C,3.739527847,-4.152641162,-1.4158067287\H,7.8427108924,-2.0510845777 
 ,-3.3569291881\H,5.1767709607,-5.7728122118,-1.4854412191\H,7.01940444 
 87,-4.4560288459,-2.4537655394\C,6.8469200263,-1.6915308157,-3.1110677 
 564\C,4.2702020534,-0.6786482926,-2.4962415113\H,2.9522186124,-4.76527 
 18538,-0.989115833\C,5.2208553054,0.1744355129,-3.0408165327\C,6.51224 
 93404,-0.3592403169,-3.3422089946\H,5.0007777389,1.2187341679,-3.23637 
 62534\H,7.257760354,0.3059250083,-3.7682775523\C,2.4666492343,-1.82885 
 04212,-1.5843664478\C,2.8861375613,-0.6034911134,-2.0445433578\\Versio 
 n=AM64L-G09RevA.02\State=2-A\HF=-990.6014467\S2=0.79801\S2-1=0.\S2A=0. 
 750647\RMSD=5.286e-09\RMSF=1.211e-04\Dipole=1.3450982,-0.5763793,-0.30 
 86135\Quadrupole=10.1891271,-1.0810633,-9.1080637,-6.6676765,-5.508428 
 ,-0.3161116\PG=C01 [X(C19H11N2O2)]\\@ 

 

Table E–6. Output parameters for 3.4, EPR-II. 
1\1\GINC-COMPUTE-0-26\FOpt\UB3LYP\EPR-II\C21H13N2O2(2)\BRYNND\23-Aug-2 
 010\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\Phenant 
 hrene NN epr II\\0,2\N,-0.9758126002,-0.2223964938,0.597765329\C,-1.97 
 92978907,-0.1903483167,-0.3520123772\N,-1.3635343619,0.0790402868,-1.5 
 596220287\O,-1.1252616288,-0.4235885573,1.8498139372\O,-1.9368287418,0 
 .174166135,-2.696608401\C,-3.4091489327,-0.3999645506,-0.1243384276\C, 
 -3.8755920408,-0.9430745539,1.1012838441\C,-4.3588065406,-0.0643882766 
 ,-1.1244536425\C,-5.2445706447,-1.1420658443,1.3091943808\H,-3.1680477 
 367,-1.1951044611,1.8782320615\C,-5.7242564072,-0.266132864,-0.8969174 
 648\H,-4.0215193604,0.3407646242,-2.0677857261\C,-6.1777854575,-0.8057 
 086397,0.3165580693\H,-5.5809358597,-1.5610448955,2.2536364125\H,-6.43 
 51769469,-0.0005868774,-1.6745634643\H,-7.239715637,-0.9613403345,0.48 
 56651549\C,0.0365969465,0.2191542117,-1.3636447768\C,1.0721051598,0.49 
 9044512,-2.3138441721\C,0.2786084135,0.0268255738,-0.0208791829\C,2.40 
 61226398,0.5742172813,-1.7861910817\C,0.8295694534,0.700444526,-3.6993 
 262654\C,1.5888982427,0.0908355059,0.5557873093\C,3.4531236777,0.85430 
 17568,-2.7036742876\C,2.6640508799,0.3688520039,-0.355496495\C,1.88468 
 62829,0.9720489697,-4.5591296169\H,-0.1869543605,0.6358654864,-4.06350 
 84142\C,3.2038501431,1.0491182151,-4.0570994529\H,1.6951531795,1.12514 
 64185,-5.6175233185\C,3.1442927886,-0.0349142609,2.4240134188\C,4.2142 
 450513,0.238242594,1.5415455436\C,3.9749058576,0.4344577602,0.18652978 
 42\C,1.8459709081,-0.1083588508,1.9389643962\H,3.3365713673,-0.1875699 
 787,3.4819759818\H,5.2301978294,0.2955008461,1.9216787138\H,1.01315174 
 82,-0.3149186078,2.5976476499\H,4.0292524367,1.2618420296,-4.730448239 
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 \H,4.818890298,0.6410568418,-0.4602845966\H,4.4762011441,0.9214543251, 
 -2.3541524351\\Version=AM64L-G09RevA.02\State=2-A\HF=-1068.0698274\S2= 
 0.795416\S2-1=0.\S2A=0.750342\RMSD=7.131e-09\RMSF=3.413e-06\Dipole=1.0 
 024504,0.147105,-0.1595688\Quadrupole=12.1340558,-10.6444669,-1.489588 
 9,2.877255,-1.761582,-3.5456392\PG=C01 [X(C21H13N2O2)]\\@ 

 

Table E–7. Output parameters for 3.5, EPR-II. 
1\1\GINC-COMPUTE-0-25\FOpt\UB3LYP\EPR-II\C23H13N2O2(2)\BRYNND\15-Aug-2 
 010\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\Pyrene  
 NN epr II\\0,2\N,-0.9890369107,-0.2559007239,0.59477466\C,-1.999528261 
 9,-0.1925471536,-0.3484691045\N,-1.384245521,0.1132762055,-1.549588086 
 6\O,-1.1223176901,-0.5126197968,1.8383981955\O,-1.9552465375,0.2650489 
 765,-2.6814929047\C,-3.4294424453,-0.4055749708,-0.1216131384\C,-3.921 
 4590131,-0.7185045069,1.1739072106\C,-4.3584427807,-0.304417759,-1.191 
 7096171\C,-5.2900612811,-0.9204489471,1.3804624098\H,-3.2318612522,-0. 
 7999272417,2.0011135061\C,-5.7232662669,-0.5098931703,-0.9646570208\H, 
 -4.0049682843,-0.0675466769,-2.1843795503\C,-6.2008401721,-0.818642103 
 6,0.3180210407\H,-5.6435499056,-1.1588759065,2.3799430356\H,-6.4153810 
 186,-0.4273772365,-1.7982823265\H,-7.262480223,-0.9769277774,0.4864237 
 403\C,0.0161175175,0.241407229,-1.3559626027\C,1.0469829948,0.54712997 
 16,-2.3054465936\C,0.2624479133,0.0112531327,-0.0195394335\C,2.3795616 
 237,0.5986862186,-1.7612930524\C,0.8286198921,0.7877137895,-3.67755854 
 62\C,1.5747679469,0.0540612211,0.5581074516\C,3.4705316663,0.898116991 
 3,-2.6418450432\C,2.6367118874,0.3584296509,-0.3660660189\C,1.91276736 
 15,1.0780903006,-4.5154307276\H,-0.1797981864,0.7442846015,-4.06640062 
 61\C,3.2154835731,1.1334503536,-4.0095965556\H,1.7351583437,1.26204575 
 73,-5.5710507108\C,3.1828484809,-0.1086221682,2.3755701173\C,4.2303425 
 574,0.1851829369,1.496703056\C,3.9810324773,0.4211145615,0.1279899225\ 
 C,1.8602180757,-0.1761467833,1.9196321627\H,3.3933682966,-0.2873846909 
 ,3.4260162011\H,5.2525113196,0.2347086093,1.8626643045\H,1.0483899528, 
 -0.4032073432,2.597395352\H,4.0484822945,1.3597491733,-4.6699790202\C, 
 5.0547727652,0.7248623864,-0.7860052675\C,4.8105695193,0.9530409888,-2 
 .1109513867\H,6.0675354214,0.7681982749,-0.3942058698\H,5.6254538795,1 
 .1812847862,-2.7928174426\\Version=AM64L-G09RevA.02\State=2-A\HF=-1144 
 .3110397\S2=0.79608\S2-1=0.\S2A=0.750353\RMSD=4.157e-09\RMSF=1.415e-05 
 \Dipole=1.0326343,0.1536278,-0.1638259\Quadrupole=11.8164616,-11.62348 
 12,-0.1929804,3.185632,-1.6347243,-2.6016783\PG=C01 [X(C23H13N2O2)]\\@ 

 

Table E–8. Output parameters for 3.6, EPR-II. 
1\1\GINC-COMPUTE-0-2\FOpt\UB3LYP\EPR-II\C12H8N3O2(2)\BRYNND\16-Aug-201 
 0\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\4pyBNN ep 
 r II\\0,2\N,-0.9470398866,-0.277133513,0.6172272364\C,-1.9419136356,-0 
 .1981157786,-0.3433353477\N,-1.3218705053,0.1022097628,-1.556645962\O, 
 -1.0690105452,-0.5306792314,1.8635432985\O,-1.8756760155,0.26113743,-2 
 .6890176216\C,-3.3737486175,-0.3930013923,-0.126523666\C,-3.8728246312 
 ,-0.6985628132,1.1685780685\C,-4.2941509074,-0.2815052811,-1.203305431 
 \C,-5.2444221211,-0.8838584251,1.3684425379\H,-3.1857950891,-0.7866866 
 914,1.9978131321\C,-5.6619501288,-0.4704851435,-0.9819604373\H,-3.9318 
 328043,-0.0499976067,-2.1943477622\C,-6.14736998,-0.7719844115,0.29988 
 90584\H,-5.6068603608,-1.1168986306,2.3657790423\H,-6.3500549958,-0.38 
 10617027,-1.817901066\H,-7.2116064363,-0.9173601209,0.4633094421\C,0.0 
 839032546,0.211423289,-1.3445360985\C,0.3041047044,-0.0275394312,0.015 
 7591141\C,2.2602039105,0.5244552484,-1.7626748162\C,1.5950162275,0.010 
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 4010992,0.5331407084\C,2.5968927413,0.2993638265,-0.4097890541\H,1.796 
 140749,-0.1706801639,1.5829618133\H,3.6377267222,0.3523814269,-0.10844 
 94361\H,3.0414228968,0.7473485186,-2.4852074941\N,1.0045290942,0.48502 
 02557,-2.2534762792\\Version=AM64L-G09RevA.02\State=2-A\HF=-776.788207 
 3\S2=0.805523\S2-1=0.\S2A=0.750449\RMSD=8.230e-09\RMSF=2.003e-05\Dipol 
 e=0.6582208,-0.0604542,0.6779269\Quadrupole=17.3926782,-6.2015178,-11. 
 1911604,2.3711804,0.8013656,1.0236817\PG=C01 [X(C12H8N3O2)]\\@ 

 

Table E–9. Output parameters for 3.7, EPR-II. 
1\1\GINC-COMPUTE-0-2\FOpt\UB3LYP\EPR-II\C12H8N3O2(2)\BRYNND\16-Aug-201 
 0\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\5pyBNN ep 
 r II\\0,2\N,-0.9601950367,-0.2800337169,0.6068964753\C,-1.9655860574,- 
 0.2058261227,-0.3496158605\N,-1.3517770181,0.086635156,-1.5607073807\O 
 ,-1.0761803542,-0.5267813691,1.8535836676\O,-1.902074011,0.2430573941, 
 -2.6999965189\C,-3.3959811218,-0.3986760462,-0.1228579189\C,-3.8887987 
 381,-0.6952719944,1.1761973043\C,-4.3200097536,-0.2927463217,-1.196862 
 9052\C,-5.2597971553,-0.877863491,1.3829909076\H,-3.1986489036,-0.7789 
 443786,2.0033299492\C,-5.6869730917,-0.4789176804,-0.9686907247\H,-3.9 
 60757278,-0.0676442878,-2.1906809248\C,-6.1668017666,-0.7718183575,0.3 
 173470439\H,-5.618509395,-1.1041216167,2.3831499166\H,-6.3788269098,-0 
 .3941456782,-1.8019539589\H,-7.2304304991,-0.9149770567,0.4862558805\C 
 ,0.0445732851,0.1961727391,-1.3624901362\C,0.2880814602,-0.0331306385, 
 -0.0078268523\C,1.582127212,0.0072997577,0.4990766577\C,2.5788029209,0 
 .2913944605,-0.4550291369\H,1.8050323836,-0.1660932798,1.5449717408\H, 
 3.6189175358,0.3415950908,-0.1414327394\N,2.3564866487,0.5150995288,-1 
 .7674610745\C,1.0975333472,0.470908379,-2.2356348341\H,0.9321825765,0. 
 6524163804,-3.2932910973\\Version=AM64L-G09RevA.02\State=2-A\HF=-776.7 
 878221\S2=0.804451\S2-1=0.\S2A=0.750468\RMSD=6.770e-09\RMSF=2.770e-05\ 
 Dipole=-0.2657463,-0.1150624,0.4640834\Quadrupole=7.8460395,-3.2539684 
 ,-4.5920711,0.5748218,3.0965019,0.5826623\PG=C01 [X(C12H8N3O2)]\\@ 

 

Table E–10. Output parameters for 3.8, EPR-II. 
1\1\GINC-COMPUTE-0-3\FOpt\UB3LYP\EPR-II\C15H9N4O2(2)\BRYNND\16-Aug-201 
 0\0\\#T opt ub3lyp/epr-II geom=connectivity density=current\\QNN epr I 
 I\\0,2\N,-0.1789569796,-1.1373898086,-0.0992738925\C,-1.1078189446,-0. 
 2227211681,-0.5954270262\N,-0.4220607721,0.7049815399,-1.3791257773\O, 
 -0.3998019698,-2.1373904442,0.6561889031\O,-0.905815893,1.699239402,-2 
 .0090676017\C,-2.5431992833,-0.2344717763,-0.3396844628\C,-3.126371471 
 8,-1.2393723658,0.4817233795\C,-3.3899571802,0.7587711756,-0.906355181 
 \C,-4.5034118941,-1.2410598576,0.7201948641\H,-2.4982119662,-2.0009424 
 108,0.9198530587\C,-4.7644850677,0.7380259721,-0.6546445928\H,-2.96386 
 68811,1.5289463735,-1.5323030205\C,-5.3310605873,-0.2572025375,0.15696 
 46626\H,-4.9300105657,-2.0165086398,1.3500137393\H,-5.3945311467,1.504 
 8569773,-1.0962236698\H,-6.4006180361,-0.2659260637,0.3475051311\C,0.9 
 576718419,0.3744481549,-1.3797221152\C,1.1106097823,-0.785145863,-0.57 
 41670487\C,3.3131158229,-0.7797867289,-0.9574983031\C,3.1568457742,0.4 
 049734577,-1.780533706\C,4.61056795,-1.3358449617,-0.7821235652\C,5.70 
 72587391,-0.7495681545,-1.3916824458\C,5.5538600902,0.4137117953,-2.19 
 98025704\C,4.3050545556,0.9809013751,-2.3915445876\H,4.7029527943,-2.2 
 221187223,-0.1622183135\H,6.6956692368,-1.1781198533,-1.254535322\H,6. 
 4272595613,0.8573627443,-2.6685674313\H,4.1636641947,1.8667821083,-3.0 
 027242631\N,2.2442600151,-1.3846390777,-0.339409013\N,1.9308483869,0.9 
 910893413,-1.9897835031\\Version=AM64L-G09RevA.02\State=2-A\HF=-946.48 
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 58994\S2=0.813542\S2-1=0.\S2A=0.750613\RMSD=6.993e-09\RMSF=2.141e-04\D 
 ipole=0.5932767,0.0047552,-0.1056318\Quadrupole=22.0678664,-12.392841, 
 -9.6750254,0.6952488,-5.8603876,2.2780762\PG=C01 [X(C15H9N4O2)]\\@ 

 

Table E–11. Output parameters for 2.15a, Eanion. 
1\1\GINC-COMPUTE-0-12\SP\UB3LYP\6-311+G(d,p)\C13H9N2O2(1-)\BRYNND\10-S 
 ep-2010\0\\# ub3lyp/6-311+g(d,p)\\BNN anion\\-1,1\N,0,-0.50706791,-1.1 
 1457633,-0.00011778\C,0,0.31985275,0.00000938,0.00052621\N,0,-0.507053 
 49,1.11459034,0.00006342\O,0,-0.16494285,-2.3441724,0.00068391\O,0,-0. 
 16492534,2.34418557,0.00112017\C,0,1.78170954,-0.00000304,0.00054659\C 
 ,0,2.50606802,-1.22202031,0.00059956\C,0,2.50608319,1.22200832,-0.0000 
 1359\C,0,3.90462616,-1.21118151,-0.00009571\H,0,1.96917346,-2.15972178 
 ,0.00107554\C,0,3.9046416,1.21115666,-0.00071878\H,0,1.96920134,2.1597 
 1738,0.00005012\C,0,4.61363211,-0.00001663,-0.00075391\H,0,4.44096393, 
 -2.15603582,-0.00011029\H,0,4.44099036,2.15600471,-0.00122834\H,0,5.70 
 009031,-0.00002347,-0.00147624\C,0,-1.86033419,0.69878217,-0.00043043\ 
 C,0,-3.03791055,1.44349026,-0.00008598\C,0,-1.86036489,-0.69873125,-0. 
 00053256\C,0,-4.23557316,0.70651154,-0.00027003\C,0,-3.03791895,-1.443 
 44821,-0.0003168\C,0,-4.23554376,-0.70655889,-0.00037932\H,0,-3.015133 
 1,-2.52708052,-0.0002206\H,0,-5.18306599,-1.23650573,-0.00047377\H,0,- 
 5.18318147,1.23632845,-0.00025017\H,0,-3.01505081,2.5271223,0.00013012 
 \\Version=AM64L-G09RevA.02\State=1-A\HF=-760.9068171\S2=0.\S2-1=0.\S2A 
 =0.\RMSD=2.413e-09\Dipole=0.3239974,-0.0000657,-0.0012734\Quadrupole=- 
 1.1123631,-5.5073374,6.6197006,0.0005444,-0.0028247,-0.0031289\PG=C01  
 [X(C13H9N2O2)]\\@ 

 

Table E–12. Output parameters for 2.15a, Eradical. 
1\1\GINC-COMPUTE-0-14\SP\UB3LYP\6-311+G(d,p)\C13H9N2O2(2)\BRYNND\10-Se 
 p-2010\0\\# ub3lyp/6-311+g(d,p)\\BNN radical\\0,2\N,0,-0.50706791,-1.1 
 1457633,-0.00011778\C,0,0.31985275,0.00000938,0.00052621\N,0,-0.507053 
 49,1.11459034,0.00006342\O,0,-0.16494285,-2.3441724,0.00068391\O,0,-0. 
 16492534,2.34418557,0.00112017\C,0,1.78170954,-0.00000304,0.00054659\C 
 ,0,2.50606802,-1.22202031,0.00059956\C,0,2.50608319,1.22200832,-0.0000 
 1359\C,0,3.90462616,-1.21118151,-0.00009571\H,0,1.96917346,-2.15972178 
 ,0.00107554\C,0,3.9046416,1.21115666,-0.00071878\H,0,1.96920134,2.1597 
 1738,0.00005012\C,0,4.61363211,-0.00001663,-0.00075391\H,0,4.44096393, 
 -2.15603582,-0.00011029\H,0,4.44099036,2.15600471,-0.00122834\H,0,5.70 
 009031,-0.00002347,-0.00147624\C,0,-1.86033419,0.69878217,-0.00043043\ 
 C,0,-3.03791055,1.44349026,-0.00008598\C,0,-1.86036489,-0.69873125,-0. 
 00053256\C,0,-4.23557316,0.70651154,-0.00027003\C,0,-3.03791895,-1.443 
 44821,-0.0003168\C,0,-4.23554376,-0.70655889,-0.00037932\H,0,-3.015133 
 1,-2.52708052,-0.0002206\H,0,-5.18306599,-1.23650573,-0.00047377\H,0,- 
 5.18318147,1.23632845,-0.00025017\H,0,-3.01505081,2.5271223,0.00013012 
 \\Version=AM64L-G09RevA.02\State=2-A\HF=-760.8286423\S2=0.801238\S2-1= 
 0.\S2A=0.750453\RMSD=2.099e-09\Dipole=-0.7494659,-0.0000575,-0.0010277 
 \Quadrupole=14.9692361,-7.2953691,-7.6738669,0.0004962,-0.0029964,-0.0 
 024348\PG=C01 [X(C13H9N2O2)]\\@ 

 

Table E–13. Output parameters for 3.4, Eanion. 
1\1\GINC-COMPUTE-0-35\SP\UB3LYP\6-311+G(d,p)\C21H13N2O2(1-)\BRYNND\10- 
 Sep-2010\0\\# ub3lyp/6-311+g(d,p)\\PhenNN anion\\-1,1\N,0,-0.930748,-1 
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 .106061,0.022784\C,0,-1.759118,0.,-0.000051\N,0,-0.930752,1.106047,-0. 
 022935\O,0,-1.300498,-2.327452,0.066676\O,0,-1.300493,2.327444,-0.0669 
 37\C,0,-3.222077,0.000005,-0.000044\C,0,-3.946526,-1.192897,-0.258589\ 
 C,0,-3.946511,1.192902,0.258576\C,0,-5.345392,-1.182841,-0.258716\H,0, 
 -3.412023,-2.112887,-0.447563\C,0,-5.345377,1.182832,0.258853\H,0,-3.4 
 11995,2.112896,0.447494\C,0,-6.054808,-0.000009,0.000113\H,0,-5.881161 
 ,-2.10624,-0.461053\H,0,-5.881135,2.106215,0.461299\H,0,-7.141323,-0.0 
 00014,0.000167\C,0,0.427269,0.688837,-0.011879\C,0,1.627325,1.471869,- 
 0.026798\C,0,0.427272,-0.688847,0.011892\C,0,2.859804,0.733994,-0.0124 
 46\C,0,1.634757,2.892568,-0.049263\C,0,1.627334,-1.471874,0.026803\C,0 
 ,4.066029,1.483228,-0.02266\C,0,2.859812,-0.733988,0.012441\C,0,2.8387 
 22,3.582993,-0.058407\H,0,0.688663,3.416875,-0.060571\C,0,4.060943,2.8 
 72948,-0.045066\H,0,2.840132,4.668927,-0.075818\C,0,2.838759,-3.582982 
 ,0.058506\C,0,4.060973,-2.872929,0.045133\C,0,4.066045,-1.48321,0.0226 
 68\C,0,1.634784,-2.892571,0.049343\H,0,2.840163,-4.668917,0.075957\H,0 
 ,5.002978,-3.413778,0.052198\H,0,0.688706,-3.416905,0.060641\H,0,5.002 
 938,3.413813,-0.052105\H,0,5.021195,-0.972384,0.012243\H,0,5.021179,0. 
 972403,-0.012204\\Version=AM64L-G09RevA.02\State=1-A\HF=-1068.275303\S 
 2=0.\S2-1=0.\S2A=0.\RMSD=6.967e-09\Dipole=1.2444755,-0.0000227,0.00019 
 37\Quadrupole=-6.7120454,-1.743938,8.4559835,0.0000487,-0.0007016,1.63 
 81108\PG=C01 [X(C21H13N2O2)]\\@ 

 

Table E–14. Output parameters for 3.4, Eradical. 
1\1\GINC-COMPUTE-0-29\SP\UB3LYP\6-311+G(d,p)\C21H13N2O2(2)\BRYNND\10-S 
 ep-2010\0\\# ub3lyp/6-311+g(d,p)\\PhenNN rad\\0,2\N,0,-0.930748,-1.106 
 061,0.022784\C,0,-1.759118,0.,-0.000051\N,0,-0.930752,1.106047,-0.0229 
 35\O,0,-1.300498,-2.327452,0.066676\O,0,-1.300493,2.327444,-0.066937\C 
 ,0,-3.222077,0.000005,-0.000044\C,0,-3.946526,-1.192897,-0.258589\C,0, 
 -3.946511,1.192902,0.258576\C,0,-5.345392,-1.182841,-0.258716\H,0,-3.4 
 12023,-2.112887,-0.447563\C,0,-5.345377,1.182832,0.258853\H,0,-3.41199 
 5,2.112896,0.447494\C,0,-6.054808,-0.000009,0.000113\H,0,-5.881161,-2. 
 10624,-0.461053\H,0,-5.881135,2.106215,0.461299\H,0,-7.141323,-0.00001 
 4,0.000167\C,0,0.427269,0.688837,-0.011879\C,0,1.627325,1.471869,-0.02 
 6798\C,0,0.427272,-0.688847,0.011892\C,0,2.859804,0.733994,-0.012446\C 
 ,0,1.634757,2.892568,-0.049263\C,0,1.627334,-1.471874,0.026803\C,0,4.0 
 66029,1.483228,-0.02266\C,0,2.859812,-0.733988,0.012441\C,0,2.838722,3 
 .582993,-0.058407\H,0,0.688663,3.416875,-0.060571\C,0,4.060943,2.87294 
 8,-0.045066\H,0,2.840132,4.668927,-0.075818\C,0,2.838759,-3.582982,0.0 
 58506\C,0,4.060973,-2.872929,0.045133\C,0,4.066045,-1.48321,0.022668\C 
 ,0,1.634784,-2.892571,0.049343\H,0,2.840163,-4.668917,0.075957\H,0,5.0 
 02978,-3.413778,0.052198\H,0,0.688706,-3.416905,0.060641\H,0,5.002938, 
 3.413813,-0.052105\H,0,5.021195,-0.972384,0.012243\H,0,5.021179,0.9724 
 03,-0.012204\\Version=AM64L-G09RevA.02\State=2-A\HF=-1068.1828719\S2=0 
 .794516\S2-1=0.\S2A=0.750352\RMSD=4.825e-09\Dipole=1.0309951,-0.000031 
 3,0.0001527\Quadrupole=13.0417205,-1.0823839,-11.9593366,0.0001487,-0. 
 0006105,1.433405\PG=C01 [X(C21H13N2O2)]\\@ 

 

