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Abstract:

Redox flow batteries (RFBs) are charge storage devices that are particularly well-
suited for grid-scale energy storage due to their long-life span, independent scalability of
power and energy, enhanced safety compared to other battery technologies, ability to
handle a large number of charge-discharge cycles without significant degradation, and
potential for cost-effectiveness at large scales. The dominant material for redox flow
batteries is based on inorganic vanadyl salts, which provide large cell voltages and
excellent fatigue resistance. Redox-active organic compounds are promising alternatives
to traditional inorganic redox-active compounds for redox flow battery (RFB) applications
due to their tunable electrochemical properties through molecular design and synthesis, as

well as their potential for faster charge-discharge kinetics.

Stable organic radicals have come to the forefront of this field, in which fully
reversible electrochemical processes are often observed. Benzotriazinyl radicals are unique
materials for redox flow battery (RFBs) applications owing to their bipolar redox chemistry
which arises from the ability to undergo fully reversible reduction and oxidation processes.
Previous work suggests that benzotriazinyls are promising for redox flow batteries, but
challenges arise in increasing the cell voltage. In this work, we report the design, synthesis
and characterization of a series of 6-position functionalized 1,3-diphenyl-1,2,4-
benzotriazinyl radicals (6-X-BTR, where X = H, Cl, CH3, NH2, NO2, and OMe) toward the
aim of increasing cell voltage and charge/discharge kinetics. The electronic structures of

the 6-X-BTR series were characterized by electronic absorption spectroscopy, electron



paramagnetic resonance (EPR), cyclic voltammetry (CV), computational methods, and, for
some of the series, single-crystal X-ray diffraction (SCXRD). Cyclic voltammetry
confirmed reversible reduction and oxidation processes for all stable radical derivatives,
revealing tunable redox potentials and moderate cell voltages (~1.0 V). Electron-
withdrawing substituents (e.g., —Cl and -NO:) were found to stabilize the radical anion
forms, as indicated by anodically shifted reduction potentials, as expected. Heterogeneous
electron-transfer rates were measured for the series in which it was found that some of the
derivatives had a faster electron transfer kinetics compared to previously reported
benzotriazinyl derivative. Substituent effects are rationalized based on a combination of
computation, electronic absorption spectra and spin densities obtained by room
temperature EPR. Attempts to gain structural insight from the 6-amino-benzotriazinyl
radical lead to SCXRD crystallographic characterization of an 8-amino-functionalized
leuco radical, which suggest that steric interactions may inhibit final oxidation to the
benzotriazinyl radical. Electronic absorption spectroscopy (UV-vis) and EPR analyses
were used to follow the conversion of the leuco to the radical form which occurs slowly
over 14-15 hours in the presence of oxygen as an oxidant. Overall, these results provide
insights into the role of steric hindrance and planarity in stabilizing the redox processes in
these unique radicals and support the potential of functionalized benzotriazinyl radicals as
tunable, bipolar electrolytes for RFB charge storage materials with fast charge-discharge

kinetics.
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Chapter 1. Grid-scale electrochemical energy storage

1. Redox flow batteries

Electrical energy demand has been increasing exponentially, and predictions suggest
that global electricity generation will increase from 21.6 trillion kWh in 2012 to 36.5
trillion kWh by 2040.! Issues of sustainability’ and diminishing fossil reserves have
necessitated the exploration of abundant renewables such as solar and wind as alternative
sources for electricity generation.®> Power generated from solar and wind energy systems
is however intermittent, requiring that energy generated during peak operation be

adequately stored and used when needed.

Lithium ion batteries along with redox flow batteries are among the most promising
array of energy storage systems aimed at tackling the intermittency experienced with wind
and solar renewable energy systems.* At present, lithium-ion batteries dominate the
commercial energy storage market, largely due to their high gravimetric energy density
>250 Wh L, and falling battery pack cost at a reported yearly decline rate of 8%.’
However, concerns with lithium-ion batteries include fire hazards arising from the use of
flammable organic electrolytes, and irreversible aging due to phase transitions (changes in

the physical structure of a material) even when not in use.’



Redox flow batteries (RFBs) are particularly well-suited for large-scale energy
storage due to their scalability, long cycle life, and the ability to decouple power and
energy capacity.” Unlike lithium-ion batteries, which face challenges related to resource
scarcity and safety concerns, RFBs utilize liquid electrolytes ( typically water-based),
offering greater flexibility in material selection and system design.® The performance of
RFBs critically depends on the electrochemical properties of their electrolytes, including
redox potential (thermodynamics), mass transport, and electron-transfer kinetics (k°).”
High solubility of electrolytes enhances energy density, while stability ensures long-term
operational viability.” Redox flow batteries (RFBs) that are commercially available and
in use today are based on the redox chemistry of transition metal elements like vanadium.
Concerns have been raised about the environmental and biological impacts of vanadium,
which could pose safety risks.® Rapid commercialization of redox flow batteries has been
hindered largely due to lower energy density of only 25-35 Wh L', substantially lower
than the >250 Wh L typical for lithium-ion batteries®’, cost, and environmental

friendliness of the materials utilized in the device fabrication.'”