Table E–15. Output parameters for 3.5, Eanion. 
1\1\GINC-COMPUTE-0-16\SP\UB3LYP\6-311+G(d,p)\C23H13N2O2(1-)\BRYNND\10- 
 Sep-2010\0\\# ub3lyp/6-311+g(d,p)\\PyreneNN anion\\-1,1\N,0,1.307348,- 
 1.105762,-0.000527\C,0,2.139284,-0.000006,-0.000056\N,0,1.307359,1.105 
 747,0.000018\O,0,1.667737,-2.330666,-0.00103\O,0,1.667739,2.33066,0.00 
 0602\C,0,3.60267,-0.000009,0.000058\C,0,4.329817,-1.220511,0.003231\C, 
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 0,4.329811,1.220498,-0.002931\C,0,5.728533,-1.209937,0.003442\H,0,3.79 
 6077,-2.159427,0.005401\C,0,5.728527,1.209933,-0.002723\H,0,3.796058,2 
 .159406,-0.005238\C,0,6.438961,0.,0.000469\H,0,6.263583,-2.155705,0.00 
 5975\H,0,6.263571,2.155705,-0.005033\H,0,7.525467,0.000003,0.000679\C, 
 0,-0.049611,0.689144,-0.000334\C,0,-1.24859,1.476619,0.000045\C,0,-0.0 
 49632,-0.689144,-0.0006\C,0,-2.47384,0.719461,0.000182\C,0,-1.282947,2 
 .886255,0.000119\C,0,-1.248621,-1.476619,-0.000607\C,0,-3.719948,1.428 
 306,0.000566\C,0,-2.473848,-0.719465,-0.000121\C,0,-2.514454,3.553425, 
 0.000464\H,0,-0.35155,3.436247,-0.000025\C,0,-3.717019,2.839393,0.0007 
 09\H,0,-2.531327,4.639442,0.00052\C,0,-2.514498,-3.553423,-0.000944\C, 
 0,-3.717044,-2.839381,-0.0004\C,0,-3.719957,-1.428287,0.000003\C,0,-1. 
 282969,-2.886245,-0.001069\H,0,-2.531341,-4.639438,-0.001295\H,0,-4.66 
 6311,-3.368626,-0.000286\H,0,-0.351589,-3.436261,-0.001479\H,0,-4.6662 
 79,3.368645,0.001009\C,0,-4.955042,-0.683215,0.000525\C,0,-4.955033,0. 
 683234,0.000789\H,0,-5.890213,-1.236866,0.0007\H,0,-5.890207,1.236879, 
 0.001174\\Version=AM64L-G09RevA.02\State=1-A\HF=-1144.5259116\S2=0.\S2 
 -1=0.\S2A=0.\RMSD=5.336e-09\Dipole=-1.6649297,-0.000028,0.0002147\Quad 
 rupole=-10.1779296,1.0916322,9.0862974,0.0000708,-0.0006472,-0.0193969 
 \PG=C01 [X(C23H13N2O2)]\\@ 

 

Table E–16. Output parameters for 3.5, Eradical. 
1\1\GINC-COMPUTE-0-14\SP\UB3LYP\6-311+G(d,p)\C23H13N2O2(2)\BRYNND\10-S 
 ep-2010\0\\# ub3lyp/6-311+g(d,p)\\PyreneNN radical\\0,2\N,0,1.307348,- 
 1.105762,-0.000527\C,0,2.139284,-0.000006,-0.000056\N,0,1.307359,1.105 
 747,0.000018\O,0,1.667737,-2.330666,-0.00103\O,0,1.667739,2.33066,0.00 
 0602\C,0,3.60267,-0.000009,0.000058\C,0,4.329817,-1.220511,0.003231\C, 
 0,4.329811,1.220498,-0.002931\C,0,5.728533,-1.209937,0.003442\H,0,3.79 
 6077,-2.159427,0.005401\C,0,5.728527,1.209933,-0.002723\H,0,3.796058,2 
 .159406,-0.005238\C,0,6.438961,0.,0.000469\H,0,6.263583,-2.155705,0.00 
 5975\H,0,6.263571,2.155705,-0.005033\H,0,7.525467,0.000003,0.000679\C, 
 0,-0.049611,0.689144,-0.000334\C,0,-1.24859,1.476619,0.000045\C,0,-0.0 
 49632,-0.689144,-0.0006\C,0,-2.47384,0.719461,0.000182\C,0,-1.282947,2 
 .886255,0.000119\C,0,-1.248621,-1.476619,-0.000607\C,0,-3.719948,1.428 
 306,0.000566\C,0,-2.473848,-0.719465,-0.000121\C,0,-2.514454,3.553425, 
 0.000464\H,0,-0.35155,3.436247,-0.000025\C,0,-3.717019,2.839393,0.0007 
 09\H,0,-2.531327,4.639442,0.00052\C,0,-2.514498,-3.553423,-0.000944\C, 
 0,-3.717044,-2.839381,-0.0004\C,0,-3.719957,-1.428287,0.000003\C,0,-1. 
 282969,-2.886245,-0.001069\H,0,-2.531341,-4.639438,-0.001295\H,0,-4.66 
 6311,-3.368626,-0.000286\H,0,-0.351589,-3.436261,-0.001479\H,0,-4.6662 
 79,3.368645,0.001009\C,0,-4.955042,-0.683215,0.000525\C,0,-4.955033,0. 
 683234,0.000789\H,0,-5.890213,-1.236866,0.0007\H,0,-5.890207,1.236879, 
 0.001174\\Version=AM64L-G09RevA.02\State=2-A\HF=-1144.4313128\S2=0.795 
 106\S2-1=0.\S2A=0.750363\RMSD=4.715e-09\Dipole=-1.0806566,-0.0000332,0 
 .0001341\Quadrupole=12.9025179,-0.1409421,-12.7615759,-0.0000858,-0.00 
 09627,-0.017\PG=C01 [X(C23H13N2O2)]\\@ 

 

Table E–17. Output parameters for 3.6, Eanion. 
1\1\GINC-COMPUTE-0-12\SP\UB3LYP\6-311+G(d,p)\C12H8N3O2(1-)\BRYNND\10-S 
 ep-2010\0\\# ub3lyp/6-311+g(d,p)\\4pyBNN anion\\-1,1\N,0,0.514317,1.12 
 0186,-0.000695\C,0,-0.304218,0.002735,-0.000205\N,0,0.526733,-1.11811, 
 0.000315\O,0,0.172446,2.351279,-0.001188\O,0,0.176856,-2.339506,0.0012 
 14\C,0,-1.765423,-0.001549,-0.000158\C,0,-2.49097,1.220462,0.001604\C, 
 0,-2.489098,-1.224383,-0.001669\C,0,-3.889332,1.20853,0.001769\H,0,-1. 
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 955294,2.158789,0.002704\C,0,-3.887482,-1.214193,-0.001567\H,0,-1.9533 
 86,-2.162491,-0.002799\C,0,-4.597106,-0.003365,0.000155\H,0,-4.426319, 
 2.152983,0.003194\H,0,-4.423023,-2.159432,-0.002782\H,0,-5.683586,-0.0 
 04257,0.000272\C,0,1.886082,-0.687659,0.000209\C,0,1.864048,0.710736,- 
 0.000367\C,0,4.122674,-0.769959,0.000446\C,0,3.055196,1.429583,-0.0005 
 02\C,0,4.217703,0.639045,-0.000129\H,0,3.069178,2.513636,-0.000957\H,0 
 ,5.198617,1.102468,-0.000267\H,0,5.026896,-1.373631,0.000705\N,0,2.961 
 816,-1.456669,0.000695\\Version=AM64L-G09RevA.02\State=1-A\HF=-776.946 
 7914\S2=0.\S2-1=0.\S2A=0.\RMSD=5.871e-09\Dipole=-0.4523069,0.7757901,- 
 0.0003817\Quadrupole=1.3089293,-9.0528501,7.7439208,5.0023078,-0.00299 
 25,0.0190791\PG=C01 [X(C12H8N3O2)]\\@ 

 

Table E–18. Output parameters for 3.6, Eradical. 
1\1\GINC-COMPUTE-0-12\SP\UB3LYP\6-311+G(d,p)\C12H8N3O2(2)\BRYNND\10-Se 
 p-2010\0\\# ub3lyp/6-311+g(d,p)\\4pyBNN radical\\0,2\N,0,0.514317,1.12 
 0186,-0.000695\C,0,-0.304218,0.002735,-0.000205\N,0,0.526733,-1.11811, 
 0.000315\O,0,0.172446,2.351279,-0.001188\O,0,0.176856,-2.339506,0.0012 
 14\C,0,-1.765423,-0.001549,-0.000158\C,0,-2.49097,1.220462,0.001604\C, 
 0,-2.489098,-1.224383,-0.001669\C,0,-3.889332,1.20853,0.001769\H,0,-1. 
 955294,2.158789,0.002704\C,0,-3.887482,-1.214193,-0.001567\H,0,-1.9533 
 86,-2.162491,-0.002799\C,0,-4.597106,-0.003365,0.000155\H,0,-4.426319, 
 2.152983,0.003194\H,0,-4.423023,-2.159432,-0.002782\H,0,-5.683586,-0.0 
 04257,0.000272\C,0,1.886082,-0.687659,0.000209\C,0,1.864048,0.710736,- 
 0.000367\C,0,4.122674,-0.769959,0.000446\C,0,3.055196,1.429583,-0.0005 
 02\C,0,4.217703,0.639045,-0.000129\H,0,3.069178,2.513636,-0.000957\H,0 
 ,5.198617,1.102468,-0.000267\H,0,5.026896,-1.373631,0.000705\N,0,2.961 
 816,-1.456669,0.000695\\Version=AM64L-G09RevA.02\State=2-A\HF=-776.863 
 9364\S2=0.803889\S2-1=0.\S2A=0.750456\RMSD=2.270e-09\Dipole=0.5416074, 
 0.7777335,-0.0003426\Quadrupole=17.0511425,-10.7706682,-6.2804743,5.31 
 77824,-0.0030087,0.0153203\PG=C01 [X(C12H8N3O2)]\\@ 

 

Table E–19. Output parameters for 3.7, Eanion. 
1\1\GINC-COMPUTE-0-13\SP\UB3LYP\6-311+G(d,p)\C12H8N3O2(1-)\BRYNND\10-S 
 ep-2010\0\\# ub3lyp/6-311+g(d,p)\\5pyBNN anion\\-1,1\N,0,-0.512011,1.1 
 19363,0.000073\C,0,0.31347,0.001412,-0.000266\N,0,-0.514604,-1.113636, 
 -0.000236\O,0,-0.17177,2.349323,0.000203\O,0,-0.173947,-2.342142,-0.00 
 0537\C,0,1.774511,0.000664,-0.000294\C,0,2.498384,1.223116,-0.000591\C 
 ,0,2.49786,-1.222162,0.000406\C,0,3.896816,1.211792,-0.000359\H,0,1.96 
 2609,2.161413,-0.000971\C,0,3.896144,-1.211438,0.000659\H,0,1.961707,- 
 2.160217,0.000694\C,0,4.604787,0.000067,0.000246\H,0,4.433581,2.156286 
 ,-0.000666\H,0,4.432487,-2.156166,0.001161\H,0,5.691217,-0.000244,0.00 
 0517\C,0,-1.865144,-0.692776,0.000055\C,0,-1.862315,0.702567,0.000225\ 
 C,0,-3.055516,1.416297,0.000267\C,0,-4.217274,0.619611,0.000131\H,0,-3 
 .087978,2.499161,0.000381\H,0,-5.193281,1.099309,0.000201\N,0,-4.23353 
 4,-0.730086,0.000086\C,0,-3.068159,-1.399418,-0.000105\H,0,-3.094942,- 
 2.484869,-0.000356\\Version=AM64L-G09RevA.02\State=1-A\HF=-776.9520663 
 \S2=0.\S2-1=0.\S2A=0.\RMSD=5.864e-09\Dipole=1.3476802,0.3244143,0.0002 
 067\Quadrupole=-8.774161,-2.0168108,10.7909718,-4.4049035,0.001406,-0. 
 0048748\PG=C01 [X(C12H8N3O2)]\\@ 
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Table E–20. Output parameters for 3.7, Eradical. 
1\1\GINC-COMPUTE-0-12\SP\UB3LYP\6-311+G(d,p)\C12H8N3O2(2)\BRYNND\10-Se 
 p-2010\0\\# ub3lyp/6-311+g(d,p)\\5pyBNN radical\\0,2\N,0,-0.512011,1.1 
 19363,0.000073\C,0,0.31347,0.001412,-0.000266\N,0,-0.514604,-1.113636, 
 -0.000236\O,0,-0.17177,2.349323,0.000203\O,0,-0.173947,-2.342142,-0.00 
 0537\C,0,1.774511,0.000664,-0.000294\C,0,2.498384,1.223116,-0.000591\C 
 ,0,2.49786,-1.222162,0.000406\C,0,3.896816,1.211792,-0.000359\H,0,1.96 
 2609,2.161413,-0.000971\C,0,3.896144,-1.211438,0.000659\H,0,1.961707,- 
 2.160217,0.000694\C,0,4.604787,0.000067,0.000246\H,0,4.433581,2.156286 
 ,-0.000666\H,0,4.432487,-2.156166,0.001161\H,0,5.691217,-0.000244,0.00 
 0517\C,0,-1.865144,-0.692776,0.000055\C,0,-1.862315,0.702567,0.000225\ 
 C,0,-3.055516,1.416297,0.000267\C,0,-4.217274,0.619611,0.000131\H,0,-3 
 .087978,2.499161,0.000381\H,0,-5.193281,1.099309,0.000201\N,0,-4.23353 
 4,-0.730086,0.000086\C,0,-3.068159,-1.399418,-0.000105\H,0,-3.094942,- 
 2.484869,-0.000356\\Version=AM64L-G09RevA.02\State=2-A\HF=-776.8629092 
 \S2=0.802865\S2-1=0.\S2A=0.750474\RMSD=7.530e-09\Dipole=0.3496769,0.42 
 34745,0.0001864\Quadrupole=6.7720075,-3.5797489,-3.1922587,-5.0880371, 
 0.0014691,-0.0037392\PG=C01 [X(C12H8N3O2)]\\@ 

 

Table E–21. Output parameters for 3.8, Eanion. 
1\1\GINC-COMPUTE-0-6\SP\UB3LYP\6-311+G(d,p)\C15H9N4O2(1-)\BRYNND\10-Se 
 p-2010\0\\# ub3lyp/6-311+g(d,p)\\QNN anion\\-1,1\N,0,-0.575604,1.12820 
 1,0.\C,0,-1.395696,-0.00008,0.\N,0,-0.575713,-1.128224,0.\O,0,-0.93352 
 2,2.349427,0.\O,0,-0.933511,-2.349442,-0.000001\C,0,-2.853729,-0.00000 
 3,0.\C,0,-3.579952,1.223609,-0.000001\C,0,-3.579996,-1.223597,0.000001 
 \C,0,-4.977441,1.211956,-0.000001\H,0,-3.044489,2.161591,-0.000002\C,0 
 ,-4.977486,-1.21191,0.000001\H,0,-3.044575,-2.161605,0.000002\C,0,-5.6 
 85574,0.000035,0.\H,0,-5.514083,2.15641,-0.000002\H,0,-5.51416,-2.1563 
 47,0.000002\H,0,-6.772007,0.000052,0.\C,0,0.780047,-0.710096,0.\C,0,0. 
 780042,0.710103,0.\C,0,3.015611,0.725487,0.\C,0,3.015603,-0.725534,0.\ 
 C,0,4.2577,1.418708,0.\C,0,5.448958,0.712367,0.\C,0,5.448988,-0.712347 
 ,0.\C,0,4.25775,-1.418701,0.\H,0,4.232831,2.503918,0.\H,0,6.394531,1.2 
 46514,0.\H,0,6.394588,-1.24642,0.\H,0,4.232841,-2.503918,0.\N,0,1.8501 
 11,1.454831,0.\N,0,1.850041,-1.454816,0.\\Version=AM64L-G09RevA.02\Sta 
 te=1-A\HF=-946.6659655\S2=0.\S2-1=0.\S2A=0.\RMSD=7.052e-09\Dipole=0.45 
 94496,-0.000534,-0.0000005\Quadrupole=-1.1710274,-8.369198,9.5402254,0 
 .0002972,0.0000048,-0.0000086\PG=C01 [X(C15H9N4O2)]\\@ 

 

Table E–22. Output parameters for 3.8, Eradical. 
1\1\GINC-COMPUTE-0-7\SP\UB3LYP\6-311+G(d,p)\C15H9N4O2(2)\BRYNND\10-Sep 
 -2010\0\\# ub3lyp/6-311+g(d,p)\\QNN radical\\0,2\N,0,-0.575604,1.12820 
 1,0.\C,0,-1.395696,-0.00008,0.\N,0,-0.575713,-1.128224,0.\O,0,-0.93352 
 2,2.349427,0.\O,0,-0.933511,-2.349442,-0.000001\C,0,-2.853729,-0.00000 
 3,0.\C,0,-3.579952,1.223609,-0.000001\C,0,-3.579996,-1.223597,0.000001 
 \C,0,-4.977441,1.211956,-0.000001\H,0,-3.044489,2.161591,-0.000002\C,0 
 ,-4.977486,-1.21191,0.000001\H,0,-3.044575,-2.161605,0.000002\C,0,-5.6 
 85574,0.000035,0.\H,0,-5.514083,2.15641,-0.000002\H,0,-5.51416,-2.1563 
 47,0.000002\H,0,-6.772007,0.000052,0.\C,0,0.780047,-0.710096,0.\C,0,0. 
 780042,0.710103,0.\C,0,3.015611,0.725487,0.\C,0,3.015603,-0.725534,0.\ 
 C,0,4.2577,1.418708,0.\C,0,5.448958,0.712367,0.\C,0,5.448988,-0.712347 
 ,0.\C,0,4.25775,-1.418701,0.\H,0,4.232831,2.503918,0.\H,0,6.394531,1.2 
 46514,0.\H,0,6.394588,-1.24642,0.\H,0,4.232841,-2.503918,0.\N,0,1.8501 
 11,1.454831,0.\N,0,1.850041,-1.454816,0.\\Version=AM64L-G09RevA.02\Sta 
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 te=2-A\HF=-946.5790899\S2=0.811256\S2-1=0.\S2A=0.75061\RMSD=1.247e-09\ 
 Dipole=0.5972331,0.0001036,-0.0000004\Quadrupole=23.3808168,-14.364069 
 6,-9.0167471,-0.0003392,0.0000036,-0.0000091\PG=C01 [X(C15H9N4O2)]\\@ 

 

Table E–23. Output parameters for 4.11a; −180º dihedral angle. 
N-N= 1.747253933543D+03 E-N=-9.835893603301D+03  KE= 1.958953933664D+03 
 1\1\GINC-COMPUTE-0-33\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.29)\\bm 
 d139 in P2(1)/c -180 deg dihedral\\0,2\S,0,-4.319815,-1.574468,0.14733 
 3\N,0,1.567233,1.421309,-0.163202\O,0,2.213902,2.524024,-0.249115\N,0, 
 1.066727,-0.71592,-0.084724\O,0,1.151776,-1.989544,-0.026505\C,0,2.108 
 344,0.161042,-0.101558\C,0,0.162267,1.332104,-0.157321\C,0,-0.809643,2 
 .304164,-0.20649\H,0,-0.629567,3.201183,-0.222782\C,0,-2.114892,1.8634 
 92,-0.171787\H,0,-2.79894,2.472563,-0.182855\C,0,-2.458919,0.499242,-0 
 .087883\C,0,-1.450016,-0.467773,-0.063411\H,0,-1.624183,-1.384334,-0.0 
 52868\C,0,-0.154076,-0.012476,-0.102032\C,0,3.520193,-0.182092,-0.0096 
 13\C,0,4.404934,0.65457,0.662838\H,0,4.097509,1.380025,1.02359\C,0,5.7 
 29214,0.298063,0.780455\H,0,6.235677,0.822634,1.213468\C,0,6.195874,-0 
 .862003,0.221795\H,0,7.112295,-1.075459,0.32649\C,0,5.331072,-1.68987, 
 -0.461756\H,0,5.650231,-2.538934,-0.832302\C,0,4.000568,-1.365168,-0.5 
 71354\H,0,3.414802,-1.96204,-0.989275\C,0,-3.858012,0.079986,0.041991\ 
 C,0,-4.991172,0.88793,0.046262\H,0,-4.932803,1.637687,-0.016325\C,0,-6 
 .174122,0.144735,0.131752\H,0,-7.055965,0.522284,0.140532\C,0,-5.96447 
 ,-1.180524,0.192927\H,0,-6.578057,-1.890235,0.306544\\Version=AM64L-G0 
 9RevA.02\State=2-A\HF=-1312.0595638\S2=0.793294\S2-1=0.\S2A=0.750303\R 
 MSD=7.633e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–24. Output parameters for 4.11a; −165º dihedral angle. 
N-N= 1.747246082813D+03 E-N=-9.835863797900D+03  KE= 1.958948629278D+03 
 1\1\GINC-COMPUTE-0-4\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \16-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.40)\\bmd 
 139 in P2(1)/c -165 deg dihedral\\0,2\S,0,-4.308155,-1.534868,0.400112 
 \N,0,1.566279,1.42714,-0.108544\O,0,2.213206,2.532662,-0.137688\N,0,1. 
 065767,-0.711356,-0.135647\O,0,1.150742,-1.986312,-0.138147\C,0,2.1072 
 84,0.165328,-0.104351\C,0,0.16132,1.337856,-0.115057\C,0,-0.81049,2.31 
 1225,-0.12311\H,0,-0.630508,3.207979,-0.095281\C,0,-2.115826,1.869489, 
 -0.117133\H,0,-2.799925,2.478438,-0.102895\C,0,-2.460051,0.502808,-0.1 
 00804\C,0,-1.451107,-0.464339,-0.116964\H,0,-1.625144,-1.380337,-0.151 
 439\C,0,-0.15506,-0.007805,-0.126207\C,0,3.51865,-0.181925,-0.020842\C 
 ,0,4.399327,0.621427,0.696091\H,0,4.089678,1.328749,1.089475\C,0,5.722 
 981,0.25959,0.804096\H,0,6.22683,0.762732,1.264707\C,0,6.193092,-0.872 
 352,0.19309\H,0,7.108938,-1.090654,0.292702\C,0,5.332416,-1.666388,-0. 
 534393\H,0,5.653881,-2.496706,-0.943425\C,0,4.002498,-1.336703,-0.6359 
 5\H,0,3.419275,-1.912783,-1.085416\C,0,-3.859783,0.0779,0.00072\C,0,-4 
 .999363,0.837609,-0.246357\H,0,-4.945329,1.561184,-0.453671\C,0,-6.176 
 027,0.092757,-0.106095\H,0,-7.060201,0.439008,-0.242527\C,0,-5.955722, 
 -1.187108,0.236571\H,0,-6.567745,-1.877215,0.442166\\Version=AM64L-G09 
 RevA.02\State=2-A\HF=-1312.0596966\S2=0.79332\S2-1=0.\S2A=0.750299\RMS 
 D=7.496e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 
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Table E–25. Output parameters for 4.11a; −150º dihedral angle. 
N-N= 1.746713107528D+03 E-N=-9.834245804524D+03  KE= 1.958939999946D+03 
 1\1\GINC-COMPUTE-0-17\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.09)\\bm 
 d139 in P2(1)/c -150 deg dihedral\\0,2\S,0,-4.326555,-1.43557,0.649624 
 \N,0,1.56577,1.426516,-0.064912\O,0,2.211736,2.532828,-0.046369\N,0,1. 
 067592,-0.709612,-0.17976\O,0,1.15387,-1.983399,-0.232321\C,0,2.108018 
 ,0.165953,-0.107573\C,0,0.160965,1.336466,-0.083254\C,0,-0.811767,2.30 
 8631,-0.058432\H,0,-0.632859,3.203715,0.006003\C,0,-2.116668,1.865988, 
 -0.077683\H,0,-2.801454,2.47336,-0.043343\C,0,-2.459598,0.499468,-0.11 
 7602\C,0,-1.449598,-0.465491,-0.166151\H,0,-1.622502,-1.379536,-0.2379 
 54\C,0,-0.153982,-0.00794,-0.149631\C,0,3.519221,-0.18324,-0.029572\C, 
 0,4.394863,0.591728,0.723843\H,0,4.082195,1.282648,1.143136\C,0,5.7182 
 26,0.226924,0.825224\H,0,6.218854,0.711792,1.308393\C,0,6.19306,-0.879 
 525,0.172591\H,0,7.108526,-1.100893,0.268871\C,0,5.337471,-1.644751,-0 
 .590878\H,0,5.662171,-2.457941,-1.030615\C,0,4.007839,-1.312334,-0.687 
 129\H,0,3.427846,-1.870586,-1.162523\C,0,-3.859471,0.069777,-0.041273\ 
 C,0,-4.980611,0.732575,-0.531772\H,0,-4.915328,1.3984,-0.880878\C,0,-6 
 .158851,0.003703,-0.332994\H,0,-7.031364,0.291636,-0.608825\C,0,-5.957 
 549,-1.171042,0.286245\H,0,-6.578995,-1.818568,0.582226\\Version=AM64L 
 -G09RevA.02\State=2-A\HF=-1312.0594503\S2=0.793439\S2-1=0.\S2A=0.75029 
 1\RMSD=7.186e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–26. Output parameters for 4.11a; −135º dihedral angle. 
N-N= 1.745813265449D+03 E-N=-9.831526258195D+03  KE= 1.958934604049D+03 
 1\1\GINC-COMPUTE-0-27\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.05)\\bm 
 d139 in P2(1)/c -135 deg dihedral\\0,2\S,0,-4.373754,-1.268913,0.88911 
 1\N,0,1.565477,1.420666,-0.043325\O,0,2.2091,2.527469,0.004424\N,0,1.0 
 72282,-0.713197,-0.210051\O,0,1.161429,-1.985282,-0.291253\C,0,2.1105, 
 0.162428,-0.111591\C,0,0.16099,1.328432,-0.072149\C,0,-0.813822,2.2979 
 51,-0.030904\H,0,-0.637098,3.191657,0.055086\C,0,-2.117694,1.853425,-0 
 .068114\H,0,-2.803891,2.458569,-0.02398\C,0,-2.457636,0.487539,-0.1413 
 75\C,0,-1.445429,-0.474162,-0.205952\H,0,-1.616068,-1.386644,-0.299706 
 \C,0,-0.150856,-0.014687,-0.171187\C,0,3.521912,-0.18582,-0.033146\C,0 
 ,4.391495,0.573318,0.743059\H,0,4.07495,1.253863,1.176182\C,0,5.714961 
 ,0.208763,0.843993\H,0,6.21173,0.683368,1.341134\C,0,6.195892,-0.88155 
 1,0.16905\H,0,7.111212,-1.103354,0.265724\C,0,5.346402,-1.63068,-0.616 
 862\H,0,5.675346,-2.432972,-1.073152\C,0,4.016702,-1.298634,-0.713447\ 
 H,0,3.440671,-1.84693,-1.204972\C,0,-3.857073,0.053594,-0.083304\C,0,- 
 4.936089,0.563379,-0.799327\H,0,-4.844725,1.135302,-1.28308\C,0,-6.123 
 614,-0.129456,-0.537067\H,0,-6.971211,0.069006,-0.940129\C,0,-5.96972, 
 -1.130454,0.345161\H,0,-6.610917,-1.709344,0.728362\\Version=AM64L-G09 
 RevA.02\State=2-A\HF=-1312.0582147\S2=0.793629\S2-1=0.\S2A=0.750284\RM 
 SD=6.835e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–27. Output parameters for 4.11a; −120º dihedral angle. 
N-N= 1.744760542780D+03 E-N=-9.828349687662D+03  KE= 1.958933732316D+03 
 1\1\GINC-COMPUTE-0-35\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.28)\\bm 
 d139 in P2(1)/c -120 deg dihedral\\0,2\S,0,-4.446428,-1.022958,1.10538 
 5\N,0,1.564962,1.411027,-0.057187\O,0,2.204634,2.520154,-0.01028\N,0,1 
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 .079803,-0.725137,-0.217922\O,0,1.173626,-1.997243,-0.293317\C,0,2.114 
 529,0.154338,-0.117043\C,0,0.16098,1.314,-0.093825\C,0,-0.817254,2.280 
 432,-0.062299\H,0,-0.643991,3.17507,0.021007\C,0,-2.11941,1.83142,-0.1 
 05272\H,0,-2.807849,2.434453,-0.067659\C,0,-2.454404,0.464119,-0.17484 
 \C,0,-1.438665,-0.494468,-0.229512\H,0,-1.605736,-1.407892,-0.320469\C 
 ,0,-0.145842,-0.030547,-0.189101\C,0,3.526601,-0.188884,-0.028915\C,0, 
 4.389115,0.576347,0.749192\H,0,4.067795,1.25762,1.177629\C,0,5.713165, 
 0.216619,0.859363\H,0,6.205446,0.694927,1.357419\C,0,6.201636,-0.87487 
 ,0.191774\H,0,7.117102,-1.093223,0.29471\C,0,5.359238,-1.630066,-0.595 
 964\H,0,5.693495,-2.433138,-1.046988\C,0,4.029036,-1.302848,-0.701687\ 
 H,0,3.457706,-1.855086,-1.194283\C,0,-3.852715,0.025762,-0.123137\C,0, 
 -4.868701,0.314556,-1.029346\H,0,-4.73822,0.749145,-1.632312\C,0,-6.07 
 2463,-0.318275,-0.69844\H,0,-6.883512,-0.247014,-1.205775\C,0,-5.99115 
 1,-1.062633,0.416605\H,0,-6.661005,-1.542062,0.879782\\Version=AM64L-G 
 09RevA.02\State=2-A\HF=-1312.0562094\S2=0.793845\S2-1=0.\S2A=0.750279\ 
 RMSD=6.454e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 
 
 
Table E–28. Output parameters for 4.11a; −105º dihedral angle. 
N-N= 1.743762104872D+03 E-N=-9.825337406432D+03  KE= 1.958936156501D+03 
 1\1\GINC-COMPUTE-0-2\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.28)\\bmd 
 139 in P2(1)/c -105 deg dihedral\\0,2\S,0,-4.539434,-0.69012,1.269063\ 
 N,0,1.563735,1.396888,-0.116468\O,0,2.197698,2.510257,-0.10993\N,0,1.0 
 89924,-0.746394,-0.195603\O,0,1.190388,-2.019983,-0.220473\C,0,2.11977 
 3,0.141643,-0.124101\C,0,0.16046,1.29132,-0.156404\C,0,-0.82266,2.2532 
 3,-0.167852\H,0,-0.654233,3.151323,-0.118887\C,0,-2.122351,1.796225,-0 
 .199768\H,0,-2.813931,2.396742,-0.189382\C,0,-2.450256,0.425552,-0.217 
 257\C,0,-1.429549,-0.529236,-0.229053\H,0,-1.591652,-1.44637,-0.284894 
 \C,0,-0.139251,-0.057483,-0.20033\C,0,3.533027,-0.190628,-0.015375\C,0 
 ,4.387653,0.608968,0.736436\H,0,4.060734,1.304888,1.136132\C,0,5.71285 
 2,0.260618,0.867389\H,0,6.200142,0.760626,1.348761\C,0,6.210195,-0.853 
 733,0.245699\H,0,7.126166,-1.063192,0.361789\C,0,5.375687,-1.643578,-0 
 .516028\H,0,5.71626,-2.462023,-0.933442\C,0,4.044472,-1.327569,-0.6412 
 9\H,0,3.478469,-1.901639,-1.114704\C,0,-3.846652,-0.01758,-0.155479\C, 
 0,-4.782926,-0.025292,-1.185128\H,0,-4.603011,0.22366,-1.874413\C,0,-6 
 .008602,-0.570356,-0.78558\H,0,-6.773892,-0.66786,-1.355748\C,0,-6.020 
 041,-0.965198,0.498155\H,0,-6.725396,-1.311316,1.023289\\Version=AM64L 
 -G09RevA.02\State=2-A\HF=-1312.0543191\S2=0.794016\S2-1=0.\S2A=0.75027 
 8\RMSD=6.091e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–29. Output parameters for 4.11a; −90º dihedral angle. 
N-N= 1.742975301043D+03 E-N=-9.822963242987D+03  KE= 1.958937813156D+03 
 1\1\GINC-COMPUTE-0-21\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.08)\\bm 
 d139 in P2(1)/c -90 deg dihedral\\0,2\S,0,-4.646205,-0.296272,1.331703 
 \N,0,1.56144,1.375305,-0.209417\O,0,2.187983,2.490937,-0.275381\N,0,1. 
 102151,-0.771664,-0.146243\O,0,1.211146,-2.043334,-0.085276\C,0,2.1258 
 07,0.126225,-0.130901\C,0,0.159062,1.257656,-0.247048\C,0,-0.830356,2. 
 209854,-0.326406\H,0,-0.668075,3.110345,-0.337212\C,0,-2.126856,1.7428 
 16,-0.332102\H,0,-2.822434,2.337912,-0.364421\C,0,-2.445603,0.371834,- 
 0.258742\C,0,-1.418555,-0.574558,-0.202924\H,0,-1.574358,-1.494465,-0. 
 197679\C,0,-0.131532,-0.093084,-0.201436\C,0,3.540794,-0.188288,0.0047 
 7\C,0,4.387149,0.665777,0.70421\H,0,4.054062,1.38467,1.055186\C,0,5.71 
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 4103,0.336108,0.86283\H,0,6.196179,0.870606,1.311265\C,0,6.221251,-0.8 
 13979,0.319021\H,0,7.138127,-1.008883,0.452077\C,0,5.394987,-1.658841, 
 -0.390896\H,0,5.742608,-2.501074,-0.751284\C,0,4.062209,-1.361099,-0.5 
 4169\H,0,3.501882,-1.969498,-0.977489\C,0,-3.839264,-0.075743,-0.17222 
 1\C,0,-4.684559,-0.432551,-1.218648\H,0,-4.448341,-0.403581,-1.934764\ 
 C,0,-5.936165,-0.866804,-0.76707\H,0,-6.649567,-1.161047,-1.336936\C,0 
 ,-6.054093,-0.844797,0.570695\H,0,-6.799249,-1.034105,1.120234\\Versio 
 n=AM64L-G09RevA.02\State=2-A\HF=-1312.0535188\S2=0.794085\S2-1=0.\S2A= 
 0.750277\RMSD=5.970e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–30. Output parameters for 4.11a; −75º dihedral angle. 
N-N= 1.742485934977D+03 E-N=-9.821483982117D+03  KE= 1.958936796289D+03 
 1\1\GINC-COMPUTE-0-32\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.40)\\bm 
 d139 in P2(1)/c -75 deg dihedral\\0,2\S,0,-4.759237,0.08179,1.263367\N 
 ,0,1.558001,1.34979,-0.294002\O,0,2.175755,2.463802,-0.431479\N,0,1.11 
 5706,-0.79219,-0.092234\O,0,1.234715,-2.056311,0.051202\C,0,2.132158,0 
 .113012,-0.13401\C,0,0.156667,1.218669,-0.325496\C,0,-0.840164,2.15572 
 5,-0.467551\H,0,-0.685036,3.054897,-0.536554\C,0,-2.132896,1.678884,-0 
 .444399\H,0,-2.833133,2.265016,-0.516024\C,0,-2.440845,0.313024,-0.282 
 636\C,0,-1.406393,-0.619462,-0.164405\H,0,-1.55488,-1.538317,-0.099685 
 \C,0,-0.123246,-0.128565,-0.192703\C,0,3.549378,-0.180646,0.02336\C,0, 
 4.387763,0.723758,0.666885\H,0,4.048392,1.461193,0.970125\C,0,5.717036 
 ,0.415756,0.84804\H,0,6.194107,0.982069,1.261406\C,0,6.23421,-0.763055 
 ,0.380534\H,0,7.152388,-0.941537,0.526977\C,0,5.41586,-1.658794,-0.274 
 021\H,0,5.770762,-2.519799,-0.578637\C,0,4.081004,-1.38219,-0.445302\H 
 ,0,3.526252,-2.022057,-0.841354\C,0,-3.831041,-0.1392,-0.168831\C,0,-4 
 .580352,-0.831839,-1.115208\H,0,-4.284891,-1.015022,-1.78499\C,0,-5.86 
 0009,-1.15396,-0.64859\H,0,-6.518946,-1.635841,-1.152435\C,0,-6.090755 
 ,-0.727038,0.603808\H,0,-6.877194,-0.766852,1.126319\\Version=AM64L-G0 
 9RevA.02\State=2-A\HF=-1312.0541939\S2=0.794026\S2-1=0.\S2A=0.750277\R 
 MSD=6.159e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–31. Output parameters for 4.11a; −60º dihedral angle. 
N-N= 1.742301228028D+03 E-N=-9.820924096462D+03  KE= 1.958934479294D+03 
 1\1\GINC-COMPUTE-0-29\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.21)\\bm 
 d139 in P2(1)/c -60 deg dihedral\\0,2\S,0,-4.87066,0.375302,1.090089\N 
 ,0,1.553686,1.33174,-0.334955\O,0,2.161934,2.445293,-0.512647\N,0,1.12 
 9568,-0.80537,-0.056926\O,0,1.259319,-2.062594,0.130937\C,0,2.13836,0. 
 106213,-0.132187\C,0,0.153461,1.187933,-0.359714\C,0,-0.851343,2.11105 
 4,-0.533332\H,0,-0.703825,3.008482,-0.634312\C,0,-2.140012,1.624591,-0 
 .491417\H,0,-2.845213,2.201977,-0.582682\C,0,-2.436329,0.262792,-0.281 
 008\C,0,-1.393972,-0.656291,-0.131418\H,0,-1.534689,-1.573486,-0.03403 
 1\C,0,-0.115011,-0.156044,-0.178957\C,0,3.558174,-0.169895,0.033364\C, 
 0,4.389727,0.763646,0.643267\H,0,4.044558,1.508495,0.920748\C,0,5.7217 
 44,0.473312,0.833227\H,0,6.194551,1.05784,1.225604\C,0,6.248207,-0.716 
 952,0.406924\H,0,7.168019,-0.882498,0.558224\C,0,5.436602,-1.642056,-0 
 .214339\H,0,5.798333,-2.510314,-0.488849\C,0,4.099277,-1.382799,-0.393 
 312\H,0,3.549427,-2.040865,-0.76567\C,0,-3.822557,-0.196674,-0.149225\ 
 C,0,-4.477547,-1.155175,-0.916759\H,0,-4.124026,-1.504977,-1.484317\C, 
 0,-5.785411,-1.387196,-0.475539\H,0,-6.39109,-2.01674,-0.87189\C,0,-6. 
 127455,-0.63891,0.586102\H,0,-6.953778,-0.564209,1.038538\\Version=AM6 
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 4L-G09RevA.02\State=2-A\HF=-1312.0559684\S2=0.793869\S2-1=0.\S2A=0.750 
 279\RMSD=6.517e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–32. Output parameters for 4.11a; −45º dihedral angle. 
N-N= 1.742352954645D+03 E-N=-9.821081767459D+03  KE= 1.958934994632D+03 
 1\1\GINC-COMPUTE-0-0\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.30)\\bmd 
 139 in P2(1)/c -45 deg dihedral\\0,2\S,0,-4.972827,0.57151,0.858134\N, 
 0,1.549072,1.326356,-0.329865\O,0,2.147994,2.44419,-0.512298\N,0,1.142 
 576,-0.813367,-0.045678\O,0,1.282776,-2.069149,0.144307\C,0,2.143992,0 
 .105813,-0.126841\C,0,0.149913,1.171694,-0.348784\C,0,-0.862669,2.0866 
 61,-0.520362\H,0,-0.722488,2.984984,-0.623807\C,0,-2.147366,1.590358,- 
 0.472329\H,0,-2.857361,2.162088,-0.562015\C,0,-2.432322,0.226764,-0.25 
 7893\C,0,-1.382314,-0.683928,-0.110499\H,0,-1.515556,-1.601971,-0.0106 
 33\C,0,-0.107454,-0.173927,-0.164147\C,0,3.566537,-0.158977,0.033672\C 
 ,0,4.393248,0.78225,0.638321\H,0,4.043431,1.525002,0.915602\C,0,5.7282 
 07,0.50261,0.823619\H,0,6.198026,1.091603,1.212895\C,0,6.262167,-0.684 
 46,0.397735\H,0,7.18382,-0.84258,0.545742\C,0,5.455293,-1.617121,-0.21 
 837\H,0,5.822637,-2.483143,-0.492487\C,0,4.11531,-1.368573,-0.392596\H 
 ,0,3.569098,-2.031655,-0.761394\C,0,-3.814429,-0.243106,-0.119664\C,0, 
 -4.383339,-1.386658,-0.672363\H,0,-3.976951,-1.850034,-1.107785\C,0,-5 
 .717678,-1.55714,-0.28572\H,0,-6.275031,-2.289042,-0.55765\C,0,-6.1617 
 96,-0.586203,0.52917\H,0,-7.023884,-0.436996,0.886424\\Version=AM64L-G 
 09RevA.02\State=2-A\HF=-1312.0579446\S2=0.793684\S2-1=0.\S2A=0.750285\ 
 RMSD=7.091e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–33. Output parameters for 4.11a; −30º dihedral angle. 
N-N= 1.742512382293D+03 E-N=-9.821571088114D+03  KE= 1.958940398254D+03 
 1\1\GINC-COMPUTE-0-5\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=4.91)\\bmd 
 139 in P2(1)/c -30 deg dihedral\\0,2\S,0,-5.058862,0.686931,0.597844\N 
 ,0,1.544917,1.330312,-0.29221\O,0,2.135695,2.455677,-0.453698\N,0,1.15 
 3576,-0.817675,-0.052599\O,0,1.3028,-2.076399,0.108916\C,0,2.148703,0. 
 109436,-0.119652\C,0,0.146661,1.167173,-0.30601\C,0,-0.872666,2.079198 
 ,-0.451299\H,0,-0.738748,2.980449,-0.535848\C,0,-2.153913,1.57377,-0.4 
 06361\H,0,-2.868011,2.142784,-0.479154\C,0,-2.429004,0.204013,-0.22018 
 3\C,0,-1.372428,-0.702968,-0.099205\H,0,-1.499307,-1.623812,-0.018709\ 
 C,0,-0.101138,-0.183786,-0.149396\C,0,3.573847,-0.14972,0.026354\C,0,4 
 .398405,0.783288,0.646482\H,0,4.045685,1.517537,0.942124\C,0,5.736213, 
 0.508183,0.817473\H,0,6.204754,1.091491,1.216722\C,0,6.27492,-0.665836 
 ,0.362392\H,0,7.198446,-0.821275,0.501284\C,0,5.470073,-1.589904,-0.26 
 9121\H,0,5.84111,-2.447348,-0.564413\C,0,4.127505,-1.346157,-0.429695\ 
 H,0,3.583164,-2.004471,-0.809633\C,0,-3.807261,-0.277588,-0.083898\C,0 
 ,-4.304316,-1.536497,-0.407822\H,0,-3.853852,-2.068356,-0.697078\C,0,- 
 5.661706,-1.669549,-0.093487\H,0,-6.179047,-2.464783,-0.235713\C,0,-6. 
 191689,-0.560664,0.448268\H,0,-7.083048,-0.370138,0.697802\\Version=AM 
 64L-G09RevA.02\State=2-A\HF=-1312.0592393\S2=0.793537\S2-1=0.\S2A=0.75 
 0297\RMSD=7.557e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 
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Table E–34. Output parameters for 4.11a; −15º dihedral angle. 
N-N= 1.742622815394D+03 E-N=-9.821918905116D+03  KE= 1.958948639381D+03 
 1\1\GINC-COMPUTE-0-18\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.30)\\bm 
 d139 in P2(1)/c -15 deg dihedral\\0,2\S,0,-5.123117,0.738984,0.324347\ 
 N,0,1.541985,1.33819,-0.235896\O,0,2.126741,2.471231,-0.36168\N,0,1.16 
 1568,-0.818706,-0.070076\O,0,1.317346,-2.081707,0.045258\C,0,2.152235, 
 0.114654,-0.111687\C,0,0.144362,1.169387,-0.244706\C,0,-0.879901,2.081 
 437,-0.349476\H,0,-0.750439,2.985721,-0.402841\C,0,-2.15862,1.568996,- 
 0.312707\H,0,-2.875653,2.13704,-0.359629\C,0,-2.426479,0.192254,-0.173 
 411\C,0,-1.365183,-0.713723,-0.093044\H,0,-1.487556,-1.63741,-0.044483 
 \C,0,-0.09652,-0.187394,-0.134494\C,0,3.57956,-0.143159,0.013964\C,0,4 
 .405054,0.77083,0.660604\H,0,4.051594,1.492485,0.984977\C,0,5.745311,0 
 .495797,0.811328\H,0,6.21453,1.066593,1.227507\C,0,6.285342,-0.658826, 
 0.310492\H,0,7.210578,-0.814981,0.43661\C,0,5.479431,-1.563386,-0.3473 
 59\H,0,5.851727,-2.408086,-0.67592\C,0,4.134628,-1.320084,-0.488756\H, 
 0,3.590079,-1.966864,-0.887728\C,0,-3.801585,-0.300067,-0.043756\C,0,- 
 4.245944,-1.615875,-0.133412\H,0,-3.763131,-2.179521,-0.269996\C,0,-5. 
 621554,-1.729793,0.098398\H,0,-6.109972,-2.555379,0.087233\C,0,-6.2154 
 27,-0.552575,0.354284\H,0,-7.127689,-0.346767,0.490339\\Version=AM64L- 
 G09RevA.02\State=2-A\HF=-1312.0597048\S2=0.793458\S2-1=0.\S2A=0.75031\ 
 RMSD=7.761e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–35. Output parameters for 4.11a; 0º dihedral angle. 
N-N= 1.742548766572D+03 E-N=-9.821704277984D+03  KE= 1.958952695418D+03 
 1\1\GINC-COMPUTE-0-2\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.36)\\bmd 
 139 in P2(1)/c 0 deg dihedral\\0,2\S,0,-5.161993,0.737793,0.040274\N,0 
 ,1.540867,1.346102,-0.170943\O,0,2.1224,2.484686,-0.254544\N,0,1.16588 
 9,-0.816665,-0.091922\O,0,1.325,-2.083034,-0.030822\C,0,2.15444,0.1197 
 9,-0.1034\C,0,0.143531,1.174747,-0.174273\C,0,-0.883294,2.088125,-0.23 
 169\H,0,-0.755965,2.99413,-0.24841\C,0,-2.160694,1.571791,-0.204895\H, 
 0,-2.879154,2.139724,-0.221633\C,0,-2.424779,0.18985,-0.120808\C,0,-1. 
 361154,-0.71636,-0.087849\H,0,-1.481402,-1.641535,-0.076802\C,0,-0.093 
 876,-0.185977,-0.118652\C,0,3.58331,-0.139909,-0.001415\C,0,4.412953,0 
 .748107,0.675401\H,0,4.061129,1.454818,1.032775\C,0,5.755016,0.469965, 
 0.802497\H,0,6.226941,1.023922,1.237925\C,0,6.292595,-0.661563,0.24907 
 1\H,0,7.219217,-0.820814,0.360266\C,0,5.482415,-1.539646,-0.438727\H,0 
 ,5.853261,-2.369079,-0.805592\C,0,4.135948,-1.293607,-0.557788\H,0,3.5 
 88991,-1.924366,-0.978523\C,0,-3.797758,-0.310469,0.000492\C,0,-4.2117 
 58,-1.630531,0.151771\H,0,-3.710191,-2.193933,0.17343\C,0,-5.59987,-1. 
 739753,0.294011\H,0,-6.072239,-2.565663,0.416519\C,0,-6.23196,-0.55537 
 7,0.252508\H,0,-7.155593,-0.356271,0.271141\\Version=AM64L-G09RevA.02\ 
 State=2-A\HF=-1312.0598395\S2=0.793425\S2-1=0.\S2A=0.750316\RMSD=7.946 
 e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–36. Output parameters for 4.11a; 15º dihedral angle. 
N-N= 1.742244508545D+03 E-N=-9.820782093186D+03  KE= 1.958947725008D+03 
 1\1\GINC-COMPUTE-0-35\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.15)\\bm 
 d139 in P2(1)/c 15 deg dihedral\\0,2\S,0,-5.171588,0.68692,-0.236704\N 
 ,0,1.541897,1.351796,-0.110088\O,0,2.123501,2.492527,-0.154942\N,0,1.1 
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 66027,-0.812259,-0.111275\O,0,1.324735,-2.080107,-0.100614\C,0,2.15513 
 7,0.123545,-0.095595\C,0,0.14446,1.181256,-0.10726\C,0,-0.882158,2.096 
 582,-0.119949\H,0,-0.754304,3.002505,-0.10281\C,0,-2.159649,1.580109,- 
 0.101448\H,0,-2.877804,2.148551,-0.089658\C,0,-2.423996,0.196056,-0.06 
 8415\C,0,-1.360797,-0.711176,-0.080225\H,0,-1.481636,-1.636039,-0.1038 
 38\C,0,-0.093455,-0.180505,-0.102095\C,0,3.584681,-0.140473,-0.016791\ 
 C,0,4.421132,0.72039,0.686221\H,0,4.073114,1.412902,1.073839\C,0,5.764 
 089,0.437007,0.790199\H,0,6.240382,0.973534,1.242375\C,0,6.295745,-0.6 
 72501,0.188569\H,0,7.223222,-0.836301,0.28505\C,0,5.478665,-1.523022,- 
 0.52521\H,0,5.845524,-2.337806,-0.927228\C,0,4.131353,-1.272028,-0.622 
 359\H,0,3.580107,-1.885836,-1.062135\C,0,-3.796188,-0.308028,0.046009\ 
 C,0,-4.205306,-1.580788,0.432726\H,0,-3.700469,-2.113376,0.608651\C,0, 
 -5.598993,-1.698317,0.486016\H,0,-6.069857,-2.495046,0.738559\C,0,-6.2 
 39737,-0.565832,0.15295\H,0,-7.164116,-0.393575,0.058394\\Version=AM64 
 L-G09RevA.02\State=2-A\HF=-1312.0600307\S2=0.793425\S2-1=0.\S2A=0.7503 
 08\RMSD=7.809e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–37. Output parameters for 4.11a; 30º dihedral angle. 
N-N= 1.741773723409D+03 E-N=-9.819353811794D+03  KE= 1.958938979840D+03 
 1\1\GINC-COMPUTE-0-6\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=4.82)\\bmd 
 139 in P2(1)/c 30 deg dihedral\\0,2\S,0,-5.152469,0.583316,-0.504934\N 
 ,0,1.544941,1.355465,-0.06265\O,0,2.129769,2.495299,-0.07991\N,0,1.162 
 178,-0.806553,-0.122502\O,0,1.316929,-2.074647,-0.149526\C,0,2.154364, 
 0.125505,-0.088682\C,0,0.147044,1.189022,-0.052497\C,0,-0.876721,2.107 
 349,-0.030008\H,0,-0.745837,3.012029,0.011939\C,0,-2.155645,1.594315,- 
 0.01514\H,0,-2.871855,2.164295,0.019192\C,0,-2.424108,0.210667,-0.0194 
 32\C,0,-1.363949,-0.698975,-0.066496\H,0,-1.487936,-1.622422,-0.115519 
 \C,0,-0.095157,-0.171623,-0.084237\C,0,3.583688,-0.144863,-0.02996\C,0 
 ,4.428928,0.693041,0.690073\H,0,4.086485,1.375182,1.100382\C,0,5.77182 
 3,0.402849,0.774159\H,0,6.253717,0.924797,1.23733\C,0,6.294716,-0.6905 
 23,0.136393\H,0,7.222466,-0.859746,0.220038\C,0,5.468786,-1.517838,-0. 
 594276\H,0,5.829555,-2.321843,-1.022643\C,0,4.121491,-1.260203,-0.6724 
 26\H,0,3.564508,-1.859536,-1.12476\C,0,-3.796859,-0.292453,0.092499\C, 
 0,-4.225921,-1.463218,0.710608\H,0,-3.732909,-1.932711,1.036148\C,0,-5 
 .618247,-1.602473,0.678168\H,0,-6.101721,-2.338646,1.058393\C,0,-6.238 
 708,-0.584247,0.059903\H,0,-7.153551,-0.460038,-0.141895\\Version=AM64 
 L-G09RevA.02\State=2-A\HF=-1312.0597759\S2=0.793483\S2-1=0.\S2A=0.7502 
 94\RMSD=7.467e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–38. Output parameters for 4.11a; 45º dihedral angle. 
N-N= 1.741283310556D+03 E-N=-9.817871521419D+03  KE= 1.958932966374D+03 
 1\1\GINC-COMPUTE-0-6\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.12)\\bmd 
 139 in P2(1)/c 45 deg dihedral\\0,2\S,0,-5.10596,0.416393,-0.752725\N, 
 0,1.549555,1.35842,-0.041316\O,0,2.140332,2.49526,-0.052209\N,0,1.1547 
 84,-0.800882,-0.118698\O,0,1.302537,-2.069462,-0.158855\C,0,2.152172,0 
 .12556,-0.083538\C,0,0.150901,1.199276,-0.022229\C,0,-0.867736,2.12274 
 5,0.016622\H,0,-0.7317,3.026282,0.066124\C,0,-2.149242,1.616357,0.0362 
 58\H,0,-2.862113,2.189762,0.081352\C,0,-2.425134,0.23425,0.020922\C,0, 
 -1.370241,-0.680494,-0.042695\H,0,-1.499533,-1.602767,-0.0995\C,0,-0.0 
 98812,-0.159708,-0.064992\C,0,3.580426,-0.152901,-0.038115\C,0,4.43549 
 2,0.673661,0.683423\H,0,4.099779,1.353681,1.102716\C,0,5.777405,0.3755 
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 94,0.754671\H,0,6.265531,0.890574,1.219114\C,0,6.289661,-0.71443,0.102 
 699\H,0,7.217089,-0.889337,0.177768\C,0,5.453881,-1.530405,-0.62952\H, 
 0,5.807132,-2.332207,-1.068158\C,0,4.107439,-1.264926,-0.695106\H,0,3. 
 543893,-1.856993,-1.148879\C,0,-3.799685,-0.262649,0.138411\C,0,-4.272 
 046,-1.267623,0.977308\H,0,-3.805113,-1.636182,1.441634\C,0,-5.656138, 
 -1.44484,0.868222\H,0,-6.165404,-2.083989,1.370622\C,0,-6.228845,-0.61 
 4046,-0.018228\H,0,-7.124518,-0.562772,-0.315261\\Version=AM64L-G09Rev 
 A.02\State=2-A\HF=-1312.0585408\S2=0.793621\S2-1=0.\S2A=0.750283\RMSD= 
 7.002e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–39. Output parameters for 4.11a; 60º dihedral angle. 
N-N= 1.740947229369D+03 E-N=-9.816858246849D+03  KE= 1.958932486613D+03 
 1\1\GINC-COMPUTE-0-35\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.06)\\bm 
 d139 in P2(1)/c 60 deg dihedral\\0,2\S,0,-5.035093,0.171162,-0.957791\ 
 N,0,1.555026,1.361644,-0.060032\O,0,2.153744,2.493788,-0.096479\N,0,1. 
 144592,-0.795874,-0.092834\O,0,1.283157,-2.066025,-0.108876\C,0,2.1486 
 77,0.123904,-0.081327\C,0,0.155412,1.212936,-0.030179\C,0,-0.856446,2. 
 144268,-0.003905\H,0,-0.713759,3.047603,0.027098\C,0,-2.141365,1.64756 
 2,0.032676\H,0,-2.849906,2.226836,0.070395\C,0,-2.42709,0.267433,0.045 
 994\C,0,-1.379055,-0.655921,-0.00541\H,0,-1.515172,-1.57818,-0.043385\ 
 C,0,-0.104126,-0.144801,-0.04488\C,0,3.575162,-0.163844,-0.03825\C,0,4 
 .440073,0.67055,0.662231\H,0,4.111525,1.361046,1.069917\C,0,5.780226,0 
 .364324,0.731984\H,0,6.274572,0.884795,1.183549\C,0,6.281111,-0.741914 
 ,0.098755\H,0,7.207688,-0.92196,0.172174\C,0,5.4355,-1.56607,-0.612719 
 \H,0,5.780617,-2.378828,-1.037449\C,0,4.090619,-1.292283,-0.676146\H,0 
 ,3.520373,-1.889074,-1.115117\C,0,-3.804435,-0.217201,0.18073\C,0,-4.3 
 40449,-0.980105,1.213934\H,0,-3.912109,-1.202263,1.794133\C,0,-5.70988 
 1,-1.215706,1.046108\H,0,-6.256316,-1.714481,1.656763\C,0,-6.210581,-0 
 .660554,-0.069738\H,0,-7.078676,-0.712035,-0.439669\\Version=AM64L-G09 
 RevA.02\State=2-A\HF=-1312.0564853\S2=0.793807\S2-1=0.\S2A=0.750278\RM 
 SD=6.324e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–40. Output parameters for 4.11a; 75º dihedral angle. 
N-N= 1.740913872272D+03 E-N=-9.816760586421D+03  KE= 1.958935635348D+03 
 1\1\GINC-COMPUTE-0-2\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.25)\\bmd 
 139 in P2(1)/c 75 deg dihedral\\0,2\S,0,-4.944441,-0.156435,-1.081726\ 
 N,0,1.560519,1.363229,-0.124537\O,0,2.168261,2.486949,-0.22172\N,0,1.1 
 32538,-0.789599,-0.043448\O,0,1.260769,-2.059954,0.006517\C,0,2.144064 
 ,0.121214,-0.082753\C,0,0.159849,1.22783,-0.083138\C,0,-0.844352,2.167 
 575,-0.1028\H,0,-0.694262,3.070089,-0.119426\C,0,-2.133126,1.68407,-0. 
 036811\H,0,-2.836834,2.270346,-0.027477\C,0,-2.429967,0.308923,0.04937 
 7\C,0,-1.389606,-0.624467,0.043428\H,0,-1.5333,-1.546296,0.054063\C,0, 
 -0.110713,-0.126635,-0.02617\C,0,3.568303,-0.175646,-0.028593\C,0,4.44 
 2144,0.687031,0.624975\H,0,4.120482,1.400562,0.996921\C,0,5.779988,0.3 
 73826,0.706976\H,0,6.279952,0.913075,1.12938\C,0,6.269904,-0.768065,0. 
 131046\H,0,7.195221,-0.951666,0.211245\C,0,5.415411,-1.621252,-0.53408 
 5\H,0,5.752598,-2.4579,-0.91671\C,0,4.072597,-1.34007,-0.608061\H,0,3. 
 496157,-1.954249,-1.013694\C,0,-3.810757,-0.156639,0.213007\C,0,-4.426 
 46,-0.599355,1.379951\H,0,-4.046692,-0.628675,2.031393\C,0,-5.775634,- 
 0.915317,1.182688\H,0,-6.368069,-1.229712,1.868578\C,0,-6.184836,-0.72 
 6878,-0.082639\H,0,-7.018691,-0.910842,-0.487525\\Version=AM64L-G09Rev 