Figure 1.1 Project, named Fifth Standard, is RWE’s largest U.S. storage facility to

date, at 137 megawatts (MW), and includes a 150-MW solar PV array expected to be
complete in August. When fully energized, the facility, located in Fresno County, will
have the capacity to power more than 26,000 homes ( ref.11)

1.1 Working Principle of a Redox Flow Battery

A typical RFB contains two tanks in which the catholyte (redox active molecules
dissolved in an electrolyte which gets oxidized at the anode during charging) and anolyte
(redox active molecules dissolved in an electrolyte which gets reduced at the cathode
during charging) are stored.* Subsequently, these catholyte and anolytes are pumped into
an electrochemical cell where they undergo oxidation and reduction. The electrochemical
cell is fitted with positive and negative electrodes-which facilitate oxidation and reduction,
with an intervening ion exchange membrane for ion migration and maintenance of charge
neutrality in the cell. The cell voltage is defined as the difference between reduction and
oxidation of the catholyte/anolyte and is dictated by innate structure of the redox materials.

The power output of a redox flow battery, typically measured in kilowatts (kW), with some



large-scale systems reaching megawatts (MW), is dependent on two factors. The specific
power output of a redox flow battery depends on the number of cell stacks and the
electrolyte volume, which also determines the energy capacity (measured in kilowatt-hours

(kWh)).*

Fundamentally, energy density of a battery system is dependent on the number of
electrons involved, solubility of redox species, and the difference in electrochemical
potential between the cathode and anode-active materials. Energy density is the most
important performance metric for energy storage devices, and it relates to how much energy

1s stored in each volume.

Scheme 1. 1 Typical Operation and design of a redox flow battery

l

Pump Membrane Pump




In an RFB system, the energy density is related to voltage and the number of electron

processes, as is seen in the equation 1 below.!?

nCEY Equation 1

Energy density =

v

where nis the number of electrons transferred in the reaction, Cis the lower

concentration of two electrolytes, F is Faraday's constant, V is the voltage of the battery,

and u» is the volume factor (uv= 1 + lower electrolyte concentration/higher electrolyte
concentration). The energy density is directly proportional to number of electrons
transferred-which correlates to the number of electron processes a material can provide,
concentration (solubility) and voltage of the battery (which is directly related to the

potential of the catholyte and anolyte).

Historically, the earliest redox flow battery patents involve the vanadium redox
couple and titanium flow cell which were first registered as patents in France and Germany
in 1933 and 1954 respectively'>. Subsequently, NASA and other early researchers
attempted using Fe/Cr to design RFBs in the early 80’s, however, problems with poor
reversibility of the chromium half-cell and challenges with developing an efficient ion
selective membrane limited the performance of the RFB. '* The first reported commercial
development of redox flow batteries employing vanadium in each half cell (VRB,
Vanadium/vanadium Redox Battery) was demonstrated at the University of New South
Wells (UNSW), AU, by Skyllas-Kazacos in 1986.!°> The design of the battery utilized

VI)/V(II) and VIV)/ V(V) couples as the anolyte and catholyte. Widespread adoption



of this device was unsuccessful due to toxic concerns with vanadium and the risk of V(II)

being readily oxidized in the presence of air. '

1.2 Non-Aqueous Flow Batteries and Symmetric Redox Flow Batteries

Two types of redox flow battery designs exist: aqueous redox flow batteries (ARFBs) and
non-aqueous flow batteries (NARFBs). Aqueous redox flow batteries are currently limited
in use largely due to narrow electrochemical window of water (1.5V), and generally lower
energy density of 20-50 W h/L.'® A non-aqueous flow battery is a type of energy storage
battery that uses a non-water-based electrolyte like acetonitrile, propylene carbonate, and
dimethyl sulfoxide to dissolve redox active organic molecules,'” unlike the aqueous flow
battery systems that uses water-based electrolytes.'® * All organic non aqueous redox flow
batteries (A-ONRBs) are a recent development in RFBs. The non-aqueous redox flow
battery idea was first proposed by Singh in 1984!'°. Experimental demonstration of a non-
aqueous flow battery was made in 1988 when Matsuda et. al. used a
tris(bipyridine)ruthenium(II) tetrafluoroborate complex [Ru(bpy)s (BF4)2 | in acetonitrile
(CH3 CN) with tetraethylammonium tetrafluoroborate (TEABF4 ) to design a RFB.?* Non-
aqueous redox flow batteries are particularly desired over their aqueous counterpart for
wider voltage windows(up to 4V for most organic solvents)'®, intrinsically faster electron-

transfer kinetics*, and more extended working temperature ranges (up to -40 °C).?!

The concept of a “symmetric redox flow battery” refers to a type of flow battery

where the catholyte and anolyte are made of the same redox-active species. They use only



organic materials, which are considered green and relatively inexpensive compared to
vanadium. Current design of A-ONRBs involves the use of different anolytes and
catholytes, separated by a porous separator commonly called a membrane.?? A separator
membrane is important to discourage crossover of distinct active materials which has been
reported to reduce capacity of A-ONRBs and also cause irreversible reductions in energy
density??. To solve the issue of crossover of active materials, a proposal was made for use
of singular bipolar redox active material in a symmetric flow battery system where the
bipolar redox active molecule functions as both the anolyte and catholyte. All organic non
aqueous redox flow batteries (A-ONRBs) have been reported to have cell potentials of up

to 4V* which is comparable to 3.5V for lithium ion batteries.

While inorganic redox-active materials provide excellent stability and
performance, their structures allow little space for modification. By contrast, organic
redox active molecules offer rich molecular diversity and can be purpose-designed to
tune properties®*, boost performance, and reduce costs.”> Current research efforts are
geared towards making structural modifications to available redox active molecules in

order to improve the performance metrics of organic redox flow batteries.
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Figure 1. 2 Examples of organic redox active molecular systems utilized in charge storage
materials, with the range of redox processes given in V vs Ag/AgCl. (Ref 15)

Organic redox flow batteries are broadly classified into asymmetric and symmetric
systems which is based on redox material symmetry, followed by the solvent-based
categorization into aqueous (further divided by pH), non-aqueous, and hybrid
aqueous/non-aqueous systems.?® Each category offers unique advantages and challenges,
influencing their suitability for various energy storage applications. Aqueous ORFBs
prioritize sustainability, non-aqueous ORFBs focus on performance, and hybrid systems
seek a compromise, with ongoing research aimed at overcoming low solubility, membrane
inefficient leading to cross over of ROMs and stability limitations. Among a wide variety
of all organic non-aqueous redox flow batteries( A-ONRBs) which include polymer redox

flow battery (PRFB)?’ , Li/ Polysulfide®® etc., organic based electroactive compounds are



particularly desirable due to the structural diversity that can be introduced?. Previously,

31,31-34 35 36-39

redox active molecules such as quinone?, nitroxides , ferrocene™, viologen’* ", and

40-42

phenothiazine etc. , have been used in designing RFBs.

Scheme 1. 2 Schematic of typical redox flow battery classifications (from ref 17)
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1.3 Challenges in Organic Redox Flow Battery Technology

The global energy landscape is undergoing a transition from fossil fuels to renewable
sources to address sustainability and environmental concerns. Renewable energy
technologies such as solar and wind are abundant but intermittent, necessitating efficient
energy storage systems to ensure a stable energy supply.?®**** Currently, vanadium-based

electrolytes dominate the RFB market due to their proven performance; however, their high
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cost and environmental impact have motivated research into organic redox-active materials

such as TEMPO, quinones, and benzotriazinyl radicals.®?>#°

Among these, benzotriazinyl radicals are promising candidates owing to their
reversible redox chemistry, high stability, and tunable electrochemical properties.*®
Recently, Edwin Otten et all successfully designed a non-aqueous symmetric flow battery
using benzotriazinyl radicals by functionalizing the C-3 phenyl ring using electron
donating and withdrawing groups. '° This result provides proof of principle for the use of
benzotriazinyl radicals in redox flow batteries. Despite these advantages, their application

in flow systems remain underexplored.

1.4 1,3-Diphenyl-1,2,4-Benzotriazinyl - A Stable Organic Radical

Stable organic radicals have long been a subject of fascination in chemistry due to
their unique electronic properties and potential applications in materials science,
electronics, and medicinal chemistry*’. The historical context of stable organic radicals
dates back to the early 20th century with the synthesis of the triphenylmethyl radical by
Gomberg in 1900. *® Since then, various classes of stable radicals have been discovered,
including nitroxides, verdazyls, and, more recently, benzotriazinyl (“Blatter”) radicals. #°
First synthesized in 1968 by Blatter and Lukaszewski, > these radicals have garnered
significant attention for their exceptional stability and versatility. Unlike many organic
radicals that are highly reactive and require careful handling, Blatter radicals can be

manipulated under ambient conditions in both solution and solid state using standard
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organic chemistry techniques.’! The stability of benzotriazinyl radicals is attributed to
stabilization of the unpaired electron due to spin delocalization within the benzotriazinyl
ring system, as well as steric protection provided by the phenyl substituents at positions

N-1 and C-3 phenyl rings.>!

N-1 Phenyl ring

&

1
N ‘N 2
|
/ N”3
5 4
Benzoannulated

ring C-3 Phenyl
(spin isolate)

Figure 1.3 TUPAC numbering for parent BTR compound 1.0

Benzotriazinyl radicals are particularly notable for their ease of modification through
substitution at the C-3, N1 phenyl, and benzo-annulated ring, which allows for tailoring
their properties for specific applications.*® This modifiability has opened up numerous
possibilities for their use in functional materials, such as sensors®?, spin labels, magnetic

materials, liquid crystals, and charge storage materials.’!

Tuning the substituents on the phenyl rings of benzotriazinyl radicals allows redox

potential adjustment, improving energy density and cycling stability.*® Previous studies



12

have focused on peripheral substitutions, demonstrating that electron-donating or -
withdrawing groups modulate both the redox potentials and the spin distribution.*6-!
Although some studies have investigated modifications to the benzoannulated section of
the triazinyl core, particularly the 7-position, which is reported to block decomposition of

benzotriazinyl radicals,”

systematic and comprehensive functionalization at the sixth
position remains much less developed. Notably, previous work by Oakley within the group
explored electron-donating substitution at the 5-position and showed that the parent radical
could be destabilized by certain functional groups, leading to changes in oxidation and

reduction potential. His work confirmed that substitution influenced redox potentials

without compromising reversibility.

1.5  Thesis goal

To tackle ongoing difficulties in the advancement of redox flow batteries
(RFBs)—specifically concerning the enhancement of energy density, which is related to
solubility of available redox active molecules, electrochemical tunability, and material
stability—we have investigated a category of persistent redox-active and stable organic
radicals: the 1,3-diphenyl-1,2,4-benzotriazinyl radical. These radicals offer highly
adjustable electrochemical characteristics, rendering them a promising candidate for the
improvement of charge storage capabilities. The structural flexibility of 1,3-diphenyl-
1,2,4-benzotriazinyl radical enables them to operate effectively as both the catholyte and
anolyte in redox flow batteries (RFBs), thereby potentially facilitating symmetric flow

battery configurations and augmenting overall system efficiency.
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Several critical gaps hinder the advancement of benzotriazinyl radicals as RFB
electrolytes. First, the solubility of substituted radicals, which directly impacts energy
density, has not been systematically characterized .** Second, electron-transfer kinetics (k°)
across different substituted derivatives remain poorly understood, limiting insights into
their kinetic performance .>* Third, the relationship between spin density—particularly at
para positions relative to the N1 phenyl nitrogen—and electrochemical properties requires
further elucidation.*® Finally, existing studies have not thoroughly evaluated cycling
stability, mass transport under dynamic conditions, or the long-term operational stability