 

 

361
 A.02\State=2-A\HF=-1312.0545122\S2=0.79398\S2-1=0.\S2A=0.750276\RMSD=6 
 .093e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–41. Output parameters for 4.11a; 90º dihedral angle. 
N-N= 1.741272482472D+03 E-N=-9.817842337581D+03  KE= 1.958937890596D+03 
 1\1\GINC-COMPUTE-0-6\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.17)\\bmd 
 139 in P2(1)/c 90 deg dihedral\\0,2\S,0,-4.839881,-0.529463,-1.08656\N 
 ,0,1.565246,1.360243,-0.213596\O,0,2.182161,2.469626,-0.38746\N,0,1.11 
 9629,-0.778372,0.014795\O,0,1.237442,-2.043324,0.151752\C,0,2.138587,0 
 .11926,-0.086651\C,0,0.163527,1.239515,-0.163294\C,0,-0.83293,2.183922 
 ,-0.247532\H,0,-0.67544,3.08191,-0.325957\C,0,-2.125607,1.716685,-0.14 
 8813\H,0,-2.824474,2.307986,-0.179833\C,0,-2.4337,0.353167,0.03138\C,0 
 ,-1.401041,-0.586952,0.089639\H,0,-1.552297,-1.504672,0.163413\C,0,-0. 
 118129,-0.105589,-0.013665\C,0,3.560359,-0.184882,-0.011982\C,0,4.4414 
 92,0.713357,0.581087\H,0,4.125836,1.453326,0.90318\C,0,5.776749,0.3955 
 26,0.684634\H,0,6.281277,0.958336,1.069179\C,0,6.257062,-0.787146,0.18 
 8436\H,0,7.180869,-0.972415,0.281218\C,0,5.39535,-1.67687,-0.416816\H, 
 0,5.725516,-2.540521,-0.74112\C,0,4.054864,-1.390395,-0.510163\H,0,3.4 
 73253,-2.026177,-0.872856\C,0,-3.818207,-0.08872,0.226263\C,0,-4.52427 
 4,-0.171307,1.422713\H,0,-4.199872,0.015787,2.077862\C,0,-5.848794,-0. 
 581343,1.231577\H,0,-6.492938,-0.68972,1.934144\C,0,-6.153042,-0.80789 
 2,-0.056878\H,0,-6.948179,-1.137963,-0.446621\\Version=AM64L-G09RevA.0 
 2\State=2-A\HF=-1312.0536333\S2=0.794074\S2-1=0.\S2A=0.750277\RMSD=6.3 
 31e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–42. Output parameters for 4.11a; 105º dihedral angle. 
N-N= 1.742017635685D+03 E-N=-9.820085311796D+03  KE= 1.958937044326D+03 
 1\1\GINC-COMPUTE-0-17\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.24)\\bm 
 d139 in P2(1)/c 105 deg dihedral\\0,2\S,0,-4.73056,-0.87051,-0.98014\N 
 ,0,1.568575,1.357133,-0.28383\O,0,2.193838,2.451467,-0.514094\N,0,1.10 
 7078,-0.763339,0.055336\O,0,1.215482,-2.020159,0.258789\C,0,2.13269,0. 
 1205,-0.090468\C,0,0.165916,1.24913,-0.230848\C,0,-0.82353,2.194838,-0 
 .367081\H,0,-0.659409,3.086334,-0.49212\C,0,-2.11975,1.742583,-0.24728 
 7\H,0,-2.814272,2.336369,-0.311082\C,0,-2.438042,0.392618,0.003425\C,0 
 ,-1.412307,-0.550428,0.113582\H,0,-1.570326,-1.461917,0.235027\C,0,-0. 
 12574,-0.084239,-0.011558\C,0,3.552069,-0.189353,0.003697\C,0,4.438348 
 ,0.732526,0.551062\H,0,4.127323,1.490598,0.833071\C,0,5.771053,0.41113 
 2,0.674563\H,0,6.278778,0.98977,1.030333\C,0,6.243923,-0.799325,0.2423 
 44\H,0,7.166167,-0.985999,0.347084\C,0,5.377152,-1.713478,-0.317586\H, 
 0,5.7018,-2.595277,-0.595274\C,0,4.03897,-1.422823,-0.429268\H,0,3.453 
 591,-2.072639,-0.759583\C,0,-3.826117,-0.028625,0.217685\C,0,-4.62523, 
 0.210453,1.331734\H,0,-4.35814,0.591798,1.925619\C,0,-5.92281,-0.28961 
 2,1.17287\H,0,-6.619794,-0.215611,1.827854\C,0,-6.117879,-0.891094,-0. 
 012109\H,0,-6.873162,-1.351106,-0.345314\\Version=AM64L-G09RevA.02\Sta 
 te=2-A\HF=-1312.0542542\S2=0.794046\S2-1=0.\S2A=0.750278\RMSD=6.193e-0 
 9\PG=C01 [X(C17H11N2O2S1)]\\@ 
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Table E–43. Output parameters for 4.11a; 120º dihedral angle. 
N-N= 1.743114415481D+03 E-N=-9.823388903410D+03  KE= 1.958935255906D+03 
 1\1\GINC-COMPUTE-0-33\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.01)\\bm 
 d139 in P2(1)/c 120 deg dihedral\\0,2\S,0,-4.619306,-1.148542,-0.80010 
 6\N,0,1.570387,1.361623,-0.314224\O,0,2.202947,2.447403,-0.564208\N,0, 
 1.095171,-0.748769,0.06634\O,0,1.195425,-2.001756,0.295938\C,0,2.12649 
 9,0.125999,-0.093207\C,0,0.166919,1.262775,-0.264953\C,0,-0.816441,2.2 
 1115,-0.424689\H,0,-0.646623,3.09894,-0.567262\C,0,-2.11575,1.768888,- 
 0.301124\H,0,-2.806538,2.365214,-0.37999\C,0,-2.442918,0.426193,-0.024 
 168\C,0,-1.423149,-0.520264,0.109596\H,0,-1.586967,-1.42815,0.249012\C 
 ,0,-0.133389,-0.064124,-0.01964\C,0,3.543653,-0.189994,0.013263\C,0,4. 
 433033,0.737814,0.545369\H,0,4.125273,1.503279,0.810484\C,0,5.763327,0 
 .411381,0.681039\H,0,6.27295,0.994269,1.027023\C,0,6.230911,-0.810374, 
 0.275691\H,0,7.151616,-1.000147,0.388118\C,0,5.361135,-1.730826,-0.269 
 051\H,0,5.68178,-2.619979,-0.527256\C,0,4.025136,-1.434852,-0.3923\H,0 
 ,3.437343,-2.087935,-0.711704\C,0,-3.834287,0.017398,0.192821\C,0,-4.7 
 26692,0.507464,1.141658\H,0,-4.517375,1.043029,1.630347\C,0,-5.995715, 
 -0.07184,1.027616\H,0,-6.745278,0.142426,1.586645\C,0,-6.080209,-0.972 
 38,0.034693\H,0,-6.795524,-1.535874,-0.218068\\Version=AM64L-G09RevA.0 
 2\State=2-A\HF=-1312.0560119\S2=0.793907\S2-1=0.\S2A=0.75028\RMSD=6.48 
 2e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–44. Output parameters for 4.11a; 135º dihedral angle. 
N-N= 1.744405352239D+03 E-N=-9.827281300309D+03  KE= 1.958936603205D+03 
 1\1\GINC-COMPUTE-0-16\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.18)\\bm 
 d139 in P2(1)/c 135 deg dihedral\\0,2\S,0,-4.515921,-1.350275,-0.58392 
 7\N,0,1.570695,1.374883,-0.305765\O,0,2.209016,2.460614,-0.540875\N,0, 
 1.084807,-0.737448,0.049741\O,0,1.178697,-1.993226,0.266411\C,0,2.1205 
 49,0.134648,-0.095165\C,0,0.166595,1.281395,-0.264714\C,0,-0.812,2.235 
 535,-0.419294\H,0,-0.637782,3.124079,-0.551481\C,0,-2.113745,1.797423, 
 -0.307101\H,0,-2.801647,2.397447,-0.383096\C,0,-2.447882,0.453226,-0.0 
 46217\C,0,-1.432737,-0.49887,0.082599\H,0,-1.601021,-1.407501,0.211444 
 \C,0,-0.140454,-0.046782,-0.035164\C,0,3.535818,-0.188398,0.01514\C,0, 
 4.426277,0.729934,0.561683\H,0,4.120325,1.493802,0.833409\C,0,5.754496 
 ,0.396499,0.700631\H,0,6.264738,0.973514,1.055433\C,0,6.219103,-0.8228 
 01,0.284608\H,0,7.138426,-1.01762,0.399688\C,0,5.348343,-1.733725,-0.2 
 74393\H,0,5.666633,-2.621402,-0.540469\C,0,4.01423,-1.430856,-0.401275 
 \H,0,3.425393,-2.078018,-0.730651\C,0,-3.842027,0.047968,0.159282\C,0, 
 -4.819779,0.708279,0.897412\H,0,-4.663603,1.351766,1.259343\C,0,-6.061 
 138,0.065085,0.831493\H,0,-6.858399,0.372302,1.267683\C,0,-6.04338,-1. 
 045666,0.076562\H,0,-6.722164,-1.682499,-0.0871\\Version=AM64L-G09RevA 
 .02\State=2-A\HF=-1312.0579476\S2=0.793707\S2-1=0.\S2A=0.750285\RMSD=6 
 .857e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–45. Output parameters for 4.11a; 150º dihedral angle. 
N-N= 1.745679619864D+03 E-N=-9.831130668797D+03  KE= 1.958942759103D+03 
 1\1\GINC-COMPUTE-0-34\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.09)\\bm 
 d139 in P2(1)/c 150 deg dihedral\\0,2\S,0,-4.427607,-1.484162,-0.34924 
 4\N,0,1.569898,1.392429,-0.270571\O,0,2.2124,2.483354,-0.467081\N,0,1. 
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 076429,-0.728867,0.014046\O,0,1.165776,-1.99123,0.190672\C,0,2.115275, 
 0.144505,-0.097006\C,0,0.165348,1.301644,-0.240265\C,0,-0.809834,2.263 
 034,-0.369409\H,0,-0.632523,3.154876,-0.471951\C,0,-2.113343,1.825226, 
 -0.278536\H,0,-2.799215,2.429331,-0.338944\C,0,-2.452497,0.474279,-0.0 
 62918\C,0,-1.440616,-0.484342,0.040742\H,0,-1.612028,-1.396169,0.13932 
 9\C,0,-0.146501,-0.032358,-0.0553\C,0,3.529044,-0.185932,0.010609\C,0, 
 4.418873,0.711805,0.591328\H,0,4.113437,1.467394,0.88583\C,0,5.745406, 
 0.37031,0.726759\H,0,6.255189,0.934157,1.102758\C,0,6.20909,-0.836277, 
 0.27424\H,0,7.127236,-1.037303,0.388035\C,0,5.339049,-1.726264,-0.3185 
 82\H,0,5.656463,-2.605814,-0.611357\C,0,4.006474,-1.41569,-0.442971\H, 
 0,3.417769,-2.050244,-0.796248\C,0,-3.848838,0.066566,0.121761\C,0,-4. 
 898205,0.829504,0.625345\H,0,-4.786869,1.541227,0.850103\C,0,-6.114807 
 ,0.137686,0.608523\H,0,-6.951672,0.498708,0.907839\C,0,-6.010146,-1.10 
 7117,0.115047\H,0,-6.658417,-1.790989,0.043261\\Version=AM64L-G09RevA. 
 02\State=2-A\HF=-1312.0591576\S2=0.793506\S2-1=0.\S2A=0.750292\RMSD=7. 
 159e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–46. Output parameters for 4.11a; 165º dihedral angle. 
N-N= 1.746697754815D+03 E-N=-9.834211189243D+03  KE= 1.958950630032D+03 
 1\1\GINC-COMPUTE-0-21\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.28)\\bm 
 d139 in P2(1)/c 165 deg dihedral\\0,2\S,0,-4.360629,-1.557652,-0.10389 
 4\N,0,1.568561,1.409129,-0.219975\O,0,2.213789,2.506607,-0.364076\N,0, 
 1.070335,-0.721879,-0.032917\O,0,1.156802,-1.991009,0.087803\C,0,2.111 
 09,0.153769,-0.099105\C,0,0.163728,1.319521,-0.201649\C,0,-0.809276,2. 
 287398,-0.293326\H,0,-0.630062,3.182613,-0.355039\C,0,-2.113929,1.8482 
 39,-0.229383\H,0,-2.79855,2.455623,-0.26668\C,0,-2.456308,0.48962,-0.0 
 7607\C,0,-1.446457,-0.47442,-0.009521\H,0,-1.619779,-1.389434,0.047385 
 \C,0,-0.151147,-0.020853,-0.078049\C,0,3.523731,-0.183585,0.001639\C,0 
 ,4.411565,0.685854,0.62677\H,0,4.105576,1.428106,0.952914\C,0,5.736797 
 ,0.336365,0.754318\H,0,6.245264,0.882023,1.157924\C,0,6.201264,-0.8496 
 73,0.251118\H,0,7.118448,-1.05716,0.361011\C,0,5.333298,-1.710865,-0.3 
 85648\H,0,5.651072,-2.577052,-0.715521\C,0,4.001916,-1.392748,-0.50357 
 6\H,0,3.414294,-2.009917,-0.888076\C,0,-3.854282,0.076509,0.082403\C,0 
 ,-4.956661,0.886312,0.338963\H,0,-4.878719,1.63238,0.42123\C,0,-6.1532 
 79,0.161049,0.372372\H,0,-7.018986,0.544048,0.527715\C,0,-5.983116,-1. 
 153087,0.153059\H,0,-6.609102,-1.860754,0.17398\\Version=AM64L-G09RevA 
 .02\State=2-A\HF=-1312.0595154\S2=0.793359\S2-1=0.\S2A=0.7503\RMSD=7.4 
 83e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–47. Output parameters for 4.11a; 180º dihedral angle. 
N-N= 1.747253930527D+03 E-N=-9.835893592892D+03  KE= 1.958953933530D+03 
 1\1\GINC-COMPUTE-0-27\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\18-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.25)\\bm 
 d139 in P2(1)/c 180 deg dihedral\\0,2\S,0,-4.319815,-1.574468,0.147333 
 \N,0,1.567234,1.421309,-0.163202\O,0,2.213902,2.524024,-0.249115\N,0,1 
 .066727,-0.71592,-0.084724\O,0,1.151776,-1.989544,-0.026505\C,0,2.1083 
 44,0.161042,-0.101558\C,0,0.162267,1.332104,-0.157321\C,0,-0.809643,2. 
 304164,-0.20649\H,0,-0.629567,3.201183,-0.222782\C,0,-2.114892,1.86349 
 2,-0.171787\H,0,-2.79894,2.472563,-0.182855\C,0,-2.458919,0.499242,-0. 
 087883\C,0,-1.450016,-0.467773,-0.063411\H,0,-1.624183,-1.384334,-0.05 
 2868\C,0,-0.154076,-0.012476,-0.102032\C,0,3.520193,-0.182092,-0.00961 
 3\C,0,4.404934,0.65457,0.662838\H,0,4.097509,1.380025,1.02359\C,0,5.72 
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 9214,0.298063,0.780455\H,0,6.235677,0.822634,1.213468\C,0,6.195874,-0. 
 862003,0.221794\H,0,7.112295,-1.075459,0.32649\C,0,5.331072,-1.68987,- 
 0.461756\H,0,5.650231,-2.538934,-0.832302\C,0,4.000568,-1.365168,-0.57 
 1354\H,0,3.414802,-1.96204,-0.989275\C,0,-3.858012,0.079986,0.041991\C 
 ,0,-4.991172,0.88793,0.046262\H,0,-4.932803,1.637687,-0.016325\C,0,-6. 
 174122,0.144735,0.131752\H,0,-7.055965,0.522284,0.140532\C,0,-5.96447, 
 -1.180524,0.192927\H,0,-6.578057,-1.890235,0.306544\\Version=AM64L-G09 
 RevA.02\State=2-A\HF=-1312.0595638\S2=0.793294\S2-1=0.\S2A=0.750303\RM 
 SD=7.633e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–48. Output parameters for 4.11a; Onsager solvation, cyclohexane. 
N-N= 1.741875852860D+03 E-N=-9.819503189043D+03  KE= 1.958930405568D+03 
 1\1\GINC-COMPUTE-0-26\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\20-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=cyclohexane,a0=5 
 .25)\\bmd139 TDDFT cyclohexane\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15.63 
 45,3.4905,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.3224\O 
 ,0,15.555,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069,2.0 
 186\C,0,13.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045,3. 
 3841,1.3149\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0,12. 
 9546,5.6472,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.9342 
 \C,0,17.6619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271,2. 
 0886\C,0,19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248,5. 
 3521,3.5965\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0,19. 
 6178,7.049,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9563\ 
 C,0,10.6595,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6.964 
 1,-0.1857\C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8.33 
 98,5.6918,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA.02\ 
 State=2-A\HF=-1312.0555218\S2=0.794939\S2-1=0.\S2A=0.750303\RMSD=3.838 
 e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–49. Output parameters for 4.11a; Onsager solvation, carbon tetrachloride. 
N-N= 1.741875881893D+03 E-N=-9.819521089427D+03  KE= 1.958931498934D+03 
 1\1\GINC-COMPUTE-0-3\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=ccl4,a0=5.25)\\bm 
 d139 TDDFT cyclohexane\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.544 
 181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0.8 
 07745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264, 
 -0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.04 
 5435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038\ 
 H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,-1 
 .363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0.0 
 94649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.42742 
 6,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.4094 
 78,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.14 
 5793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\H 
 ,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0,3 
 .568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.21962 
 8,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1. 
 626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.5797 
 63,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.02 
 \State=2-A\HF=-1312.0559969\S2=0.794769\S2-1=0.\S2A=0.750302\RMSD=3.71 
 0e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 
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Table E–50. Output parameters for 4.11a; Onsager solvation, 1,4-dioxane. 
N-N= 1.741875852860D+03 E-N=-9.819519580171D+03  KE= 1.958931416613D+03 
 1\1\GINC-COMPUTE-0-19\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\03-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(a0=5.25,solvent=1,4-diox 
 ane)\\bmd139 Onsager\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15.6345,3.4905, 
 2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.3224\O,0,15.555, 
 6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069,2.0186\C,0,13 
 .2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045,3.3841,1.314 
 9\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0,12.9546,5.647 
 2,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.9342\C,0,17.66 
 19,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271,2.0886\C,0,1 
 9.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248,5.3521,3.596 
 5\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0,19.6178,7.049 
 ,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9563\C,0,10.659 
 5,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6.9641,-0.1857\ 
 C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8.3398,5.6918, 
 -0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA.02\State=2-A\ 
 HF=-1312.0559573\S2=0.794783\S2-1=0.\S2A=0.750302\RMSD=3.720e-09\PG=C0 
 1 [X(C17H11N2O2S1)]\\@ 