of these radicals in flow systems .>°

In this work, we extend functionalization to the 6-position of the benzotriazinyl
core. This position is para to the position of highest spin density (the N1 position, vide
infra) and is thus expected to significantly influence spin density distribution and therefore
electronic structure and electrochemical behavior. The 6-position also offers synthetic
accessibility through directed substitution of the benzo-annulated ring. By targeting this
position, we aim to identify derivatives with enhanced solubility, reversible redox behavior,
and favorable electron-transfer kinetics—key criteria for use in symmetric nonaqueous
RFBs. We therefore set out to the synthesize and characterize comprehensively, a series of
6-substituted benzotriazinyl radicals bearing electron-donating and electron-withdrawing
groups. We evaluate how substitutions at this position affect optical absorption, EPR
hyperfine coupling, redox potentials, and electron-transfer kinetics. As an application, we
were interested in assessing these radicals in the context of nonaqueous flow battery design,

focusing on how substituents impact cell voltage, energy density and kinetic performance.
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This approach enables structure-property relationships to be mapped for benzotriazinyl

radicals beyond previously studied substitution patterns.

1.6 Specific Aims

This study aims to carry out a systematic investigation of substituted benzotriazinyl

radicals as RFB electrolytes.

The aims of this project are:

1) To prepare a series of 6-substituted radicals that include electron withdrawing
and electron donating groups and measure their redox potentials and to
correlate structure with redox processes.

2) To correlate electronic absorption spectroscopy, EPR and computation with
structure to understand the effect of substitution on these open shell systems,
which may or may not behave as closed shell systems in terms of substituents
effects.

3) To determine how substitution affects the electrochemical behavior in terms of
reversibility of redox processes and electron-transfer kinetics. The electron
transfer rate constants (k°) will be determined through electrochemical
impedance spectroscopy to evaluate kinetic performance, and reversibility

through cyclic voltammetry experiments.
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By integrating these analyses, this work aims to provide a comprehensive evaluation of 6-
substituted benzotriazinyl radicals, facilitating their development as sustainable and

efficient electrolytes for RFB applications.

1.7 Thesis scope and organization

This thesis investigates the design, synthesis, and electrochemical characterization of a new
series of 6-position functionalized 1,3-diphenyl-1,2,4-benzotriazinyl (BTR) radicals for
application in nonaqueous symmetric redox flow batteries (RFBs). By introducing both
electron-donating and electron-withdrawing groups at the 6-position of the benzotriazinyl
ring, the study aims to elucidate how substituent effects influence redox potentials, spin
delocalization, solubility, and electron-transfer kinetics. Particular emphasis is placed on
understanding how these parameters affect reversibility, stability, and redox accessibility,

all of which are critical for their use as organic redox-active electrolytes.

A comprehensive suite of techniques—including UV-Vis absorption spectroscopy,
continuous-wave X-band electron paramagnetic resonance (EPR), cyclic voltammetry
(CV), and single-crystal X-ray diffraction (SCXRD)—is employed to investigate the
structure—property relationships of the functionalized radicals. Electrochemical analyses
include both thermodynamic (redox potential) and kinetic (heterogeneous rate constant, k°)
evaluations, with diffusion coefficients determined from the Randles-Sevcik equation. Spin
distribution is analyzed using McConnell’s relationship via hyperfine coupling constants

from EPR spectra, further supported by DFT calculations. Notably, structural
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characterization of a rare 8-amino-functionalized leuco radical intermediate is achieved via
SCXRD, offering new insight into oxidation pathways and radical stabilization

mechanisms.

This thesis is organized as follows:

Chapter 1 introduces the broader context of grid-scale electrochemical energy storage, with
an emphasis on redox flow batteries and their advantages over other technologies. The
chapter provides a technical overview of the redox flow battery architecture, challenges
associated with current aqueous and nonaqueous systems, and a rationale for pursuing
benzotriazinyl radicals as tunable bipolar materials. The thesis goal and specific research

objectives are also clearly defined.

Chapter 2 details the synthetic routes used to access six new functionalized BTR
derivatives via oxidative ring closure and modular approaches. It presents structural and
electronic characterization through spectroscopy and computation, with a focus on
correlating substituent effects with radical stability and redox behavior. CV is used to
evaluate redox reversibility, estimate kinetic parameters, and quantify diffusion
coefficients. Crystallographic analysis provides atomic-level insight into molecular
planarity, packing, and potential steric hindrance. The chapter culminates in a discussion
of how molecular design influences electrochemical performance and how specific

substituents modulate charge transfer dynamics.

Chapter 3 summarizes the major findings of the work and outlines future directions.

Potential improvements for redox-active molecule design—such as enhancing solubility,
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tuning redox potentials beyond 1.0 V, and modifying core frameworks—are discussed.
Recommendations are made for integrating functionalized BTR derivatives into prototype
RFB systems and for extending this research toward polymeric or dimeric radical systems

for enhanced charge storage performance.