 

Table E–51. Output parameters for 4.11a; Onsager solvation, toluene. 
N-N= 1.741875852860D+03 E-N=-9.819531824127D+03  KE= 1.958932179163D+03 
 1\1\GINC-COMPUTE-0-8\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \11-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=toluene,a0=5.25)\ 
 \bmd139 TDDFT toluene\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15.6345,3.4905 
 ,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.3224\O,0,15.555 
 ,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069,2.0186\C,0,1 
 3.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045,3.3841,1.31 
 49\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0,12.9546,5.64 
 72,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.9342\C,0,17.6 
 619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271,2.0886\C,0, 
 19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248,5.3521,3.59 
 65\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0,19.6178,7.04 
 9,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9563\C,0,10.65 
 95,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6.9641,-0.1857 
 \C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8.3398,5.6918 
 ,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA.02\State=2-A 
 \HF=-1312.0562838\S2=0.794667\S2-1=0.\S2A=0.750301\RMSD=9.918e-09\PG=C 
 01 [X(C17H11N2O2S1)]\\@ 

 

Table E–52. Output parameters for 4.11a; Onsager solvation, diethyl ether. 
N-N= 1.741875852860D+03 E-N=-9.819612548448D+03  KE= 1.958937326515D+03 
 1\1\GINC-COMPUTE-0-34\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\11-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=diethylether,a0= 
 5.25)\\bmd139 TDDFT diethyl ether\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15 
 .6345,3.4905,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.322 
 4\O,0,15.555,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069, 
 2.0186\C,0,13.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045 
 ,3.3841,1.3149\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0, 
 12.9546,5.6472,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.9 
 342\C,0,17.6619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271 
 ,2.0886\C,0,19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248 
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 ,5.3521,3.5965\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0, 
 19.6178,7.049,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.95 
 63\C,0,10.6595,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6. 
 9641,-0.1857\C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8 
 .3398,5.6918,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA. 
 02\State=2-A\HF=-1312.0584696\S2=0.793922\S2-1=0.\S2A=0.750299\RMSD=8. 
 445e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–53. Output parameters for 4.11a; Onsager solvation, ethyl acetate. 
N-N= 1.741875881893D+03 E-N=-9.819646738264D+03  KE= 1.958939565049D+03 
 1\1\GINC-COMPUTE-0-8\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(a0=5.25,solvent=ethyletha 
 noate)\\bmd139 TDDFT cyclohexane\\0,2\S,0,-5.158604,0.608893,-0.451944 
 \N,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1. 
 16326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637 
 ,0.125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.10 
 4891,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891 
 ,-0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028 
 815\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.11496 
 6\C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C 
 ,0,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770 
 411,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.6 
 86365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,- 
 0.582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.66 
 4076\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C, 
 0,-4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5 
 .61279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.2396 
 33,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L- 
 G09RevA.02\State=2-A\HF=-1312.0594154\S2=0.793615\S2-1=0.\S2A=0.750298 
 \RMSD=7.814e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–54. Output parameters for 4.11a; Onsager solvation, tetrahydrofuran. 
N-N= 1.741875852860D+03 E-N=-9.819663581274D+03  KE= 1.958940701117D+03 
 1\1\GINC-COMPUTE-0-12\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\20-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=thf,a0=5.25)\\bm 
 d139 TDDFT cyclohexane\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15.6345,3.490 
 5,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.3224\O,0,15.55 
 5,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069,2.0186\C,0, 
 13.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045,3.3841,1.3 
 149\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0,12.9546,5.6 
 472,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.9342\C,0,17. 
 6619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271,2.0886\C,0 
 ,19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248,5.3521,3.5 
 965\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0,19.6178,7.0 
 49,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9563\C,0,10.6 
 595,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6.9641,-0.185 
 7\C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8.3398,5.691 
 8,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA.02\State=2- 
 A\HF=-1312.0598879\S2=0.793465\S2-1=0.\S2A=0.750297\RMSD=7.492e-09\PG= 
 C01 [X(C17H11N2O2S1)]\\@ 
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Table E–55. Output parameters for 4.11a; Onsager solvation, methylene chloride. 
N-N= 1.741875852860D+03 E-N=-9.819675810677D+03  KE= 1.958941524306D+03 
 1\1\GINC-COMPUTE-0-31\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\11-Apr-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=dichloromethane, 
 a0=5.25)\\bmd139 TDDFT cyclohexane\\0,2\S,0,9.1603,4.4877,0.7978\N,0,1 
 5.6345,3.4905,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.32 
 24\O,0,15.555,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069 
 ,2.0186\C,0,13.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.104 
 5,3.3841,1.3149\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0 
 ,12.9546,5.6472,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1. 
 9342\C,0,17.6619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.327 
 1,2.0886\C,0,19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.324 
 8,5.3521,3.5965\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0 
 ,19.6178,7.049,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9 
 563\C,0,10.6595,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6 
 .9641,-0.1857\C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0, 
 8.3398,5.6918,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA 
 .02\State=2-A\HF=-1312.0602331\S2=0.793357\S2-1=0.\S2A=0.750297\RMSD=7 
 .255e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–56. Output parameters for 4.11a; Onsager solvation, acetone. 
N-N= 1.741875852860D+03 E-N=-9.819711542818D+03  KE= 1.958943962863D+03 
 1\1\GINC-COMPUTE-0-26\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\20-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=acetone,a0=5.25) 
 \\bmd139 TDDFT cyclohexane\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15.6345,3 
 .4905,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.3224\O,0,1 
 5.555,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069,2.0186\ 
 C,0,13.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045,3.3841 
 ,1.3149\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0,12.9546 
 ,5.6472,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.9342\C,0 
 ,17.6619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271,2.0886 
 \C,0,19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248,5.3521 
 ,3.5965\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0,19.6178 
 ,7.049,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9563\C,0, 
 10.6595,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6.9641,-0 
 .1857\C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8.3398,5 
 .6918,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA.02\Stat 
 e=2-A\HF=-1312.0612552\S2=0.793045\S2-1=0.\S2A=0.750296\RMSD=6.541e-09 
 \PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–57. Output parameters for 4.11a; Onsager solvation, acetonitrile. 
N-N= 1.741875852860D+03 E-N=-9.819723857774D+03  KE= 1.958944815120D+03 
 1\1\GINC-COMPUTE-0-26\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\20-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=acetonitrile,a0= 
 5.25)\\bmd139 TDDFT cyclohexane\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15.6 
 345,3.4905,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.3224\ 
 O,0,15.555,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069,2. 
 0186\C,0,13.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045,3 
 .3841,1.3149\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0,12 
 .9546,5.6472,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.934 
 2\C,0,17.6619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271,2 
 .0886\C,0,19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248,5 
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 .3521,3.5965\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0,19 
 .6178,7.049,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9563 
 \C,0,10.6595,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6.96 
 41,-0.1857\C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8.3 
 398,5.6918,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA.02 
 \State=2-A\HF=-1312.0616127\S2=0.792938\S2-1=0.\S2A=0.750295\RMSD=6.28 
 9e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–58. Output parameters for 4.11a; Onsager solvation, dimethyl sulfoxide. 
N-N= 1.741875852860D+03 E-N=-9.819727870184D+03  KE= 1.958945094140D+03 
 1\1\GINC-COMPUTE-0-20\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\20-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(solvent=dmso,a0=5.25)\\b 
 md139 TDDFT cyclohexane\\0,2\S,0,9.1603,4.4877,0.7978\N,0,15.6345,3.49 
 05,2.4469\O,0,16.1333,2.3321,2.6724\N,0,15.3547,5.6655,2.3224\O,0,15.5 
 55,6.9271,2.3538\C,0,16.2673,4.6975,2.613\C,0,14.311,3.7069,2.0186\C,0 
 ,13.2965,2.8262,1.7235\H,0,13.3906,1.9164,1.7508\C,0,12.1045,3.3841,1. 
 3149\H,0,11.4037,2.8395,1.0884\C,0,11.913,4.7754,1.1958\C,0,12.9546,5. 
 6472,1.5254\H,0,12.8659,6.5758,1.5063\C,0,14.1354,5.0755,1.9342\C,0,17 
 .6619,4.913,2.971\C,0,18.6405,4.0139,2.56\H,0,18.4017,3.3271,2.0886\C, 
 0,19.961,4.2512,2.8676\H,0,20.5323,3.6921,2.5844\C,0,20.3248,5.3521,3. 
 5965\H,0,21.2431,5.4837,3.7856\C,0,19.361,6.2404,4.0237\H,0,19.6178,7. 
 049,4.5139\C,0,18.0396,6.0355,3.7081\H,0,17.4035,6.6741,3.9563\C,0,10. 
 6595,5.3225,0.6671\C,0,10.4796,6.5091,-0.0375\H,0,11.0631,6.9641,-0.18 
 57\C,0,9.1518,6.6925,-0.4404\H,0,8.8332,7.4454,-0.9423\C,0,8.3398,5.69 
 18,-0.0619\H,0,7.4046,5.5959,-0.1583\\Version=AM64L-G09RevA.02\State=2 
 -A\HF=-1312.0617298\S2=0.792903\S2-1=0.\S2A=0.750295\RMSD=6.207e-09\PG 
 =C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–59. Output parameters for 4.11a; CPCM solvation, cyclohexane. 
N-N= 1.741875881893D+03 E-N=-9.819522742731D+03  KE= 1.958932286975D+03 
 1\1\GINC-COMPUTE-0-9\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=cyclohexane) 
 \\bmd139 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1. 
 544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,- 
 0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.1252 
 64,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0 
 .045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.030 
 38\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0 
 ,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,- 
 0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.42 
 7426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.4 
 09478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0 
 .145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.58248 
 5\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H, 
 0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.21 
 9628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279, 
 -1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.5 
 79763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA 
 .02\State=2-A\HF=-1312.0565687\S2=0.794705\S2-1=0.\S2A=0.750301\RMSD=9 
 .624e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

  



 

 

369
Table E–60. Output parameters for 4.11a; CPCM solvation, carbon tetrachloride. 
N-N= 1.741875881893D+03 E-N=-9.819540909581D+03  KE= 1.958933427352D+03 
 1\1\GINC-COMPUTE-0-3\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=ccl4)\\bmd13 
 9 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.544181, 
 1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0.80774 
 5,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264,-0.0 
 89969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.045435 
 \H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038\H,0, 
 -2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,-1.363 
 043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0.09464 
 9,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.427426,0. 
 698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.409478,0 
 .777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.145793 
 \H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\H,0,5 
 .833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0,3.568 
 124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.219628,-1 
 .492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1.6265 
 06,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.579763,0 
 .077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.02\Sta 
 te=2-A\HF=-1312.0570658\S2=0.794532\S2-1=0.\S2A=0.7503\RMSD=9.292e-09\ 
 PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–61. Output parameters for 4.11a; CPCM solvation, 1,4-dioxane. 
N-N= 1.741875881893D+03 E-N=-9.819539474822D+03  KE= 1.958933337318D+03 
 1\1\GINC-COMPUTE-0-23\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=1,4-dioxane 
 )\\bmd139 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1 
 .544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326, 
 -0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125 
 264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,- 
 0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03 
 038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C, 
 0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0, 
 -0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.4 
 27426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0. 
 409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365, 
 0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.5824 
 85\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H 
 ,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.2 
 19628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279 
 ,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0. 
 579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09Rev 
 A.02\State=2-A\HF=-1312.0570268\S2=0.794546\S2-1=0.\S2A=0.7503\RMSD=9. 
 318e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–62. Output parameters for 4.11a; CPCM solvation, toluene. 
N-N= 1.741875881893D+03 E-N=-9.819551779411D+03  KE= 1.958934109331D+03 
 1\1\GINC-COMPUTE-0-31\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=toluene)\\b 
 md139 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.544 
 181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0.8 
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 07745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264, 
 -0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.04 
 5435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038\ 
 H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,-1 
 .363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0.0 
 94649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.42742 
 6,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.4094 
 78,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.14 
 5793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\H 
 ,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0,3 
 .568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.21962 
 8,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1. 
 626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.5797 
 63,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.02 
 \State=2-A\HF=-1312.0573601\S2=0.794431\S2-1=0.\S2A=0.7503\RMSD=9.099e 
 -09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–63. Output parameters for 4.11a; CPCM solvation, diethyl ether. 
N-N= 1.741875881893D+03 E-N=-9.819629171538D+03  KE= 1.958938962842D+03 
 1\1\GINC-COMPUTE-0-15\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=diethylethe 
 r)\\bmd139 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0, 
 1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326 
 ,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.12 
 5264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891, 
 -0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.0 
 3038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C 
 ,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0 
 ,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4. 
 427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0 
 .409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365 
 ,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582 
 485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\ 
 H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4. 
 219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.6127 
 9,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0 
 .579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09Re 
 vA.02\State=2-A\HF=-1312.0593883\S2=0.79373\S2-1=0.\S2A=0.750298\RMSD= 
 7.788e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–64. Output parameters for 4.11a; CPCM solvation, ethyl acetate. 
N-N= 1.741875881893D+03 E-N=-9.819660096168D+03  KE= 1.958940904111D+03 
 1\1\GINC-COMPUTE-0-29\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=ethylethano 
 ate)\\bmd139 TDDFT cyclohexane\\0,2\S,0,-5.158604,0.608893,-0.451944\N 
 ,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16 
 326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0 
 .125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.1048 
 91,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,- 
 0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.02881 
 5\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\ 
 C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0 
 ,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.77041 
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 1,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686 
 365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0. 
 582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.6640 
 76\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0, 
 -4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.6 
 1279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633 
 ,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G0 
 9RevA.02\State=2-A\HF=-1312.060166\S2=0.793462\S2-1=0.\S2A=0.750297\RM 
 SD=7.272e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–65. Output parameters for 4.11a; CPCM solvation, tetrahydrofuran. 
N-N= 1.741875881893D+03 E-N=-9.819675102952D+03  KE= 1.958941847145D+03 
 1\1\GINC-COMPUTE-0-18\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=thf)\\bmd13 
 9 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.544181, 
 1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0.80774 
 5,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264,-0.0 
 89969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.045435 
 \H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038\H,0, 
 -2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,-1.363 
 043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0.09464 
 9,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.427426,0. 
 698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.409478,0 
 .777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.145793 
 \H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\H,0,5 
 .833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0,3.568 
 124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.219628,-1 
 .492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1.6265 
 06,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.579763,0 
 .077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.02\Sta 
 te=2-A\HF=-1312.0605368\S2=0.793335\S2-1=0.\S2A=0.750296\RMSD=7.022e-0 
 9\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–66. Output parameters for 4.11a; CPCM solvation, methylene chloride. 
N-N= 1.741875881893D+03 E-N=-9.819685804532D+03  KE= 1.958942520147D+03 
 1\1\GINC-COMPUTE-0-17\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=dichloromet 
 hane)\\bmd139 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N 
 ,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16 
 326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0 
 .125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.1048 
 91,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,- 
 0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.02881 
 5\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\ 
 C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0 
 ,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.77041 
 1,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686 
 365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0. 
 582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.6640 
 76\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0, 
 -4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.6 
 1279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633 
 ,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G0 
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 9RevA.02\State=2-A\HF=-1312.0607986\S2=0.793244\S2-1=0.\S2A=0.750296\R 
 MSD=6.843e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–67. Output parameters for 4.11a; CPCM solvation, acetone. 
N-N= 1.741875881893D+03 E-N=-9.819716453840D+03  KE= 1.958944450464D+03 
 1\1\GINC-COMPUTE-0-31\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=acetone)\\b 
 md139 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.544 
 181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0.8 
 07745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264, 
 -0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.04 
 5435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038\ 
 H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,-1 
 .363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0.0 
 94649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.42742 
 6,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.4094 
 78,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.14 
 5793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\H 
 ,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0,3 
 .568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.21962 
 8,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1. 
 626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.5797 
 63,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.02 
 \State=2-A\HF=-1312.0615364\S2=0.79299\S2-1=0.\S2A=0.750295\RMSD=6.336 
 e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–68. Output parameters for 4.11a; CPCM solvation, acetonitrile. 
N-N= 1.741875881893D+03 E-N=-9.819726815566D+03  KE= 1.958945104162D+03 
 1\1\GINC-COMPUTE-0-12\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=acetonitril 
 e)\\bmd139 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0, 
 1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326 
 ,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.12 
 5264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891, 
 -0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.0 
 3038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C 
 ,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0 
 ,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4. 
 427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0 
 .409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365 
 ,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582 
 485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\ 
 H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4. 
 219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.6127 
 9,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0 
 .579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09Re 
 vA.02\State=2-A\HF=-1312.0617819\S2=0.792906\S2-1=0.\S2A=0.750295\RMSD 
 =6.167e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 
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Table E–69. Output parameters for 4.11a; CPCM solvation, dimethyl sulfoxide. 
N-N= 1.741875881893D+03 E-N=-9.819730170465D+03  KE= 1.958945315949D+03 
 1\1\GINC-COMPUTE-0-24\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(cpcm,solvent=dmso)\\bmd1 
 39 TDDFT CPCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.544181 
 ,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0.8077 
 45,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264,-0. 
 089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.04543 
 5\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038\H,0 
 ,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,-1.36 
 3043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0.0946 
 49,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.427426,0 
 .698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.409478, 
 0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.14579 
 3\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\H,0, 
 5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0,3.56 
 8124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.219628,- 
 1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1.626 
 506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.579763, 
 0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.02\St 
 ate=2-A\HF=-1312.0618609\S2=0.792878\S2-1=0.\S2A=0.750295\RMSD=6.113e- 
 09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–70. Output parameters for 4.11a; SCI-PCM solvation, cyclohexane. 
N-N= 1.741875881893D+03 E-N=-9.819522559036D+03  KE= 1.958937432461D+03 
 1\1\GINC-COMPUTE-0-9\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=cyclohexan 
 e)\\bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N 
 ,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16 
 326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0 
 .125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.1048 
 91,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,- 
 0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.02881 
 5\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\ 
 C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0 
 ,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.77041 
 1,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686 
 365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0. 
 582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.6640 
 76\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0, 
 -4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.6 
 1279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633 
 ,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G0 
 9RevA.02\State=2-A\HF=-1312.0553047\S2=0.794995\S2-1=0.\S2A=0.750303\R 
 MSD=4.772e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–71. Output parameters for 4.11a; SCI-PCM solvation, carbon tetrachloride. 
N-N= 1.741875881893D+03 E-N=-9.819542887744D+03  KE= 1.958939410040D+03 
 1\1\GINC-COMPUTE-0-3\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=ccl4)\\bmd 
 139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.54 
 4181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0. 



 

 

374
 807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264 
 ,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.0 
 45435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038 
 \H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,- 
 1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0. 
 094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.4274 
 26,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.409 
 478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.1 
 45793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\ 
 H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0, 
 3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.2196 
 28,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1 
 .626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.579 
 763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.0 
 2\State=2-A\HF=-1312.0557554\S2=0.794829\S2-1=0.\S2A=0.750302\RMSD=4.6 
 55e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–72. Output parameters for 4.11a; SCI-PCM solvation, 1,4-dioxane. 
N-N= 1.741875881893D+03 E-N=-9.819541265595D+03  KE= 1.958939251588D+03 
 1\1\GINC-COMPUTE-0-29\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=1,4-dioxa 
 ne)\\bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\ 
 N,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.1 
 6326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637, 
 0.125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104 
 891,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891, 
 -0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.0288 
 15\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966 
 \C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C, 
 0,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.7704 
 11,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.68 
 6365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0 
 .582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664 
 076\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0 
 ,-4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5. 
 61279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.23963 
 3,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G 
 09RevA.02\State=2-A\HF=-1312.0557194\S2=0.794842\S2-1=0.\S2A=0.750302\ 
 RMSD=4.647e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–73. Output parameters for 4.11a; SCI-PCM solvation, toluene. 
N-N= 1.741875881893D+03 E-N=-9.819555274010D+03  KE= 1.958940624404D+03 
 1\1\GINC-COMPUTE-0-18\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=toluene)\ 
 \bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0, 
 1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326 
 ,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.12 
 5264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891, 
 -0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.0 
 3038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C 
 ,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0 
 ,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4. 
 427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0 



 

 

375
 .409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365 
 ,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582 
 485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\ 
 H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4. 
 219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.6127 
 9,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0 
 .579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09Re 
 vA.02\State=2-A\HF=-1312.0560307\S2=0.794728\S2-1=0.\S2A=0.750302\RMSD 
 =5.105e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–74. Output parameters for 4.11a; SCI-PCM solvation, diethyl ether. 
N-N= 1.741875881893D+03 E-N=-9.819648491978D+03  KE= 1.958949982249D+03 
 1\1\GINC-COMPUTE-0-15\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=diethylet 
 her)\\bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944 
 \N,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1. 
 16326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637 
 ,0.125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.10 
 4891,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891 
 ,-0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028 
 815\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.11496 
 6\C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C 
 ,0,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770 
 411,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.6 
 86365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,- 
 0.582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.66 
 4076\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C, 
 0,-4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5 
 .61279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.2396 
 33,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L- 
 G09RevA.02\State=2-A\HF=-1312.0581241\S2=0.793997\S2-1=0.\S2A=0.750299 
 \RMSD=8.719e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–75. Output parameters for 4.11a; SCI-PCM solvation, ethyl acetate. 
N-N= 1.741875881893D+03 E-N=-9.819688394297D+03  KE= 1.958954120047D+03 
 1\1\GINC-COMPUTE-0-0\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNND 
 \01-Jun-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=ethylethan 
 oate)\\bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.45194 
 4\N,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1 
 .16326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.15463 
 7,0.125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.1 
 04891,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.59089 
 1,-0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.02 
 8815\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.1149 
 66\C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\ 
 C,0,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.77 
 0411,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0. 
 686365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672, 
 -0.582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.6 
 64076\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C 
 ,0,-4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,- 
 5.61279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239 
 633,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L 



 

 