Together, these chapters provide a foundational understanding of how structural
modifications to the BTR core influence redox performance and assists future development

of high-performance organic electrolytes in next-generation redox flow batteries
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Chapter 2. Synthesis and Characterization of 6-Substituted 1,3-Diphenyl-1,2,4-

benzotriazinyl Derivatives

2.1. Stable Organic Radicals

Several classes of stable organic radicals have been prepared and studied as spin carriers
in both metal-radical networks*® for organic electronic materials®®, spintronics®’, charge
storage>®, and quantum science.’® The overall electronic structure and physical properties
of organic radicals are dictated by (i) molecular topology of the radical, (ii) molecular
conformation, and (iii) the packing of the molecules in the solid or crystalline state. The
distinct classes of stable organic radicals are comprised of carbon-based radicals
(triarylmethyl 2.1),%° oxyl radicals (phenoxyl 2.2 and galvinoxyl 2.3),5%? nitrogen-based
radicals (triarylaminyl 2.4% and verdazyl 2.5°%), aminoxyl radicals (nitroxide 2.6% and
nitronyl nitroxide 2.7%), and thiazyl radicals 2.8,%” which differ in relative stability, spin
density distribution, packing motif, and topology (see Figure 1.4). Whereas the electronic
structure, reactivity and properties of closed shell organic materials are typically
characterized by the frontier orbitals, the HOMO (highest occupied molecular orbital) and
the LUMO (lowest unoccupied molecular orbital), open-shell systems are characterized by
the SOMO (singly occupied molecular orbital in the restricted Hartree-fock model). The
SOMOs of these classes of organic radicals tend to be highly localized on the heteroatoms
due to both increased electronegativity of the heteroatom and twisting out of plane of

corresponding aryl substituents, which allow for kinetic stabilization. Intermolecular
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magnetic exchange interactions almost exclusively occur through radical-radical contacts

in the solid state.

L3 . . O
Q0 M T

21 2.2 23 24

2.5 2.6 27 2.8

Figure 1. 4 Stable organic radical classes

The earliest work on stable organic radicals began with the triarylmethyl radical 2.1 first
prepared by Gomberg in 1900,% though not in its free radical state until many decades later
due to its instability towards dimerization. At 5 °C in benzene, triarylmethyl radical exists
in only 2-3% as the dissociated radical® and requires substitution with electron donating
groups or extended conjugation in the para positions to achieve higher stabilities of the
corresponding radical (i.e., (p-OCH3CsHa4)3C-) exists as 100% dissociated in benzene at
100 °C).'?® The spin density distribution is such that 30% is centered on the central atom,
with ~8% spin density on the ortho and para carbons of the phenyl substituents. The parent
radical exhibits a reversible reduction process at -1.2 V, and an irreversible oxidation

process at 0.57 V ( vs Ag/Agl in DME).”’ Considerable stability is gained upon
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perchlorination of the triarylmethyl radicals,(refs) with little perturbation of the spin
density distribution.

Phenoxyl radicals (2.2) are oxygen-centered, with the majority of spin density located
on the heteroatom.”! Usually, a bulky substituent must be present at the ortho position to
prevent decomposition of the radical. Galvinoxyl (2.3) is a typical example of phenoxyls
showing bulk weak ferromagnetic exchange.®! There have been a number of papers using
phenoxyl radical as building blocks for pure organic polyradicals.”>’® Galvinoxyls have
been used as anodic materials for organic radical batteries, leading to the preparation of the
first fully organic battery, albeit with a low cell voltage of about 0.3V.”” Substitution of the
central carbon with the electronegative nitrogen leads to the triarylamines, which upon one
electron oxidation leads to the triarylaminyl radical cation (2.4). In general, the
triarylaminyl radicals are more air stable and thermally stable than the triarylmethyl
radicals and are stabilized by electron donating groups or extended conjugation in the para
position. X-ray crystallography reveals a propeller-like geometry with dihedral angles of
roughly 30-40°.3° EPR suggests little perturbation of the spin density distribution upon
substitution with nitrogen.

Verdazyls (2.5) are another class of stable radicals extensively exploited. Numerous of
substituted verdazyl radicals have been investigated so far, and magnetic properties vary
from weak ferromagnetism to antiferromagnetism as well as spin-Peierls transitions.'” The
spin density is primarily located on the four nitrogens with a node in the SOMO at C3.
Verdazyls have been used for charge storage, in which verdazyl polymers have been

investigated that exhibit ambipolar redox activity, high radical density, and good stability.®!
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The nitroxide (2.6) and nitronyl nitroxide (2.7) radicals have been most extensively
exploited by chemists®?, p-Nitrophenyl nitronyl nitroxide (5 phase) is the first example of
a genuine bulk organic ferromagnet, which was discovered by Kinoshita in 1991.% Both
have stable electron configurations which in part are attributed to m-conjugation in
extended aromatic systems or steric shielding by bulky ortho substituents. In nitronyl
nitroxides, the unpaired spin can be delocalized into two N-O groups with a node on the
central carbon atom. Currently many efforts are made to incorporate nitroxides into
polymeric backbones, and the first and most successful organic radical batteries are
comprised of polymethylmethacrylate nitroxide polymers, which serve as the cathodic
materials in a lithium battery configuration, with cell voltages of ~3.4 V and specific
capacities of around 110 mAh/g.%

Sulfur based thiazyl radicals include thioaminyl, dithiazoyl, dithiadiazolyl, and
thiatriazinyl derivatives.! In contrast to nitroxides, thiazyls usually show high transition
temperatures and a tendency toward dimerization through S-S contacts. It was found that
Pp-NC(CeF4)(CNSSN) is one of the pure organic ferromagnets with the highest Tc (36 K)
observed so far.®* Structure-property correlations have been extensively investigated, but
few cases have been reported in which they have been used as building blocks for

polymeric materials.

2.2. The 1,3-Diphenyl-1,2,4-benzotriazin-4-yl (DPBT) Radical

The parent radical, 1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazinyl (IUPAC) or 1,3-

diphenyl-1,2,4-benzotriazinyl (DPBT, 1.0) was first synthesized by Blatter in 1968°, and
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was found to exhibit high thermal and chemical stability under ambient conditions.* Early
work focused on the biological and materials properties of the radical, in which it was
found that the benzotriazinyl (BT) radical could be used as a polymerization inhibitor® and
photographic sensitizer®. In addition, it was found that its quaternary salts could be used
as disinfectants due to their antibacterial or antifungal properties, which has led to a number
of patents.®” Waldrep found that the parent precursor, 1,4-dihydrobenzo[e][1,2,4]triazine
and its derivatives exhibit a significant degree of herbicidal activity that is lost upon

oxidation to the radical form or alkylation at C6.%
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Early spectroscopic studies of 1.0 support a delocalized electronic structure, giving rise
to a complicated absorption and unusual EPR spectra. The absorption spectrum of 1.0
exhibits several low-intensity bands in the UV region at Amax= 267, 320, and 370 nm and

visible region at Amax= 420, 490 and 550 nm*~°!, suggesting several low-lying transitions®2.

Kadirov and Neugebauer successfully used electron-nuclear double resonance (ENDOR)
to assign EPR hyperfine splitting’s, suggesting that the spin density distribution is fairly

delocalized with 26.0% on N1, 17.8% on N2, and 17.8% on N4.°%3%  Note that the
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resonance structure typically drawn for the BTR radical represents the unpaired electron
on N4, when ENDOR reveals that the highest spin density is in fact on N1. This is due to
the fact that the electronic structure of the radical has multiconfigurational character. The
electronic structure can be represented by three resonance structures (I-III), in which the
zwitterionic form reveals higher spin density at N1. This is important and typically not

properly represented in the vast literature and recent studies published on this system.

Ph Ph Ph
N. N_ . ®N.
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-
N’]\Ph N/J\F'h g}/J\Ph

Figure 1.5 Resonance structures of 1.0

In 1980, Neugebauer et al. developed an alternate synthetic methodology to 1.0,
allowing full characterization of this radical and its derivatives.”®®® X-ray crystallography
reveals a planar structure with the N1-phenyl substituent twisted out of plane with a
dihedral angle of 56°.!°2 In general, the radical packs in 1-D slipped m-stacks in the
crystalline state which successfully accounts for the weak bulk antiferromagnetic exchange
observed in the solid state.”’***® In addition, 1-(4-chlorophenyl)-3-phenyl derivative

(CDPB, 2.10) was found to exhibit unusually strong antiferromagnetic exchange (2J, /k

= -220 K) due to the formation of 1-D m-stacks.”®
Electrochemical measurements reveal that the radical is an extremely good electron
donor and acceptor, with a reversible one-electron oxidation at 0.103 V vs SCE, and a

reversible one-electron reduction at -0.960 V vs SCE.'*® By utilizing the strong electron
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donating ability of 1.0, Hutchison prepared a novel pressure sensitive organic charge
transfer salt by combining with TCNQ (a good acceptor) to yield a 5:2 salt:
(TCNQ)s(DPBT)2.!%* The salt forms (TCNQ): layers which consist of a pair of two dimers
separated by a “skewed” TCNQ in the solid state. Electrical conductivity measurements
revealed that the salt was a pressure dependent semiconductor with 6ep=10* S-cm! at the
ambient conditions, and Ga increased by approximately two orders of magnitude when the
pressure was increased form 1.8 to 2.1 Kbar at room temperature.>**

The effect of conjugation and annulene topology on a bistriazinyl biradical has been
investigated via the preparation of a fused dimer — tetraphenylhexaazaanthracene (TPHA,
2.11).'% Spectroscopic measurements (NMR, UV-Vis, and emission) and theoretical work

suggest that the molecule exists as a zwitterionic closed shell singlet state in the ground

state, with a singlet-triplet gap of 18.9 kcal/mol.%-1%
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Overall, out of the various classes of organic radicals discussed, the benzotriazinyl
radicals are unique in their combined spin delocalized structure, and good electron

donating/accepting ability.

Scheme 2.1 Blatter Synthesis (Route A)?
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8 Reagents and Conditions: (1) Bro/CH2Cl2, KOH; (i) HNOs, acetone; (iii) Pd/C, Ha,
EtOH, 78%:; (iv) EtOH, reflux; KOH, 59%.

The Blatter synthesis'>> Route A (Scheme 2.1) involves bromination of the 2°,2’-bis(p-
tolyl) benzoylhydrazide (2.15) in “fair” yield with bromine and potassium hydroxide in
CH2Cl: to give the monobrominated hydrazide 2.16. Mononitration was achieved by
treatment with one equivalent of nitric acid in cold acetone to give 2.17, followed by

reduction with hydrogen over 10% Pd/C to give the aminohydrazide 2.18 in 78% yield.
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Heating of 2.18 in ethanol to reflux with potassium hydroxide yielded the

diarylbenzotriazinyl radical 2.19 as “beautiful black” crystals (m.p.123-125°) in 59% yield.

Scheme 2.2 Blatter Synthesis (Route B)*#

© '___ @ HBr L‘ © L._ E;
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 Reagents and Conditions: (1) HBr, (CH3)2CHOH, 22 °C, 70%; (i) NaHCOs3 or KOH,

C2H5OH; (iii) Oa.

An alternative route developed by Blatter is the most widely used synthetic methodology
for 1.0 and is shown in Scheme 2.2. The critical radical forming step, which differs
significantly from Route A, involves oxidation and ring closure to yield the radical from
an amidrazone. Both formation of the amidrazone and the following cyclization can be
difficult and low yielding synthetic steps, leading to low overall yield of the final radical
product. The synthesis involves ring closure of the imidine 2.20 with HBr in isopropanol
to yield the HBr salt of the triazine 2.21 in 70% yield. Treatment with base yields the
reduced radical 2.22, which under exposure to oxygen undergoes immediate oxidation to

the final radical 1.0 in quantitative yield.!>> 153
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Scheme 2.3 Kadirov synthesis (Route C)*
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* Reagents and Conditions: (i) aniline, TEA, 90%; (i1) Ag,0, 63%; (iii) Ag:0, reflux, 40-50%.