376
 -G09RevA.02\State=2-A\HF=-1312.0590332\S2=0.793693\S2-1=0.\S2A=0.75029 
 8\RMSD=8.347e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–76. Output parameters for 4.11a; SCI-PCM solvation, tetrahydrofuran. 
N-N= 1.741875881893D+03 E-N=-9.819708331916D+03  KE= 1.958956218823D+03 
 1\1\GINC-COMPUTE-0-30\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=thf)\\bmd 
 139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.54 
 4181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0. 
 807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.125264 
 ,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0.0 
 45435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.03038 
 \H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0,- 
 1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0. 
 094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.4274 
 26,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.409 
 478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0.1 
 45793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485\ 
 H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0, 
 3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.2196 
 28,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,-1 
 .626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.579 
 763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA.0 
 2\State=2-A\HF=-1312.0594912\S2=0.793544\S2-1=0.\S2A=0.750298\RMSD=7.9 
 57e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–77. Output parameters for 4.11a; SCI-PCM solvation, methylene chloride. 
N-N= 1.741875881893D+03 E-N=-9.819722795981D+03  KE= 1.958957756004D+03 
 1\1\GINC-COMPUTE-0-26\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=dichlorom 
 ethane)\\bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451 
 944\N,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0 
 ,1.16326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154 
 637,0.125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2 
 .104891,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590 
 891,-0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0. 
 028815\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.11 
 4966\C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.02760 
 9\C,0,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5. 
 770411,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,- 
 0.686365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.51767 
 2,-0.582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0 
 .664076\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098 
 \C,0,-4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0 
 ,-5.61279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.2 
 39633,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM6 
 4L-G09RevA.02\State=2-A\HF=-1312.0598249\S2=0.793437\S2-1=0.\S2A=0.750 
 298\RMSD=7.826e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 
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Table E–78. Output parameters for 4.11a; SCI-PCM solvation, acetone. 
N-N= 1.741875881893D+03 E-N=-9.819765368696D+03  KE= 1.958962352815D+03 
 1\1\GINC-COMPUTE-0-28\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=acetone)\ 
 \bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0, 
 1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326 
 ,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.12 
 5264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891, 
 -0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.0 
 3038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C 
 ,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0 
 ,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4. 
 427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0 
 .409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365 
 ,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582 
 485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\ 
 H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4. 
 219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.6127 
 9,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0 
 .579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09Re 
 vA.02\State=2-A\HF=-1312.0608159\S2=0.793126\S2-1=0.\S2A=0.750297\RMSD 
 =7.263e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–79. Output parameters for 4.11a; SCI-PCM solvation, acetonitrile. 
N-N= 1.741875881893D+03 E-N=-9.819780158870D+03  KE= 1.958963976985D+03 
 1\1\GINC-COMPUTE-0-23\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=acetonitr 
 ile)\\bmd139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944 
 \N,0,1.544181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1. 
 16326,-0.807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637 
 ,0.125264,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.10 
 4891,-0.045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891 
 ,-0.03038\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028 
 815\C,0,-1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.11496 
 6\C,0,-0.094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C 
 ,0,4.427426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770 
 411,0.409478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.6 
 86365,0.145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,- 
 0.582485\H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.66 
 4076\H,0,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C, 
 0,-4.219628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5 
 .61279,-1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.2396 
 33,-0.579763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L- 
 G09RevA.02\State=2-A\HF=-1312.0611635\S2=0.793019\S2-1=0.\S2A=0.750296 
 \RMSD=7.254e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–80. Output parameters for 4.11a; SCI-PCM solvation, dimethyl sulfoxide. 
N-N= 1.741875881893D+03 E-N=-9.819784985268D+03  KE= 1.958964508543D+03 
 1\1\GINC-COMPUTE-0-17\SP\UTD-B3LYP-FC\6-31G(d,p)\C17H11N2O2S1(2)\BRYNN 
 D\31-May-2010\0\\# td ub3lyp/6-31g(d,p) scrf=(scipcm,solvent=dmso)\\bm 
 d139 TDDFT SCI PCM model\\0,2\S,0,-5.158604,0.608893,-0.451944\N,0,1.5 
 44181,1.354834,-0.070571\O,0,2.12812,2.495052,-0.092044\N,0,1.16326,-0 
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 .807745,-0.121209\O,0,1.319077,-2.075823,-0.14219\C,0,2.154637,0.12526 
 4,-0.089969\C,0,0.146404,1.187303,-0.062013\C,0,-0.878137,2.104891,-0. 
 045435\H,0,-0.748052,3.009859,-0.007392\C,0,-2.156671,1.590891,-0.0303 
 8\H,0,-2.873396,2.160439,0.000147\C,0,-2.424012,0.20702,-0.028815\C,0, 
 -1.363043,-0.701966,-0.069946\H,0,-1.486204,-1.625727,-0.114966\C,0,-0 
 .094649,-0.173669,-0.087956\C,0,3.584077,-0.143671,-0.027609\C,0,4.427 
 426,0.698192,0.690017\H,0,4.083742,1.381918,1.096635\C,0,5.770411,0.40 
 9478,0.777686\H,0,6.251103,0.933923,1.239283\C,0,6.295259,-0.686365,0. 
 145793\H,0,7.223003,-0.85445,0.231771\C,0,5.471229,-1.517672,-0.582485 
 \H,0,5.833367,-2.323328,-1.006574\C,0,4.123861,-1.261492,-0.664076\H,0 
 ,3.568124,-1.863333,-1.11461\C,0,-3.796545,-0.2967,0.083098\C,0,-4.219 
 628,-1.492825,0.655051\H,0,-3.723039,-1.977876,0.951002\C,0,-5.61279,- 
 1.626506,0.639411\H,0,-6.092612,-2.377636,0.994155\C,0,-6.239633,-0.57 
 9763,0.077804\H,0,-7.157207,-0.444002,-0.10307\\Version=AM64L-G09RevA. 
 02\State=2-A\HF=-1312.0612774\S2=0.792985\S2-1=0.\S2A=0.750296\RMSD=7. 
 773e-09\PG=C01 [X(C17H11N2O2S1)]\\@ 

 

Table E–81. Output parameters for 4.11a; π dimer, singlet ground state. 
1\1\GINC-COMPUTE-0-5\SP\UB3LYP\6-311+G(d,p)\C34H22N4O4S2\BRYNND\30-Aug 
 -2010\0\\# ub3lyp/6-311+g(d,p) guess=mix geom=connectivity\\bmd139 dim 
 er\\0,1\S,0,19.15,11.5622,2.7188\N,0,12.6758,10.5651,1.0697\O,0,12.177 
 ,9.4067,0.844\N,0,12.9557,12.7402,1.1942\O,0,12.7553,14.0017,1.1626\C, 
 0,12.043,11.7721,0.9037\C,0,13.9993,10.7815,1.498\C,0,15.0138,9.9008,1 
 .7927\H,0,14.9199,8.9905,1.7653\C,0,16.2058,10.4587,2.2013\H,0,16.9071 
 ,9.9144,2.4264\C,0,16.3974,11.85,2.3209\C,0,15.3558,12.7218,1.9911\H,0 
 ,15.4443,13.6498,2.0115\C,0,14.1748,12.1501,1.5824\C,0,10.6484,11.9877 
 ,0.5458\C,0,9.6699,11.0885,0.9565\H,0,9.9093,10.4012,1.4277\C,0,8.3494 
 ,11.3258,0.6492\H,0,7.7784,10.7662,0.9354\C,0,7.9856,12.4268,-0.0802\H 
 ,0,7.0679,12.5589,-0.2673\C,0,8.9492,13.3151,-0.5071\H,0,8.6923,14.123 
 8,-0.9987\C,0,10.2707,13.1102,-0.1913\H,0,10.9065,13.7489,-0.4431\C,0, 
 17.6508,12.3972,2.8491\C,0,17.8307,13.5838,3.5538\H,0,17.2477,14.0389, 
 3.6994\C,0,19.1585,13.7673,3.9568\H,0,19.4837,14.5172,4.459\C,0,19.970 
 5,12.7669,3.5784\H,0,20.903,12.6636,3.6783\S,0,19.1364,9.6617,6.2353\N 
 ,0,12.6621,10.6588,4.5862\O,0,12.1633,11.8172,4.3605\N,0,12.942,8.4838 
 ,4.7107\O,0,12.7416,7.2222,4.6791\C,0,12.0293,9.4519,4.4203\C,0,13.985 
 6,10.4425,5.0146\C,0,15.0001,11.3231,5.3092\H,0,14.9062,12.2335,5.2818 
 \C,0,16.1921,10.7652,5.7179\H,0,16.8934,11.3095,5.9429\C,0,16.3837,9.3 
 739,5.8374\C,0,15.3421,8.5022,5.5076\H,0,15.4306,7.5741,5.528\C,0,14.1 
 611,9.0738,5.099\C,0,10.6347,9.2362,4.0623\C,0,9.6562,10.1354,4.473\H, 
 0,9.8956,10.8228,4.9442\C,0,8.3357,9.8981,4.1657\H,0,7.7647,10.4577,4. 
 4519\C,0,7.9719,8.7972,3.4363\H,0,7.0542,8.665,3.2493\C,0,8.9356,7.908 
 9,3.0094\H,0,8.6786,7.1001,2.5178\C,0,10.2571,8.1138,3.3252\H,0,10.892 
 8,7.4751,3.0734\C,0,17.6371,8.8268,6.3656\C,0,17.817,7.6402,7.0703\H,0 
 ,17.234,7.185,7.2159\C,0,19.1448,7.4567,7.4733\H,0,19.47,6.7068,7.9755 
 \C,0,19.9568,8.457,7.0949\H,0,20.8893,8.5603,7.1948\\Version=AM64L-G09 
 RevA.02\State=1-A\HF=-2624.621797\S2=1.084884\S2-1=0.\S2A=0.681602\RMS 
 D=2.643e-09\Dipole=1.4360929,-0.0260653,0.9887999\Quadrupole=26.024912 
 5,-15.4089507,-10.6159618,0.253944,10.4618504,-0.8920998\PG=C01 [X(C34 
 H22N4O4S2)]\\@ 
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Table E–82. Output parameters for 4.11a; π dimer, triplet ground state. 
1\1\GINC-COMPUTE-0-20\SP\UB3LYP\6-311+G(d,p)\C34H22N4O4S2(3)\BRYNND\29 
 -Aug-2010\0\\# ub3lyp/6-311+g(d,p) geom=connectivity\\bmd139 dimer\\0, 
 3\S,0,19.15,11.5622,2.7188\N,0,12.6758,10.5651,1.0697\O,0,12.177,9.406 
 7,0.844\N,0,12.9557,12.7402,1.1942\O,0,12.7553,14.0017,1.1626\C,0,12.0 
 43,11.7721,0.9037\C,0,13.9993,10.7815,1.498\C,0,15.0138,9.9008,1.7927\ 
 H,0,14.9199,8.9905,1.7653\C,0,16.2058,10.4587,2.2013\H,0,16.9071,9.914 
 4,2.4264\C,0,16.3974,11.85,2.3209\C,0,15.3558,12.7218,1.9911\H,0,15.44 
 43,13.6498,2.0115\C,0,14.1748,12.1501,1.5824\C,0,10.6484,11.9877,0.545 
 8\C,0,9.6699,11.0885,0.9565\H,0,9.9093,10.4012,1.4277\C,0,8.3494,11.32 
 58,0.6492\H,0,7.7784,10.7662,0.9354\C,0,7.9856,12.4268,-0.0802\H,0,7.0 
 679,12.5589,-0.2673\C,0,8.9492,13.3151,-0.5071\H,0,8.6923,14.1238,-0.9 
 987\C,0,10.2707,13.1102,-0.1913\H,0,10.9065,13.7489,-0.4431\C,0,17.650 
 8,12.3972,2.8491\C,0,17.8307,13.5838,3.5538\H,0,17.2477,14.0389,3.6994 
 \C,0,19.1585,13.7673,3.9568\H,0,19.4837,14.5172,4.459\C,0,19.9705,12.7 
 669,3.5784\H,0,20.903,12.6636,3.6783\S,0,19.1364,9.6617,6.2353\N,0,12. 
 6621,10.6588,4.5862\O,0,12.1633,11.8172,4.3605\N,0,12.942,8.4838,4.710 
 7\O,0,12.7416,7.2222,4.6791\C,0,12.0293,9.4519,4.4203\C,0,13.9856,10.4 
 425,5.0146\C,0,15.0001,11.3231,5.3092\H,0,14.9062,12.2335,5.2818\C,0,1 
 6.1921,10.7652,5.7179\H,0,16.8934,11.3095,5.9429\C,0,16.3837,9.3739,5. 
 8374\C,0,15.3421,8.5022,5.5076\H,0,15.4306,7.5741,5.528\C,0,14.1611,9. 
 0738,5.099\C,0,10.6347,9.2362,4.0623\C,0,9.6562,10.1354,4.473\H,0,9.89 
 56,10.8228,4.9442\C,0,8.3357,9.8981,4.1657\H,0,7.7647,10.4577,4.4519\C 
 ,0,7.9719,8.7972,3.4363\H,0,7.0542,8.665,3.2493\C,0,8.9356,7.9089,3.00 
 94\H,0,8.6786,7.1001,2.5178\C,0,10.2571,8.1138,3.3252\H,0,10.8928,7.47 
 51,3.0734\C,0,17.6371,8.8268,6.3656\C,0,17.817,7.6402,7.0703\H,0,17.23 
 4,7.185,7.2159\C,0,19.1448,7.4567,7.4733\H,0,19.47,6.7068,7.9755\C,0,1 
 9.9568,8.457,7.0949\H,0,20.8893,8.5603,7.1948\\Version=AM64L-G09RevA.0 
 2\State=3-A\HF=-2624.6217761\S2=2.086055\S2-1=0.\S2A=2.003308\RMSD=3.8 
 38e-09\Dipole=1.4367108,-0.026744,0.9878972\Quadrupole=26.034263,-15.4 
 179205,-10.6163425,0.259826,10.4647306,-0.8899752\PG=C01 [X(C34H22N4O4 
 S2)]\\@ 

 

Table E–83. Output parameters for 4.11b; π dimer, singlet ground state. 
1\1\GINC-COMPUTE-0-33\SP\UB3LYP\6-311+G(d,p)\C30H18N4O4S4\BRYNND\29-Oc 
 t-2010\0\\# ub3lyp/6-311+g(d,p) guess=mix geom=connectivity\\pi-dimer  
 singlet\\0,1\C,0,-1.8024,14.7868,6.1673\C,0,-1.3649,14.4728,7.4762\C,0 
 ,-2.8347,15.6883,5.919\H,0,-1.332,14.2958,5.3259\C,0,-1.9989,15.074,8. 
 5825\H,0,-3.1628,15.9213,4.9154\C,0,0.3808,12.7664,6.7161\H,0,-1.6929, 
 14.8788,9.6012\C,0,1.43,11.9657,7.2428\H,0,0.1238,12.7931,5.6658\C,0,1 
 .5919,12.1234,8.5904\O,0,-5.1112,17.7068,6.1506\H,0,2.0431,11.3065,6.6 
 427\H,0,2.3025,11.6451,9.2456\O,0,-3.7382,16.6648,10.4698\C,0,-6.9471, 
 18.6389,8.4111\C,0,-7.6981,19.5604,9.181\H,0,-7.2708,18.2044,7.4782\C, 
 0,-7.0504,19.9515,10.3206\H,0,-8.679,19.9163,8.8988\H,0,-7.3893,20.639 
 2,11.08\C,0,3.1494,14.7868,6.1673\C,0,2.1171,15.6883,5.919\H,0,3.6198, 
 14.2958,5.3259\C,0,4.6973,13.5357,7.6636\C,0,2.9529,15.074,8.5825\H,0, 
 1.7891,15.9213,4.9154\C,0,5.3327,12.7664,6.7161\S,0,5.4085,13.2558,9.2 
 415\H,0,3.2589,14.8788,9.6012\N,0,0.4628,17.1932,7.1351\C,0,6.3818,11. 
 9657,7.2428\H,0,5.0757,12.7931,5.6658\C,0,6.5438,12.1234,8.5904\N,0,1. 
 1124,16.7025,9.2035\O,0,-0.1593,17.7068,6.1506\H,0,6.9949,11.3065,6.64 
 27\H,0,7.2543,11.6451,9.2456\O,0,1.2137,16.6648,10.4698\S,0,-0.548,19. 
 2061,10.4914\C,0,-2.0985,19.9515,10.3206\H,0,-2.4374,20.6392,11.08\C,0 
 ,1.5166,16.2635,7.0251\C,0,1.9248,15.9525,8.3177\C,0,0.2242,17.4517,8. 
 4645\C,0,-1.9952,18.6389,8.4111\H,0,-2.3189,18.2044,7.4782\C,0,-0.7702 
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 ,18.3356,8.9796\C,0,3.5869,14.4728,7.4762\C,0,-2.7462,19.5604,9.181\H, 
 0,-3.7272,19.9163,8.8988\S,0,0.4566,13.2558,9.2415\C,0,-0.2546,13.5357 
 ,7.6636\C,0,-3.027,15.9525,8.3177\C,0,-3.4353,16.2635,7.0251\N,0,-4.48 
 9,17.1932,7.1351\N,0,-3.8395,16.7025,9.2035\C,0,-4.7276,17.4517,8.4645 
 \C,0,-5.7221,18.3356,8.9796\S,0,-5.4998,19.2061,10.4914\\Version=AM64L 
 -G09RevA.02\State=1-A\HF=-3266.8938947\S2=1.094084\S2-1=0.\S2A=0.77366 
 6\RMSD=6.367e-09\Dipole=1.2179816,-1.4000533,-0.8465792\Quadrupole=10. 
 7452493,0.6848205,-11.4300699,-23.7812685,-9.4683024,15.4466362\PG=C01 
  [X(C30H18N4O4S4)]\\@ 

 

Table E–84. Output parameters for 4.11b; π dimer, triplet ground state. 
1\1\GINC-COMPUTE-0-6\SP\UB3LYP\6-311+G(d,p)\C30H18N4O4S4(3)\BRYNND\29- 
 Oct-2010\0\\# ub3lyp/6-311+g(d,p) geom=connectivity\\pi-dimer triplet\ 
 \0,3\C,0,0.120516,-2.761073,0.564625\C,0,-0.262368,-1.913833,-0.502523 
 \C,0,1.429924,-2.828012,1.034698\H,0,-0.625799,-3.396163,1.022868\C,0, 
 0.70986,-1.113182,-1.135791\H,0,1.713297,-3.479125,1.850114\C,0,-2.703 
 297,-2.674554,-0.516186\H,0,0.466165,-0.438895,-1.945383\C,0,-3.94459, 
 -2.358072,-1.131317\H,0,-2.589973,-3.451332,0.227901\C,0,-3.849635,-1. 
 31821,-2.012666\O,0,4.422051,-2.453963,1.501278\H,0,-4.870141,-2.87725 
 8,-0.920705\H,0,-4.623963,-0.871694,-2.616033\O,0,3.216201,0.306457,-2 
 .041657\C,0,6.722446,-1.243837,-0.108994\C,0,7.917536,-0.514946,-0.324 
 375\H,0,6.674297,-2.259758,0.25081\C,0,7.68998,0.753092,-0.784222\H,0, 
 8.904519,-0.917774,-0.145321\H,0,8.413234,1.515858,-1.028282\C,0,-4.12 
 1125,-0.536855,1.822265\C,0,-2.811717,-0.603794,2.292338\H,0,-4.86744, 
 -1.171945,2.280507\C,0,-5.9052,0.351106,0.329362\C,0,-3.531781,1.11103 
 6,0.121849\H,0,-2.52843,-1.254863,3.107779\C,0,-6.945024,-0.450291,0.7 
 41479\S,0,-6.474576,1.515959,-0.850828\H,0,-3.775476,1.785323,-0.68774 
 3\N,0,-0.498254,0.367776,1.86307\C,0,-8.186231,-0.133854,0.126323\H,0, 
 -6.831699,-1.227069,1.485566\C,0,-8.091362,0.906053,-0.755001\N,0,-1.0 
 64767,1.691274,0.169417\O,0,0.180324,-0.2297,2.758943\H,0,-9.111782,-0 
 .65304,0.336935\H,0,-8.865604,1.352524,-1.358393\O,0,-1.025526,2.53072 
 ,-0.783992\S,0,1.76463,3.323485,0.287834\C,0,3.448253,2.977355,0.47344 
 3\H,0,4.171507,3.740121,0.229383\C,0,-1.88129,0.195711,1.652019\C,0,-2 
 .239432,1.021124,0.591552\C,0,-0.011604,1.278277,0.954656\C,0,2.480719 
 ,0.980426,1.148671\H,0,2.432571,-0.035496,1.508475\C,0,1.343888,1.7101 
 66,0.847172\C,0,-4.504009,0.310385,0.755116\C,0,3.675809,1.709317,0.93 
 329\H,0,4.662878,1.306444,1.112319\S,0,-2.232849,-0.708304,-2.108493\C 
 ,0,-1.663474,-1.873157,-0.928304\C,0,2.002209,-1.203094,-0.666087\C,0, 
 2.360437,-2.028552,0.394354\N,0,3.743387,-1.856442,0.60543\N,0,3.17695 
 9,-0.532989,-1.088248\C,0,4.230037,-0.945941,-0.302983\C,0,5.585615,-0 
 .514097,-0.410493\S,0,6.006271,1.099267,-0.969806\\Version=AM64L-G09Re 
 vA.02\State=3-A\HF=-3266.8940455\S2=2.099266\S2-1=0.\S2A=2.004462\RMSD 
 =5.183e-09\Dipole=-1.8628788,-0.8394636,0.1060818\Quadrupole=31.962891 
 1,-8.6300642,-23.3328268,13.341662,-3.0823819,-2.6604843\PG=C01 [X(C30 
 H18N4O4S4)]\\@ 

 

Table E–85. Output parameters for 4.11b; O…C dimer, singlet ground state. 
1\1\GINC-COMPUTE-0-13\SP\UB3LYP\6-311+G(d,p)\C30H18N4O4S4\BRYNND\28-Oc 
 t-2010\0\\# ub3lyp/6-311+g(d,p) guess=mix geom=connectivity\\O...C dim 
 er singlet\\0,1\C,0,3.4064,16.6438,-0.3279\C,0,3.8439,16.9578,0.9811\C 
 ,0,2.3741,15.7423,-0.5761\H,0,3.8768,17.1348,-1.1692\C,0,4.9543,17.894 
 9,1.1685\C,0,3.2099,16.3566,2.0874\C,0,1.7736,15.1671,0.5299\H,0,2.046 
 1,15.5093,-1.5797\C,0,5.5897,18.6643,0.221\S,0,5.6655,18.1748,2.7464\C 
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 ,0,2.1818,15.4781,1.8225\H,0,3.5159,16.5518,3.1061\N,0,0.7198,14.2375, 
 0.64\C,0,6.6388,19.4649,0.7477\H,0,5.3327,18.6375,-0.8293\C,0,6.8008,1 
 9.3073,2.0953\C,0,0.4812,13.9789,1.9694\O,0,0.0977,13.7239,-0.3445\H,0 
 ,7.2519,20.1241,0.1476\H,0,7.5113,19.7855,2.7505\C,0,-0.5132,13.095,2. 
 4844\C,0,-1.7382,12.7918,1.916\S,0,-0.291,12.2245,3.9962\C,0,-2.4892,1 
 1.8703,2.6859\H,0,-2.0619,13.2262,0.9831\C,0,-1.8415,11.4791,3.8254\H, 
 0,-3.4702,11.5143,2.4036\H,0,-2.1804,10.7915,4.5849\C,0,3.5869,14.4728 
 ,7.4762\C,0,4.6973,13.5357,7.6636\C,0,2.9529,15.074,8.5825\C,0,1.5166, 
 16.2635,7.0251\C,0,5.3327,12.7664,6.7161\S,0,5.4085,13.2558,9.2415\C,0 
 ,1.9248,15.9525,8.3177\H,0,3.2589,14.8788,9.6012\N,0,0.4628,17.1932,7. 
 1351\C,0,6.3818,11.9657,7.2428\H,0,5.0757,12.7931,5.6658\C,0,6.5438,12 
 .1234,8.5904\N,0,1.1124,16.7025,9.2035\C,0,0.2242,17.4517,8.4645\O,0,- 
 0.1593,17.7068,6.1506\H,0,6.9949,11.3065,6.6427\H,0,7.2543,11.6451,9.2 
 456\O,0,1.2137,16.6648,10.4698\C,0,-0.7702,18.3356,8.9796\C,0,-1.9952, 
 18.6389,8.4111\S,0,-0.548,19.2061,10.4914\C,0,-2.7462,19.5604,9.181\H, 
 0,-2.3189,18.2044,7.4782\C,0,-2.0985,19.9515,10.3206\H,0,-3.7272,19.91 
 63,8.8988\H,0,-2.4374,20.6392,11.08\H,0,1.7891,15.9213,4.9154\C,0,3.14 
 94,14.7868,6.1673\C,0,2.1171,15.6883,5.919\H,0,3.6198,14.2958,5.3259\O 
 ,0,1.4707,14.7658,3.9746\N,0,1.3694,14.7281,2.7083\\Version=AM64L-G09R 
 evA.02\State=1-A\HF=-3266.8960011\S2=1.092619\S2-1=0.\S2A=0.735109\RMS 
 D=1.155e-09\Dipole=1.014126,-0.1377848,-2.0469192\Quadrupole=12.248407 
 1,-0.0105785,-12.2378286,5.4687743,-8.7734841,-9.3764882\PG=C01 [X(C30 
 H18N4O4S4)]\\@ 

 

Table E–86. Output parameters for 4.11b; O…C dimer, triplet ground state. 
1\1\GINC-COMPUTE-0-27\SP\UB3LYP\6-311+G(d,p)\C30H18N4O4S4(3)\BRYNND\28 
 -Oct-2010\0\\# ub3lyp/6-311+g(d,p) geom=connectivity\\O...C dimer trip 
 let\\0,3\C,0,3.4064,16.6438,-0.3279\C,0,3.8439,16.9578,0.9811\C,0,2.37 
 41,15.7423,-0.5761\H,0,3.8768,17.1348,-1.1692\C,0,4.9543,17.8949,1.168 
 5\C,0,3.2099,16.3566,2.0874\C,0,1.7736,15.1671,0.5299\H,0,2.0461,15.50 
 93,-1.5797\C,0,5.5897,18.6643,0.221\S,0,5.6655,18.1748,2.7464\C,0,2.18 
 18,15.4781,1.8225\H,0,3.5159,16.5518,3.1061\N,0,0.7198,14.2375,0.64\C, 
 0,6.6388,19.4649,0.7477\H,0,5.3327,18.6375,-0.8293\C,0,6.8008,19.3073, 
 2.0953\C,0,0.4812,13.9789,1.9694\O,0,0.0977,13.7239,-0.3445\H,0,7.2519 
 ,20.1241,0.1476\H,0,7.5113,19.7855,2.7505\C,0,-0.5132,13.095,2.4844\C, 
 0,-1.7382,12.7918,1.916\S,0,-0.291,12.2245,3.9962\C,0,-2.4892,11.8703, 
 2.6859\H,0,-2.0619,13.2262,0.9831\C,0,-1.8415,11.4791,3.8254\H,0,-3.47 
 02,11.5143,2.4036\H,0,-2.1804,10.7915,4.5849\C,0,3.5869,14.4728,7.4762 
 \C,0,4.6973,13.5357,7.6636\C,0,2.9529,15.074,8.5825\C,0,1.5166,16.2635 
 ,7.0251\C,0,5.3327,12.7664,6.7161\S,0,5.4085,13.2558,9.2415\C,0,1.9248 
 ,15.9525,8.3177\H,0,3.2589,14.8788,9.6012\N,0,0.4628,17.1932,7.1351\C, 
 0,6.3818,11.9657,7.2428\H,0,5.0757,12.7931,5.6658\C,0,6.5438,12.1234,8 
 .5904\N,0,1.1124,16.7025,9.2035\C,0,0.2242,17.4517,8.4645\O,0,-0.1593, 
 17.7068,6.1506\H,0,6.9949,11.3065,6.6427\H,0,7.2543,11.6451,9.2456\O,0 
 ,1.2137,16.6648,10.4698\C,0,-0.7702,18.3356,8.9796\C,0,-1.9952,18.6389 
 ,8.4111\S,0,-0.548,19.2061,10.4914\C,0,-2.7462,19.5604,9.181\H,0,-2.31 
 89,18.2044,7.4782\C,0,-2.0985,19.9515,10.3206\H,0,-3.7272,19.9163,8.89 
 88\H,0,-2.4374,20.6392,11.08\H,0,1.7891,15.9213,4.9154\C,0,3.1494,14.7 
 868,6.1673\C,0,2.1171,15.6883,5.919\H,0,3.6198,14.2958,5.3259\O,0,1.47 
 07,14.7658,3.9746\N,0,1.3694,14.7281,2.7083\\Version=AM64L-G09RevA.02\ 
 State=3-A\HF=-3266.8960249\S2=2.092614\S2-1=0.\S2A=2.003906\RMSD=4.097 
 e-09\Dipole=1.014287,-0.1373907,-2.046267\Quadrupole=12.2501428,-0.009 
 0126,-12.2411302,5.4659763,-8.7772008,-9.3774318\PG=C01 [X(C30H18N4O4S 
 4)]\\@ 
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Table E–87. Output parameters for 4.11b; Th…Th dimer, singlet ground state. 
1\1\GINC-COMPUTE-0-28\SP\UB3LYP\6-311+G(d,p)\C30H18N4O4S4\BRYNND\28-Oc 
 t-2010\0\\# ub3lyp/6-311+g(d,p) guess=mix geom=connectivity\\Th-Th dim 
 er singlet\\0,1\C,0,3.1494,14.7868,6.1673\C,0,3.5869,14.4728,7.4762\C, 
 0,2.1171,15.6883,5.919\H,0,3.6198,14.2958,5.3259\C,0,4.6973,13.5357,7. 
 6636\C,0,2.9529,15.074,8.5825\C,0,1.5166,16.2635,7.0251\H,0,1.7891,15. 
 9213,4.9154\C,0,5.3327,12.7664,6.7161\S,0,5.4085,13.2558,9.2415\C,0,1. 
 9248,15.9525,8.3177\H,0,3.2589,14.8788,9.6012\N,0,0.4628,17.1932,7.135 
 1\H,0,5.0757,12.7931,5.6658\N,0,1.1124,16.7025,9.2035\C,0,0.2242,17.45 
 17,8.4645\O,0,-0.1593,17.7068,6.1506\O,0,1.2137,16.6648,10.4698\C,0,-0 
 .7702,18.3356,8.9796\C,0,-1.9952,18.6389,8.4111\S,0,-0.548,19.2061,10. 
 4914\C,0,-2.7462,19.5604,9.181\H,0,-2.3189,18.2044,7.4782\C,0,-2.0985, 
 19.9515,10.3206\H,0,-3.7272,19.9163,8.8988\H,0,-2.4374,20.6392,11.08\C 
 ,0,1.0314,4.31,13.3181\C,0,0.5939,3.996,12.0092\C,0,2.0637,5.2114,13.5 
 664\H,0,0.561,3.8189,14.1595\C,0,-0.5164,3.0588,11.8218\C,0,1.2279,4.5 
 971,10.9029\C,0,2.6643,5.7867,12.4603\H,0,2.3918,5.4445,14.57\C,0,-1.1 
 518,2.2895,12.7693\S,0,-1.2276,2.7789,10.2439\C,0,2.256,5.4756,11.1678 
 \H,0,0.9219,4.4019,9.8842\N,0,3.718,6.7163,12.3503\C,0,-2.201,1.4888,1 
 2.2426\H,0,-0.8948,2.3162,13.8196\C,0,-2.3629,1.6465,10.895\N,0,3.0685 
 ,6.2257,10.2819\C,0,3.9566,6.9749,11.0209\O,0,4.3402,7.2299,13.3348\H, 
 0,-2.8141,0.8296,12.8427\H,0,-3.0734,1.1682,10.2398\O,0,2.9672,6.1879, 
 9.0156\C,0,4.9511,7.8587,10.5058\C,0,6.1761,8.162,11.0743\S,0,4.7288,8 
 .7292,8.994\C,0,6.9271,9.0835,10.3044\H,0,6.4998,7.7276,12.0072\H,0,7. 
 908,9.4394,10.5866\C,0,6.2794,9.4747,9.1649\H,0,6.6183,10.1623,8.4054\ 
 H,0,7.2543,11.6451,9.2456\C,0,6.3818,11.9657,7.2428\C,0,6.5438,12.1234 
 ,8.5904\H,0,6.9949,11.3065,6.6427\\Version=AM64L-G09RevA.02\State=1-A\ 
 HF=-3266.908208\S2=1.099527\S2-1=0.\S2A=0.788523\RMSD=4.560e-09\Dipole 
 =-0.1531255,-1.2634875,0.0139986\Quadrupole=8.0072741,0.4789519,-8.486 
 226,13.065321,-12.064546,-9.841441\PG=C01 [X(C30H18N4O4S4)]\\@ 

 

Table E–88. Output parameters for 4.11b; Th…Th dimer, triplet ground state. 
1\1\GINC-COMPUTE-0-1\SP\UB3LYP\6-311+G(d,p)\C30H18N4O4S4(3)\BRYNND\27- 
 Oct-2010\0\\# ub3lyp/6-311+g(d,p) geom=connectivity\\Th-Th dimer tripl 
 et\\0,3\C,0,3.1494,14.7868,6.1673\C,0,3.5869,14.4728,7.4762\C,0,2.1171 
 ,15.6883,5.919\H,0,3.6198,14.2958,5.3259\C,0,4.6973,13.5357,7.6636\C,0 
 ,2.9529,15.074,8.5825\C,0,1.5166,16.2635,7.0251\H,0,1.7891,15.9213,4.9 
 154\C,0,5.3327,12.7664,6.7161\S,0,5.4085,13.2558,9.2415\C,0,1.9248,15. 
 9525,8.3177\H,0,3.2589,14.8788,9.6012\N,0,0.4628,17.1932,7.1351\H,0,5. 
 0757,12.7931,5.6658\N,0,1.1124,16.7025,9.2035\C,0,0.2242,17.4517,8.464 
 5\O,0,-0.1593,17.7068,6.1506\O,0,1.2137,16.6648,10.4698\C,0,-0.7702,18 
 .3356,8.9796\C,0,-1.9952,18.6389,8.4111\S,0,-0.548,19.2061,10.4914\C,0 
 ,-2.7462,19.5604,9.181\H,0,-2.3189,18.2044,7.4782\C,0,-2.0985,19.9515, 
 10.3206\H,0,-3.7272,19.9163,8.8988\H,0,-2.4374,20.6392,11.08\C,0,1.031 
 4,4.31,13.3181\C,0,0.5939,3.996,12.0092\C,0,2.0637,5.2114,13.5664\H,0, 
 0.561,3.8189,14.1595\C,0,-0.5164,3.0588,11.8218\C,0,1.2279,4.5971,10.9 
 029\C,0,2.6643,5.7867,12.4603\H,0,2.3918,5.4445,14.57\C,0,-1.1518,2.28 
 95,12.7693\S,0,-1.2276,2.7789,10.2439\C,0,2.256,5.4756,11.1678\H,0,0.9 
 219,4.4019,9.8842\N,0,3.718,6.7163,12.3503\C,0,-2.201,1.4888,12.2426\H 
 ,0,-0.8948,2.3162,13.8196\C,0,-2.3629,1.6465,10.895\N,0,3.0685,6.2257, 
 10.2819\C,0,3.9566,6.9749,11.0209\O,0,4.3402,7.2299,13.3348\H,0,-2.814 
 1,0.8296,12.8427\H,0,-3.0734,1.1682,10.2398\O,0,2.9672,6.1879,9.0156\C 
 ,0,4.9511,7.8587,10.5058\C,0,6.1761,8.162,11.0743\S,0,4.7288,8.7292,8. 
 994\C,0,6.9271,9.0835,10.3044\H,0,6.4998,7.7276,12.0072\H,0,7.908,9.43 
 94,10.5866\C,0,6.2794,9.4747,9.1649\H,0,6.6183,10.1623,8.4054\H,0,7.25 
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 43,11.6451,9.2456\C,0,6.3818,11.9657,7.2428\C,0,6.5438,12.1234,8.5904\ 
 H,0,6.9949,11.3065,6.6427\\Version=AM64L-G09RevA.02\State=3-A\HF=-3266 
 .9082132\S2=2.099717\S2-1=0.\S2A=2.004501\RMSD=4.105e-09\Dipole=-0.152 
 7367,-1.2644313,0.0142614\Quadrupole=8.0102659,0.4759514,-8.4862172,13 
 .0670954,-12.0651727,-9.8402561\PG=C01 [X(C30H18N4O4S4)]\\@ 

 

Table E–89. Output parameters for Table 5.1; R = benzene. 
1\1\GINC-COMPUTE-0-27\SP\UTD-B3LYP-FC\6-311+G(d,p)\C13H9N2O2(2)\BRYNND 
 \05-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chloroform 
 ) geom=connectivity\\PBNN TDDFT\\0,2\C,0,-0.000001,-4.218147,0.701492\ 
 C,0,-0.000001,-4.218147,-0.701492\C,0,-0.000001,-3.027935,-1.433446\C, 
 0,-0.000001,-1.857762,-0.69385\C,0,-0.000001,-1.857762,0.69385\C,0,-0. 
 000001,-3.027935,1.433446\N,0,-0.000001,-0.505943,-1.107398\N,0,-0.000 
 001,-0.505943,1.107398\O,0,-0.000001,-0.162579,-2.333956\O,0,-0.000001 
 ,-0.162579,2.333956\H,0,-0.000001,-5.163264,1.230484\H,0,-0.000001,-3. 
 012236,-2.514871\H,0,-0.000001,-3.012236,2.514871\H,0,-0.000001,-5.163 
 264,-1.230484\C,0,-0.000001,0.318959,0.\C,0,0.000001,2.499861,1.212505 
 \C,0,0.000002,3.890202,1.202749\C,0,0.000003,4.594789,0.\C,0,0.000002, 
 3.890202,-1.202749\C,0,0.000001,2.499861,-1.212505\C,0,0.000001,1.7754 
 06,0.\H,0,0.000001,1.969345,2.151041\H,0,0.000003,4.42424,2.146057\H,0 
 ,0.000004,5.678738,0.\H,0,0.000003,4.42424,-2.146057\H,0,0.000001,1.96 
 9345,-2.151041\\Version=AM64L-G09RevA.02\State=2-A"\HF=-760.8368513\S2 
 =0.796723\S2-1=0.\S2A=0.750402\RMSD=4.509e-09\PG=CS [SG(C3H1),X(C10H8N 
 2O2)]\\@ 

 

Table E–90. Output parameters for Table 5.1; R = thiophene. 
N-N= 1.140040958207D+03 E-N=-7.216122435343D+03  KE= 1.616003104580D+03 
 1\1\GINC-COMPUTE-0-26\SP\UTD-B3LYP-FC\6-311+G(d,p)\C11H7N2O2S1(2)\BRYN 
 ND\05-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofo 
 rm) geom=connectivity\\ThBNN TDDFT\\0,2\C,0,-4.141796,-0.843233,0.0002 
 61\C,0,-4.231647,0.555293,0.000014\C,0,-3.089825,1.363271,-0.000301\C, 
 0,-1.874339,0.703407,-0.000436\C,0,-1.78529,-0.686715,-0.000187\C,0,-2 
 .905676,-1.497718,0.00021\N,0,-0.550108,1.204996,-0.000311\N,0,-0.4085 
 69,-1.008564,0.000074\O,0,-0.249872,2.442029,-0.000122\O,0,0.067309,-2 
 .190721,0.000473\H,0,-5.050388,-1.432673,0.000544\H,0,-3.145443,2.4435 
 07,-0.0005\H,0,-2.821821,-2.576134,0.000388\H,0,-5.208431,1.02315,0.00 
 0122\C,0,0.330008,0.147266,-0.000095\C,0,4.194434,-0.247696,-0.000304\ 
 C,0,3.921566,1.094124,0.000328\C,0,2.532803,1.371584,0.000783\C,0,1.75 
 5052,0.225795,0.000467\H,0,5.158942,-0.733301,-0.000335\H,0,4.68596,1. 
 859428,0.000703\H,0,2.10329,2.361196,0.0012\S,0,2.763587,-1.215183,-0. 
 000483\\Version=AM64L-G09RevA.02\State=2-A\HF=-1081.604083\S2=0.799912 
 \S2-1=0.\S2A=0.750479\RMSD=3.178e-09\PG=C01 [X(C11H7N2O2S1)]\\@ 

 

Table E–91. Output parameters for Table 5.1; R = p-methoxybenzene. 
N-N= 1.331137179979D+03 E-N=-7.041779578795D+03  KE= 1.306367218915D+03 
 1\1\GINC-COMPUTE-0-33\SP\UTD-B3LYP-FC\6-311+G(d,p)\C14H11N2O3(2)\BRYNN 
 D\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofor 
 m) geom=connectivity\\pMeOPhBNN TDDFT\\0,2\C,0,-5.018719,0.548628,0.11 
 6944\C,0,-4.959882,-0.843571,-0.038876\C,0,-3.739113,-1.518489,-0.1346 
 18\C,0,-2.600953,-0.734594,-0.06666\C,0,-2.659372,0.646033,0.085597\C, 
 0,-3.859539,1.327647,0.182966\N,0,-1.231785,-1.084808,-0.132941\N,0,-1 



 

 

384
 .32474,1.114191,0.118022\O,0,-0.81868,-2.279819,-0.296453\O,0,-1.01320 
 7,2.340085,0.275889\H,0,-5.984831,1.033147,0.187783\H,0,-3.678502,-2.5 
 91819,-0.253961\H,0,-3.890002,2.402266,0.302174\H,0,-5.881488,-1.41060 
 9,-0.086088\C,0,-0.46227,0.050133,-0.018334\C,0,1.763771,-1.001332,0.3 
 21238\C,0,0.987242,0.113957,-0.036551\C,0,1.656461,1.298452,-0.415228\ 
 C,0,3.037535,1.354082,-0.434651\C,0,3.80137,0.235587,-0.070371\C,0,3.1 
 53481,-0.944658,0.310233\H,0,1.279258,-1.923267,0.607171\H,0,3.548897, 
 2.262151,-0.730482\H,0,3.714705,-1.822819,0.59794\O,0,5.148444,0.39374 
 3,-0.11879\C,0,5.986774,-0.706444,0.24559\H,0,5.825834,-1.56061,-0.417 
 999\H,0,7.007623,-0.347194,0.134876\H,0,5.814795,-1.005294,1.283331\H, 
 0,1.086218,2.173709,-0.689165\\Version=AM64L-G09RevA.02\State=2-A\HF=- 
 875.3972189\S2=0.793132\S2-1=0.\S2A=0.750346\RMSD=3.164e-09\PG=C01 [X( 
 C14H11N2O3)]\\@ 

 

Table E–92. Output parameters for Table 5.1; R = 2-benzo[b]thiophene. 
N-N= 1.538439462830D+03 E-N=-8.945146204104D+03  KE= 1.845478905393D+03 
 1\1\GINC-COMPUTE-0-6\SP\UTD-B3LYP-FC\6-311+G(d,p)\C15H9N2O2S1(2)\BRYNN 
 D\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofor 
 m) geom=connectivity\\benzo2ThBNN TDDFT\\0,2\C,0,-5.269625,-0.617334,0 
 .000373\C,0,-5.259688,0.784687,0.000289\C,0,-4.063947,1.509315,0.00013 
 2\C,0,-2.898147,0.764375,0.00007\C,0,-2.908409,-0.628293,0.00015\C,0,- 
 4.083985,-1.357997,0.000303\N,0,-1.542396,1.17129,-0.000059\N,0,-1.558 
 802,-1.047899,0.000058\O,0,-1.157246,2.38424,-0.000155\O,0,-1.171962,- 
 2.260395,0.00015\H,0,-6.218103,-1.140142,0.000497\H,0,-4.042599,2.5907 
 18,0.000074\H,0,-4.077252,-2.439618,0.000369\H,0,-6.200843,1.320623,0. 
 000351\C,0,-0.739017,0.054778,-0.000118\C,0,4.033017,1.628185,-0.00011 
 3\C,0,2.90856,0.778368,-0.000267\C,0,3.106628,-0.623172,-0.00002\C,0,4 
 .389041,-1.180627,0.000377\C,0,5.479664,-0.321306,0.000517\C,0,5.3023, 
 1.075803,0.00027\H,0,3.896301,2.703712,-0.000275\H,0,4.531015,-2.25481 
 5,0.000496\H,0,6.482167,-0.733279,0.000779\H,0,6.171832,1.722734,0.000 
 38\C,0,0.689806,0.03576,-0.000311\C,0,1.523726,1.128222,-0.000554\S,0, 
 1.58677,-1.496882,-0.000536\H,0,1.151666,2.141103,-0.000637\\Version=A 
 M64L-G09RevA.02\State=2-A\HF=-1235.2883496\S2=0.802229\S2-1=0.\S2A=0.7 
 50521\RMSD=6.913e-09\PG=C01 [X(C15H9N2O2S1)]\\@ 

 

Table E–93. Output parameters for Table 5.1; R = 2,2′-bithiophene. 
N-N= 1.764337204243D+03 E-N=-1.104280294007D+04  KE= 2.441960358259D+03 
 1\1\GINC-COMPUTE-0-34\SP\UTD-B3LYP-FC\6-311+G(d,p)\C15H9N2O2S2(2)\BRYN 
 ND\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofo 
 rm) geom=connectivity\\BNN-bithiophene TDDFT\\0,2\C,0,-5.828417,-1.214 
 484,-0.000293\C,0,-6.076532,0.164614,-0.000254\C,0,-5.033481,1.097003, 
 -0.000174\C,0,-3.750954,0.579649,-0.000138\C,0,-3.50457,-0.791816,-0.0 
 00178\C,0,-4.525762,-1.724444,-0.000257\N,0,-2.492822,1.228562,-0.0000 
 55\N,0,-2.100642,-0.95549,-0.000124\O,0,-2.333758,2.491714,0.000006\O, 
 0,-1.492002,-2.075517,-0.000142\H,0,-6.664195,-1.903269,-0.000354\H,0, 
 -5.21116,2.16395,-0.000142\H,0,-4.320482,-2.786436,-0.000286\H,0,-7.10 
 0022,0.518836,-0.000284\C,0,-1.497058,0.277323,-0.000048\C,0,2.408904, 
 0.318174,0.00027\C,0,1.95699,1.624122,0.000277\C,0,0.554004,1.740668,0 
 .000133\C,0,-0.093932,0.515938,0.000032\H,0,2.618577,2.48042,0.00046\H 
 ,0,0.019264,2.677635,0.00016\S,0,1.067331,-0.806824,0.000004\C,0,3.772 
 792,-0.164942,0.000417\C,0,4.232386,-1.464953,0.001677\S,0,5.128076,0. 
 952554,-0.001145\C,0,5.649621,-1.567504,0.001376\H,0,3.57477,-2.324718 
 ,0.002843\C,0,6.270233,-0.349516,-0.000078\H,0,6.184643,-2.507759,0.00 



 

 

385
 2241\H,0,7.327075,-0.130404,-0.000589\\Version=AM64L-G09RevA.02\State= 
 2-A\HF=-1633.4825844\S2=0.805508\S2-1=0.\S2A=0.750649\RMSD=8.745e-09\P 
 G=C01 [X(C15H9N2O2S2)]\\@ 

 

Table E–94. Output parameters for Table 5.1; R = N-methylindole. 
N-N= 1.565347248146D+03 E-N=-7.936874654335D+03  KE= 1.390428470967D+03 
 1\1\GINC-COMPUTE-0-21\SP\UTD-B3LYP-FC\6-311+G(d,p)\C16H12N3O2(2)\BRYNN 
 D\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofor 
 m) geom=connectivity\\NMeIndoleBNN TDDFT\\0,2\C,0,5.147905,0.369034,-0 
 .254669\C,0,5.005919,-0.977881,0.103307\C,0,3.747226,-1.546548,0.32917 
 1\C,0,2.659973,-0.706068,0.176029\C,0,2.801049,0.632493,-0.177052\C,0, 
 4.038008,1.20885,-0.401436\N,0,1.274596,-0.945178,0.341478\N,0,1.49899 
 8,1.180527,-0.236136\O,0,0.791076,-2.056672,0.736859\O,0,1.249695,2.39 
 9223,-0.526168\H,0,6.139574,0.771771,-0.420845\H,0,3.622914,-2.584078, 
 0.608765\H,0,4.133163,2.251208,-0.674353\H,0,5.890075,-1.594429,0.2094 
 95\C,0,0.575366,0.20757,0.067474\C,0,-2.036615,-1.910878,-0.360936\C,0 
 ,-1.934901,-0.53887,-0.075099\C,0,-3.132286,0.216876,0.037271\C,0,-4.4 
 01093,-0.351561,-0.100956\C,0,-4.467939,-1.71185,-0.371015\C,0,-3.2957 
 43,-2.479145,-0.503613\H,0,-1.145934,-2.515973,-0.451505\H,0,-5.300219 
 ,0.2455,-0.007521\H,0,-5.435422,-2.187134,-0.484998\H,0,-3.378036,-3.5 
 38258,-0.720164\C,0,-1.435686,1.648775,0.296661\C,0,-0.844814,0.405148 
 ,0.106068\N,0,-2.791616,1.539802,0.2687\H,0,-0.959531,2.602362,0.44664 
 5\C,0,-3.735131,2.637035,0.426655\H,0,-3.179614,3.558394,0.591181\H,0, 
 -4.346727,2.747828,-0.471616\H,0,-4.3877,2.458469,1.283928\\Version=AM 
 64L-G09RevA.02\State=2-A\HF=-931.7666211\S2=0.791173\S2-1=0.\S2A=0.750 
 318\RMSD=3.804e-09\PG=C01 [X(C16H12N3O2)]\\@ 

 

Table E–95. Output parameters for Table 5.1; R = N-ethylcarbazole. 
N-N= 2.122329164949D+03 E-N=-1.027794110274D+04  KE= 1.678586497352D+03 
 1\1\GINC-COMPUTE-0-26\SP\UTD-B3LYP-FC\6-311+G(d,p)\C21H16N3O2(2)\BRYNN 
 D\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofor 
 m) geom=connectivity\\carbazoleBNN TDDFT\\0,2\C,0,-6.551227,-0.151728, 
 0.331219\C,0,-6.345811,1.192315,-0.010309\C,0,-5.064771,1.698958,-0.25 
 0951\C,0,-4.020021,0.799776,-0.132198\C,0,-4.22392,-0.533695,0.203671\ 
 C,0,-5.484783,-1.049059,0.446086\N,0,-2.627026,0.972064,-0.308629\N,0, 
 -2.950792,-1.149968,0.23673\O,0,-2.094059,2.079434,-0.64935\O,0,-2.771 
 762,-2.374626,0.544172\H,0,-7.559423,-0.50466,0.510491\H,0,-4.891357,2 
 .73348,-0.514843\H,0,-5.628387,-2.08862,0.708121\H,0,-7.198865,1.85497 
 3,-0.08985\C,0,-1.983388,-0.223238,-0.080956\C,0,-0.553214,-0.459274,- 
 0.159838\C,0,-0.059316,-1.760614,-0.4367\C,0,0.352433,0.598329,0.03467 
 8\C,0,1.298755,-2.01982,-0.523274\H,0,-0.759363,-2.570838,-0.576221\C, 
 0,1.718331,0.348996,-0.041181\H,0,-0.013144,1.594631,0.236684\C,0,2.19 
 1439,-0.960895,-0.325276\C,0,3.084254,2.541247,0.390926\C,0,2.890966,1 
 .185094,0.111875\C,0,4.013814,0.34106,-0.087463\C,0,5.318972,0.833,-0. 
 007112\C,0,5.484685,2.186998,0.272295\C,0,4.382546,3.035401,0.469827\H 
 ,0,2.235835,3.19886,0.544074\H,0,6.487761,2.592742,0.340125\H,0,4.5481 
 49,4.08422,0.686623\N,0,3.57166,-0.95095,-0.362323\C,0,4.42786,-2.1153 
 29,-0.572675\H,0,3.910823,-2.788756,-1.259226\H,0,5.327875,-1.7765,-1. 
 089769\C,0,4.792777,-2.843911,0.723016\H,0,3.898641,-3.209797,1.232859 
 \H,0,5.433119,-3.700952,0.498667\H,0,5.332242,-2.184325,1.406539\H,0,6 
 .179369,0.191275,-0.15194\H,0,1.644099,-3.023894,-0.735319\\Version=AM 
 64L-G09RevA.02\State=2-A\HF=-1124.7768988\S2=0.792281\S2-1=0.\S2A=0.75 
 0331\RMSD=9.933e-09\PG=C01 [X(C21H16N3O2)]\\@ 



 

 