Kadirov developed an alternate route (Scheme 2.3) in which a chlorohydrazone 2.23
undergoes a base-catalyzed substitution of aniline to give 2.24, followed by oxidative
cyclization with silver oxide to give 2.25. The benzotriazine 2.25 was further treated with
silver oxide for 1-2 days to give final radical 2.26. However, we found that silver oxide
and mercury oxide was only applicable to a limited class of amidrazones for radical

generation.
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Scheme 2.4 Neugebauer synthesis (Route D)?
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* Reagents and conditions: (1) PCls, reflux, 3 h; (i) phenylhydrazine, 22 °C, 12 h, 36%; (iii) HgO,

ethanol, reflux, 1 h; (iv) O, 22 °C, 4 d, 51%.

The synthesis developed by Neugebauer'>*!% 167 (Scheme 2.4) begins with the
conversion of a benzanilide (2.27) to the N-phenylbenzimidoyl chloride (2.28) based on a
procedure developed by Wallach in which the benzanilide is heated to reflux with
phosphorus pentachloride to give the chloroimine, which is directly used in the next step
without further purification.!® Condensation of 2.28 with phenylhydrazine occurs via
nucleophilic attack of either N1 or N2 of phenylhydrazine gives isomeric products 2.29
and 2.30. The relative rate of formation of both isomers is comparable, leading to a low

yield (36%) of the desired isomer 2.29. Oxidation of amidrazone 2.29 with mercury(II)
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oxide gives the imidrazone 2.20 followed by exposure to Oz over several days leads to the
radical 1.0 in 51% yield from the amidrazone 2.29.'%

The parent radical 1.0 was initially synthesized in our lab according to Neugebauer’s
methodology with slight modification. In the first step, benzanilide (2.27) was treated with
phosphorus pentachloride at room temperature and refluxed for 3 hours to yield N-
phenylbenzimidoyl chloride 2.28. After the removal of POCI3 by distillation, the resultant
residue was directly subject to amidrazone formation by condensation with
phenylhydrazine in hexanes at room temperature to yield 2.29 cleanly in 43% yield.
Treatment of the amidrazone 2.29 with mercury oxide in ethanol at reflux for 1 hour under
anaerobic conditions led to the imidrazone 2.20. Removal of the reduced mercury oxide by
filtration, followed by exposure to oxygen for 4 days led to formation of radical 1.0 in 89%
yield from amidrazone 2.29.

The ring-closure step is effectively a formal oxidation, followed by cyclization and re-
aromatization as shown in Scheme 2.5. Although the mechanism has not been
experimentally investigated, the proposed mechanism upon oxidation by mercury (II)
oxide involves initial oxidation of the amidrazone 2.29 to an imidrazone 2.20. An
imidrazone analog has in fact been isolated and fully characterized by '"H NMR and IR in
our lab. The imidrazone 2.20 then undergoes a 1,6-electrocyclic ring closure through an
asymmetric disrotatory process to yield an intermediate 2.31, which re-aromatizes to form
triazine 2.22 through a [1,5]-sigmatropic rearrangement.!’" "2 This approach was
substantiated by the formation of nitro-substituted triazine observed by Kadirov (Scheme

2.3).1%% The radical precursor 2.22 is finally oxidized by O: to yield radical 1.0.
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Scheme 2.5 Proposed mechanism of oxidative radical formation.
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It is worthy to note that a radical isomer 2.32 was isolated by Zverev in the conversion
of 2.20 to radical 1.0.!”">'7*> The formation of this side product involves the attack of the
imine N4 atom on the azo phenyl ring (N1 phenyl ring) as illustrated in Scheme 2.6.
Buzykin suggests that 2.32 is a minor product due to the hindered approach of the N1

nitrogen.'”!

Scheme 2.6 The mechanism for the formation of 2.32.
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The earlier syntheses of 1.0 developed by Neugebauer et al. and repeated in our lab
involve conversion of a benzanilide (2.27) to the N-phenylbenzimidoyl chloride (2.28) in
the presence of phosphorus pentachloride. The difficulties in isolation of the imidoyl
chloride due to moisture sensitivity, the strong oxidative conditions of chlorination, and
the low yield of amidrazone formation due to poor regioselectivity render this synthetic
methodology undesirable for the synthesis of functionalized DPBT radicals. An alternate
synthetic methodology for DPBT derivatives was therefore developed in our lab in which
the desired radicals can be prepared in high yield and purity under mild conditions as shown
in Scheme 2.7. The use of mild conditions is necessitated by the need to install functionality
in the benzotriazinyl moiety for polymer generation, and a route which exhibits high
tolerance to a wide range of functionality was therefore necessary.