386
Table E–96. Output parameters for Table 5.1; R = terthiophene. 
N-N= 2.442607902947D+03 E-N=-1.503171871077D+04  KE= 3.267920182922D+03 
 1\1\GINC-COMPUTE-0-30\SP\UTD-B3LYP-FC\6-311+G(d,p)\C19H11N2O2S3(2)\BRY 
 NND\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorof 
 orm) geom=connectivity\\BNN-tert-thiophene TDDFT\\0,2\C,0,7.689495,-1. 
 262977,0.000106\C,0,7.952923,0.113264,0.000001\C,0,6.920333,1.057271,- 
 0.000067\C,0,5.632067,0.554343,-0.000025\C,0,5.37049,-0.814376,0.00007 
 9\C,0,6.381212,-1.758349,0.000147\N,0,4.381368,1.217261,-0.000073\N,0, 
 3.964974,-0.962518,0.000095\O,0,4.236328,2.482116,-0.000168\O,0,3.3438 
 03,-2.075599,0.000184\H,0,8.517529,-1.961052,0.000155\H,0,7.109952,2.1 
 22159,-0.000148\H,0,6.164069,-2.817988,0.000227\H,0,8.980312,0.456037, 
 -0.000027\C,0,3.374817,0.277081,0.000002\C,0,-0.530458,0.360149,0.0000 
 11\C,0,-0.063241,1.662416,-0.000115\C,0,1.339893,1.762889,-0.000128\C, 
 0,1.974921,0.530682,-0.000013\H,0,-0.71504,2.526183,-0.0002\H,0,1.8852 
 65,2.693717,-0.000221\S,0,0.799889,-0.780232,0.000127\C,0,-1.895479,-0 
 .105992,0.00005\C,0,-2.373548,-1.400081,0.000207\S,0,-3.23565,1.031018 
 ,-0.000124\C,0,-3.783527,-1.488425,0.000238\H,0,-1.727839,-2.2687,0.00 
 0331\C,0,-4.419153,-0.264594,0.00009\H,0,-4.317143,-2.429869,0.0004\C, 
 0,-5.835826,0.027402,0.000082\C,0,-6.469423,1.251531,0.000621\S,0,-7.0 
 25114,-1.265962,-0.000693\C,0,-7.888074,1.158609,0.000425\H,0,-5.93501 
 3,2.192783,0.001173\C,0,-8.336359,-0.132209,-0.000246\H,0,-8.546885,2. 
 01676,0.000791\H,0,-9.353012,-0.494356,-0.000511\\Version=AM64L-G09Rev 
 A.02\State=2-A\HF=-2185.3611722\S2=0.80721\S2-1=0.\S2A=0.750721\RMSD=4 
 .499e-09\PG=C01 [X(C19H11N2O2S3)]\\@ 

 

Table E–97. Output parameters for Table 5.1; R = p-diaminophenylamine. 
N-N= 2.576563711688D+03 E-N=-1.217479444880D+04  KE= 1.907996726761D+03 
 1\1\GINC-COMPUTE-0-27\SP\UTD-B3LYP-FC\6-311+G(d,p)\C25H18N3O2(2)\BRYNN 
 D\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofor 
 m) geom=connectivity\\TriarylamineBNN TDDFT\\0,2\C,0,-7.391079,-0.4783 
 69,0.512244\C,0,-7.391032,0.478477,-0.512392\C,0,-6.199559,0.978486,-1 
 .047041\C,0,-5.029193,0.47543,-0.507111\C,0,-5.029239,-0.475424,0.5070 
 85\C,0,-6.199655,-0.978427,1.046956\N,0,-3.676229,0.754319,-0.811124\N 
 ,0,-3.676302,-0.754365,0.811176\O,0,-3.315268,1.569138,-1.723027\O,0,- 
 3.315442,-1.569173,1.72313\H,0,-8.335855,-0.8397,0.899554\H,0,-6.18459 
 6,1.716965,-1.837205\H,0,-6.184765,-1.716904,1.837123\H,0,-8.335773,0. 
 83985,-0.89975\C,0,-2.857348,-0.000047,0.000037\C,0,-1.408394,-0.00004 
 8,0.000051\C,0,-0.679982,-1.095852,0.506989\C,0,-0.680018,1.095763,-0. 
 50692\C,0,0.704547,-1.094916,0.504464\H,0,-1.205506,-1.943794,0.920568 
 \C,0,0.70451,1.094866,-0.504419\H,0,-1.205576,1.943683,-0.920508\C,0,1 
 .428885,-0.000012,0.000023\H,0,1.233803,-1.949426,0.905967\H,0,1.23373 
 4,1.949386,-0.905944\N,0,2.834898,0.000002,0.000006\C,0,3.561097,1.217 
 525,0.164108\C,0,3.215742,2.119485,1.178675\C,0,4.637678,1.516469,-0.6 
 80107\C,0,3.928266,3.305586,1.334303\H,0,2.391117,1.888806,1.842404\C, 
 0,5.355944,2.697398,-0.508341\H,0,4.908995,0.822862,-1.466915\C,0,5.00 
 3291,3.600334,0.494963\H,0,3.649915,3.994347,2.124057\H,0,6.186647,2.9 
 16471,-1.169808\H,0,5.560254,4.521225,0.62243\C,0,3.56111,-1.217509,-0 
 .164113\C,0,3.215737,-2.119478,-1.178667\C,0,4.637717,-1.516439,0.6800 
 75\C,0,3.92827,-3.305571,-1.33431\H,0,2.39109,-1.888811,-1.842372\C,0, 
 5.355993,-2.697359,0.508293\H,0,4.909046,-0.822826,1.466874\C,0,5.0033 
 23,-3.600302,-0.494998\H,0,3.649906,-3.994339,-2.124052\H,0,6.186716,- 
 2.91642,1.169738\H,0,5.560293,-4.521188,-0.622477\\Version=AM64L-G09Re 
 vA.02\State=2-A\HF=-1278.4159886\S2=0.794393\S2-1=0.\S2A=0.750374\RMSD 
 =4.066e-09\PG=C01 [X(C25H18N3O2)]\\@ 
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Table E–98. Output parameters for Table 5.1; R = N-tolylphenothiazine. 
N-N= 3.064182052294D+03 E-N=-1.519024532220D+04  KE= 2.561424344733D+03 
 1\1\GINC-COMPUTE-0-2\SP\UTD-B3LYP-FC\6-311+G(d,p)\C26H18N3O2S1(2)\BRYN 
 ND\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofo 
 rm) geom=connectivity\\phenothiazineBNN TDDFT\\0,2\C,0,7.606052,1.1311 
 63,-0.481154\C,0,7.714146,-0.086456,0.205542\C,0,6.583048,-0.810093,0. 
 595519\C,0,5.359527,-0.255339,0.264421\C,0,5.252196,0.952747,-0.414427 
 \C,0,6.361941,1.679455,-0.80797\N,0,4.042818,-0.710867,0.506792\N,0,3. 
 871732,1.210902,-0.582177\O,0,3.778962,-1.788138,1.135198\O,0,3.419734 
 ,2.235813,-1.190673\H,0,8.507145,1.660437,-0.765766\H,0,6.651248,-1.75 
 064,1.125305\H,0,6.263301,2.617677,-1.337023\H,0,8.696878,-0.476835,0. 
 440004\C,0,3.140527,0.190568,-0.014261\C,0,1.695412,0.086163,0.025536\ 
 C,0,0.875526,1.213778,-0.16079\C,0,1.064317,-1.151826,0.259325\C,0,-0. 
 506386,1.102791,-0.135448\H,0,1.320872,2.179911,-0.342596\C,0,-0.31775 
 3,-1.249165,0.315384\H,0,1.660868,-2.035307,0.43161\C,0,-1.143297,-0.1 
 28781,0.089373\H,0,-1.099777,1.992635,-0.288173\C,0,-3.204056,-3.88049 
 3,-0.441247\C,0,-2.579095,-2.697858,-0.049364\C,0,-3.198223,-1.452232, 
 -0.257557\C,0,-4.478644,-1.442911,-0.829188\C,0,-5.114832,-2.631269,-1 
 .183397\C,0,-4.479835,-3.856087,-1.001052\H,0,-2.693058,-4.823681,-0.2 
 84575\H,0,-4.98716,-0.503096,-0.99005\H,0,-6.109126,-2.588568,-1.61264 
 2\H,0,-4.965869,-4.781415,-1.285731\S,0,-1.036399,-2.793837,0.835177\C 
 ,0,-3.332406,0.964031,0.180305\C,0,-3.612525,1.72152,-0.957663\C,0,-4. 
 375027,2.882389,-0.850695\C,0,-4.871512,3.31251,0.386033\C,0,-4.585129 
 ,2.537424,1.515854\C,0,-3.823028,1.375086,1.41825\H,0,-3.236656,1.4028 
 86,-1.923315\H,0,-4.587665,3.461147,-1.743379\H,0,-4.963088,2.8439,2.4 
 85609\H,0,-3.607498,0.781568,2.299209\C,0,-5.66935,4.58818,0.501499\H, 
 0,-5.01286,5.437695,0.718678\H,0,-6.198203,4.812194,-0.427224\H,0,-6.4 
 02117,4.527556,1.309068\N,0,-2.545119,-0.244298,0.108954\\Version=AM64 
 L-G09RevA.02\State=2-A\HF=-1714.7513871\S2=0.795013\S2-1=0.\S2A=0.7503 
 86\RMSD=6.945e-09\PG=C01 [X(C26H18N3O2S1)]\\@ 

 

Table E–99. Output parameters for Table 5.1; R = tetrathiafulvalene. 
N-N= 2.097458250395D+03 E-N=-1.461280986002D+04  KE= 3.519287992575D+03 
 1\1\GINC-COMPUTE-0-28\SP\UTD-B3LYP-FC\6-311+G(d,p)\C13H7N2O2S4(2)\BRYN 
 ND\07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chlorofo 
 rm) geom=connectivity\\BNN TTF TDDFT\\0,2\C,0,6.077822,-1.424648,0.149 
 317\C,0,6.382532,-0.066779,0.32156\C,0,5.386003,0.913747,0.329486\C,0, 
 4.087652,0.466928,0.159001\C,0,3.785247,-0.882539,-0.011359\C,0,4.7619 
 45,-1.863184,-0.022543\N,0,2.866191,1.178969,0.115003\N,0,2.38372,-0.9 
 70195,-0.15694\O,0,2.765335,2.445757,0.235102\O,0,1.732375,-2.04568,-0 
 .347185\H,0,6.880396,-2.151755,0.149041\H,0,5.608045,1.964154,0.460463 
 \H,0,4.512705,-2.907155,-0.156759\H,0,7.415705,0.231139,0.45134\C,0,1. 
 83876,0.293454,-0.072448\C,0,-2.163332,0.367772,-0.220324\C,0,-0.04981 
 7,1.870299,-0.126343\C,0,0.444802,0.60963,-0.165406\H,0,0.570668,2.748 
 308,-0.029054\S,0,-0.749925,-0.710513,-0.387928\S,0,-1.765558,2.102104 
 ,-0.283028\C,0,-3.420062,-0.095772,-0.062706\S,0,-3.813917,-1.834607,0 
 .014451\S,0,-4.847425,0.965126,0.086166\C,0,-5.489667,-1.585046,0.5041 
 5\C,0,-5.951342,-0.334146,0.536844\H,0,-6.070157,-2.46847,0.731358\H,0 
 ,-6.96248,-0.050307,0.793881\\Version=AM64L-G09RevA.02\State=2-A\HF=-2 
 352.4319017\S2=0.803076\S2-1=0.\S2A=0.750597\RMSD=5.828e-09\PG=C01 [X( 
 C13H7N2O2S4)]\\@ 
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Table E–100. Output parameters for 5.3e; TDDFT on X-ray geometry. 
N-N= 2.602518404755D+03 E-N=-1.225687036600D+04  KE= 1.914582966535D+03 
 1\1\GINC-COMPUTE-0-1\SP\UTD-B3LYP-FC\6-311+G(d,p)\C25H18N3O2(2)\BRYNND 
 \07-Nov-2010\0\\# td ub3lyp/6-311+g(d,p) scrf=(cpcm,solvent=chloroform 
 ) geom=connectivity\\TDDFT on BNN-Ph3 Xray structure\\0,2\C,0,-2.83988 
 2,0.040104,-0.072596\C,0,-5.014565,0.691887,0.047466\C,0,-6.193676,1.4 
 05595,0.127563\H,0,-6.208637,2.35468,0.144021\C,0,-7.35888,0.646472,0. 
 182761\H,0,-8.195797,1.091333,0.240382\C,0,-7.333788,-0.751107,0.15517 
 \H,0,-8.152146,-1.230695,0.199606\C,0,-6.137296,-1.457392,0.063478\H,0 
 ,-6.1116,-2.406277,0.036736\C,0,-4.991817,-0.690328,0.013358\C,0,1.416 
 962,0.027358,-0.259145\C,0,0.739202,1.049119,0.41408\H,0,1.234356,1.74 
 0152,0.838338\C,0,-0.645214,1.065318,0.469025\H,0,-1.090963,1.769539,0 
 .925513\C,0,-1.393288,0.050378,-0.143535\C,0,-0.714559,-0.972084,-0.82 
 3653\H,0,-1.207158,-1.664181,-1.248175\C,0,0.663975,-0.977643,-0.88009 
 2\H,0,1.109921,-1.674299,-1.347122\C,0,3.568844,1.194688,-0.116252\C,0 
 ,3.440928,2.245702,-1.019446\H,0,2.886053,2.150007,-1.784387\C,0,4.125 
 432,3.43451,-0.801686\H,0,4.021907,4.160697,-1.405898\C,0,4.961297,3.5 
 60151,0.298448\H,0,5.424588,4.375742,0.452279\C,0,5.120152,2.498497,1. 
 170894\H,0,5.712508,2.578173,1.909358\C,0,4.418821,1.31682,0.973248\H, 
 0,4.520469,0.594693,1.582522\C,0,3.515572,-1.240158,-0.137788\C,0,4.67 
 9491,-1.490889,-0.866007\H,0,4.975029,-0.869842,-1.520406\C,0,5.403632 
 ,-2.651985,-0.630666\H,0,6.206026,-2.811602,-1.113387\C,0,4.966849,-3. 
 583224,0.304569\H,0,5.464966,-4.376288,0.461235\C,0,3.797565,-3.340982 
 ,1.004901\H,0,3.486267,-3.981187,1.635006\C,0,3.073694,-2.174006,0.797 
 846\H,0,2.279444,-2.012704,1.293355\N,0,-3.670622,1.127774,0.003985\N, 
 0,-3.63653,-1.076043,-0.052899\N,0,2.822393,-0.007975,-0.332508\O,0,-3 
 .322006,2.361681,0.037639\O,0,-3.250321,-2.296061,-0.070222\\Version=A 
 M64L-G09RevA.02\State=2-A\HF=-1278.1458561\S2=0.791508\S2-1=0.\S2A=0.7 
 50325\RMSD=5.559e-09\PG=C01 [X(C25H18N3O2)]\\@ 

 

Table E–101. Output parameters for 5.3e; D–A dimer, singlet. 
1\1\GINC-COMPUTE-0-12\SP\UB3LYP\6-311+G(d,p)\C50H36N6O4\BRYNND\08-Nov- 
 2010\0\\# ub3lyp/6-311+g(d,p) guess=mix geom=connectivity\\singlet\\0, 
 1\C,0,7.1267,13.1192,6.8639\H,0,6.289,13.3141,7.2657\C,0,7.6978,13.949 
 6,5.904\H,0,7.2343,14.7354,5.6408\C,0,8.9333,13.6615,5.3165\H,0,9.2847 
 ,14.2528,4.662\C,0,9.6616,12.5282,5.6685\H,0,10.5048,12.3287,5.2799\C, 
 0,9.0802,11.7141,6.6184\C,0,8.9447,6.4419,10.3395\C,0,7.6886,6.9216,9. 
 9539\H,0,6.9075,6.4358,10.1924\C,0,7.5701,8.0965,9.229\H,0,6.7093,8.41 
 2,8.9795\C,0,8.7109,8.823,8.8607\C,0,9.9711,8.3455,9.2516\H,0,10.7533, 
 8.8288,9.0141\C,0,10.0806,7.1784,9.9793\H,0,10.94,6.8691,10.2401\C,0,7 
 .9767,4.7486,11.8259\C,0,7.4882,5.4855,12.9007\H,0,7.9106,6.2987,13.15 
 04\C,0,6.383,5.0307,13.6083\H,0,6.0351,5.5437,14.3286\C,0,5.7881,3.825 
 8,13.2629\H,0,5.0273,3.5173,13.742\C,0,6.3023,3.0742,12.2218\H,0,5.908 
 9,2.2376,12.0034\C,0,7.3907,3.5357,11.4939\H,0,7.7326,3.0228,10.7708\C 
 ,0,10.1108,4.3182,10.7342\C,0,10.7474,3.5975,11.7458\H,0,10.5379,3.767 
 7,12.656\C,0,11.6883,2.631,11.4168\H,0,12.1062,2.1279,12.1056\C,0,12.0 
 249,2.3915,10.0894\H,0,12.6698,1.7303,9.8694\C,0,11.4091,3.1281,9.092\ 
 H,0,11.646,2.9789,8.1835\C,0,10.4492,4.0824,9.4028\H,0,10.0242,4.573,8 
 .7092\N,0,7.5707,10.9392,8.0923\N,0,9.5251,10.4958,7.173\N,0,9.0899,5. 
 2534,11.0801\O,0,6.4963,10.8687,8.7892\C,0,9.4407,3.6718,-0.1585\C,0,8 
 .6913,1.7167,-1.0443\C,0,7.963,0.5916,-1.3757\H,0,7.1252,0.3967,-0.973 
 9\C,0,8.534,-0.2388,-2.3356\H,0,8.0705,-1.0247,-2.5988\C,0,9.7695,0.04 
 93,-2.9231\H,0,10.1209,-0.542,-3.5776\C,0,10.4979,1.1826,-2.5711\H,0,1 
 1.3411,1.382,-2.9597\C,0,9.9164,1.9967,-1.6212\C,0,9.7809,7.2689,2.099 
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 9\C,0,8.5248,6.7892,1.7143\H,0,7.7438,7.2749,1.9528\C,0,8.4063,5.6143, 
 0.9894\H,0,7.5455,5.2987,0.7399\C,0,9.5471,4.8878,0.6211\C,0,10.8073,5 
 .3653,1.012\H,0,11.5895,4.8819,0.7745\C,0,10.9168,6.5323,1.7397\H,0,11 
 .7762,6.8417,2.0006\C,0,8.8129,8.9622,3.5864\C,0,8.3244,8.2253,4.6611\ 
 H,0,8.7468,7.412,4.9108\C,0,7.2192,8.6801,5.3687\H,0,6.8713,8.167,6.08 
 9\C,0,6.6243,9.8849,5.0233\H,0,5.8635,10.1935,5.5024\C,0,7.1385,10.636 
 5,3.9822\H,0,6.7451,11.4732,3.7638\C,0,8.227,10.175,3.2543\H,0,8.5688, 
 10.688,2.5312\C,0,10.947,9.3925,2.4946\C,0,11.5836,10.1132,3.5063\C,0, 
 12.5246,11.0797,3.1772\H,0,12.9424,11.5828,3.866\C,0,12.8611,11.3192,1 
 .8498\H,0,13.506,11.9805,1.6298\C,0,12.2453,10.5827,0.8525\H,0,12.4822 
 ,10.7319,-0.056\C,0,11.2854,9.6283,1.1633\H,0,10.8604,9.1378,0.4697\N, 
 0,8.4069,2.7716,-0.1473\N,0,10.3614,3.215,-1.0665\N,0,9.9261,8.4573,2. 
 8405\O,0,7.3325,2.8421,0.5496\O,0,11.4571,3.7846,-1.4025\H,0,11.3742,9 
 .943,4.4164\C,0,8.6045,10.0389,8.081\C,0,7.855,11.9941,7.1953\O,0,10.6 
 208,9.9261,6.837\\Version=AM64L-G09RevA.02\State=1-A\HF=-2556.2682611\ 
 S2=1.088157\S2-1=0.\S2A=0.699034\RMSD=1.149e-09\Dipole=-0.0937512,-0.0 
 756002,0.0245314\Quadrupole=-20.5596328,23.4513911,-2.8917583,-0.01176 
 91,1.6292779,-1.3408082\PG=C01 [X(C50H36N6O4)]\\@ 

 

Table E–102. Output parameters for 5.3e; D–A dimer, triplet. 
1\1\GINC-COMPUTE-0-13\SP\UB3LYP\6-311+G(d,p)\C50H36N6O4(3)\BRYNND\07-N 
 ov-2010\0\\# ub3lyp/6-311+g(d,p) geom=connectivity\\triplet\\0,3\C,0,7 
 .1267,13.1192,6.8639\H,0,6.289,13.3141,7.2657\C,0,7.6978,13.9496,5.904 
 \H,0,7.2343,14.7354,5.6408\C,0,8.9333,13.6615,5.3165\H,0,9.2847,14.252 
 8,4.662\C,0,9.6616,12.5282,5.6685\H,0,10.5048,12.3287,5.2799\C,0,9.080 
 2,11.7141,6.6184\C,0,8.9447,6.4419,10.3395\C,0,7.6886,6.9216,9.9539\H, 
 0,6.9075,6.4358,10.1924\C,0,7.5701,8.0965,9.229\H,0,6.7093,8.412,8.979 
 5\C,0,8.7109,8.823,8.8607\C,0,9.9711,8.3455,9.2516\H,0,10.7533,8.8288, 
 9.0141\C,0,10.0806,7.1784,9.9793\H,0,10.94,6.8691,10.2401\C,0,7.9767,4 
 .7486,11.8259\C,0,7.4882,5.4855,12.9007\H,0,7.9106,6.2987,13.1504\C,0, 
 6.383,5.0307,13.6083\H,0,6.0351,5.5437,14.3286\C,0,5.7881,3.8258,13.26 
 29\H,0,5.0273,3.5173,13.742\C,0,6.3023,3.0742,12.2218\H,0,5.9089,2.237 
 6,12.0034\C,0,7.3907,3.5357,11.4939\H,0,7.7326,3.0228,10.7708\C,0,10.1 
 108,4.3182,10.7342\C,0,10.7474,3.5975,11.7458\H,0,10.5379,3.7677,12.65 
 6\C,0,11.6883,2.631,11.4168\H,0,12.1062,2.1279,12.1056\C,0,12.0249,2.3 
 915,10.0894\H,0,12.6698,1.7303,9.8694\C,0,11.4091,3.1281,9.092\H,0,11. 
 646,2.9789,8.1835\C,0,10.4492,4.0824,9.4028\H,0,10.0242,4.573,8.7092\N 
 ,0,7.5707,10.9392,8.0923\N,0,9.5251,10.4958,7.173\N,0,9.0899,5.2534,11 
 .0801\O,0,6.4963,10.8687,8.7892\C,0,9.4407,3.6718,-0.1585\C,0,8.6913,1 
 .7167,-1.0443\C,0,7.963,0.5916,-1.3757\H,0,7.1252,0.3967,-0.9739\C,0,8 
 .534,-0.2388,-2.3356\H,0,8.0705,-1.0247,-2.5988\C,0,9.7695,0.0493,-2.9 
 231\H,0,10.1209,-0.542,-3.5776\C,0,10.4979,1.1826,-2.5711\H,0,11.3411, 
 1.382,-2.9597\C,0,9.9164,1.9967,-1.6212\C,0,9.7809,7.2689,2.0999\C,0,8 
 .5248,6.7892,1.7143\H,0,7.7438,7.2749,1.9528\C,0,8.4063,5.6143,0.9894\ 
 H,0,7.5455,5.2987,0.7399\C,0,9.5471,4.8878,0.6211\C,0,10.8073,5.3653,1 
 .012\H,0,11.5895,4.8819,0.7745\C,0,10.9168,6.5323,1.7397\H,0,11.7762,6 
 .8417,2.0006\C,0,8.8129,8.9622,3.5864\C,0,8.3244,8.2253,4.6611\H,0,8.7 
 468,7.412,4.9108\C,0,7.2192,8.6801,5.3687\H,0,6.8713,8.167,6.089\C,0,6 
 .6243,9.8849,5.0233\H,0,5.8635,10.1935,5.5024\C,0,7.1385,10.6365,3.982 
 2\H,0,6.7451,11.4732,3.7638\C,0,8.227,10.175,3.2543\H,0,8.5688,10.688, 
 2.5312\C,0,10.947,9.3925,2.4946\C,0,11.5836,10.1132,3.5063\C,0,12.5246 
 ,11.0797,3.1772\H,0,12.9424,11.5828,3.866\C,0,12.8611,11.3192,1.8498\H 
 ,0,13.506,11.9805,1.6298\C,0,12.2453,10.5827,0.8525\H,0,12.4822,10.731 
 9,-0.056\C,0,11.2854,9.6283,1.1633\H,0,10.8604,9.1378,0.4697\N,0,8.406 
 9,2.7716,-0.1473\N,0,10.3614,3.215,-1.0665\N,0,9.9261,8.4573,2.8405\O, 
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 0,7.3325,2.8421,0.5496\O,0,11.4571,3.7846,-1.4025\H,0,11.3742,9.943,4. 
 4164\C,0,8.6045,10.0389,8.081\C,0,7.855,11.9941,7.1953\O,0,10.6208,9.9 
 261,6.837\\Version=AM64L-G09RevA.02\State=3-A\HF=-2556.2682616\S2=2.08 
 8167\S2-1=0.\S2A=2.003469\RMSD=4.029e-09\Dipole=-0.0937291,-0.0757175, 
 0.0243944\Quadrupole=-20.559778,23.4508263,-2.8910483,-0.0116067,1.629 
 1302,-1.3403749\PG=C01 [X(C50H36N6O4)]\\@ 
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