Functionalized 1,2,4-benzotriazinyl radicals were synthesized according to a linear
synthetic approach in which the functionality of interest is introduced into the amidrazone
core 2.37 under mild and neutral conditions, as shown in Scheme 2.7. This approach began
with the preparation of the hydrazone 2.35. Condensation of benzaldehyde 2.33 and
phenylhydrazine 2.34 in benzene gave the hydrazone 2.35 in 72% yield.!”* Chlorination of
2.35 with the Corey-Kim reagent, NCS/(CH3)2S at -78 °C, followed by purification via
chromatography gave 2.36 in 73% yield. The chlorohydrazone 2.36 underwent
condensation with aniline with base (TEA) catalysis in refluxing ethanol to give the
amidrazone 2.37 in 36% yield. Isolation and purification of the amidrazone 2.37 by column
chromatography is possible but has been found to result in low yields due to acid-catalyzed

decomposition on silica gel. As a result, the crude amidrazone is typically subjected to flash
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chromatography on a short column and taken on to the next synthetic transformation
directly. It was found that HgO failed in initiating the ring closure of 2.37. Addition of
DBU to a solution of amidrazone in aerated ethanol led to radical formation as evidenced
by the formation of a brown solution. The resulting radical was purified by flash
chromatography on silica gel, followed by recrystallization from CH2Clz/hexanes (~1:1) to
give 2.38 as a brown-black polycrystalline solid in 62% yield.

Scheme 2.7 Synthesis of 7-bromo-1,3-diphenyl-1,2,4-benzotriazin-4-yl (2.38) (Route E)?

i ii
Oroo + weny — Qo O
°N
H

2.33 2.34 2.35

SR .
Cl H l:l
2.36 2.37

* Reagents and conditions: (i) Benzene, 22 °C, 6 h, 72%; (i1) NCS, (CH3).S, -78 °C, CH,Cl,, 1 h,

73%; (iii) 4-Bromoaniline, TEA, ethanol, 78 °C, 3 h, 36%; (iv) DBU, ethanol, 22 °C, 12 h, 62%.

The radical formation step deserves some discussion as this is typically the yield-limiting
step. Radical formation has been found to be catalyzed by HgO in the presence of Oz, HBr,
and DBU, thus oxidative, acidic (oxidative) and basic conditions all catalyze the same
reaction depending on the substrate. It is believed that all three reagents aid in the

generation of the imidrazone, which then cyclizes by 1,6-electrocyclic ring closure. Acid-
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catalysis by HBr may involve initial generation of the protonated imidrazone, followed by
1,6-electrocyclization as shown in Scheme 2.8. Protonation of the carbon-nitrogen double
bond at N4 is likely to lead to activation for cyclization, facilitating the ring closure.
Radical formation with DBU may occur as shown in Scheme 2.8 in which DBU may assist

in the re-aromatization step.

Scheme 2.8 Proposed mechanism of base and acid-catalyzed radical formation

Acid-catalyzed radical formation
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In this work, series of 6-substituted DPBT derivatives were successfully synthesized by
slight modification of the procedure described in route E (Figure 2.1). The derivatives, 8-
Amino-1,3-diphenyl-1,2,4-benzotriazinyl-4yl (1.1), , 6-Chloro-1,3-diphenyl-1,2.4-
benzotriazinyl-4yl  (1.4), , 6-Methyl-1,3-diphenyl-1,2,4-benzotriazinyl-4yl (1.3), , 6-
Nitro-1,3-diphenyl-1,2,4-benzotriazinyl-4yl (1.5), , 6-Methoxy-1,3-diphenyl-1,2.4-
benzotriazinyl-4yl (1.2), were synthesized according to Scheme 2.9 to yield blue for 1.1

and brown-black solids in 35-60% yield.

> ¢ 2 Y
c/@mjﬁk@ Meo’@ﬁ]’t@ ogm/q;’rL@ Me’@rﬁﬁ\@
1.4 1.2 ) @ y

Y
0
1.1

Figure 2.1 DPBT derivatives 1.1-1.5 were synthesized according to Route E.

2.3 Results and discussion

2.3.1 Synthesis of 6-substituted derivatives 1.1-1.5
The benzotriazinyl radicals investigated in this project were synthesized using the general

approach illustrated in Scheme 2.9
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Scheme 2. 9 Synthesis of radical 1.1-1.5
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The radical 1,3-diphenyl-1,2,4-benzotriazinyl-4-yl (1.0) was prepared via the synthetic
route shown in Scheme 2.9. The benzaldehyde was condensed with phenylhydrazine at
room temperature in ethanol to afford hydrazone 2.35 in 68% yield. Treatment with the

Corey-Kim reagent at —78 °C resulted in chlorohydrazone 2.36 in 63% yield. Subsequent
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condensation with aniline in refluxing ethanol led to the amidrazone 1.28 in 60% yield,
which underwent oxidation in ethanol to form the imidrazone 1.29 in 34% yield. DBU-
mediated oxidative cyclization and subsequent stirring at room temperature delivered
radical 1.0 in 40% yield.

The radical 8-amino-1,3-diphenyl-1,2,4-benzotriazinyl-4-yl (1.1) was also synthesized
as shown in Scheme 2.9. Benzaldehyde and phenylhydrazine were condensed to give
hydrazone 2.35 in 68% yield, which was chlorinated using the Corey-Kim reagent at —
78 °C to furnish chlorohydrazone 2.36 in 63% yield. Condensation with m-
phenylenediamine in refluxing ethanol led to the amidrazone 1.28. Treatment of this
intermediate with DBU in ethanol resulted in the formation of three distinct products. A
minor fraction was identified as an unexpected 8-functionalized leuco radical 1.12 and
confirmed by single-crystal X-ray diffraction (SC-XRD, see Figure 1.27). This leuco
radical gradually oxidized in solution (toluene and acetonitrile) to form the 8-Amino-1,3-
diphenyl-1,2,4-benzotriazinyl-4-yl 1.1 over time (see Spectroscopy Section). A second
major fraction corresponded to a zwitterionic compound 2.11, and was assigned as

101

tetraphenylhexaazaanthracene (TPHA), consistent with literature reports' " and confirmed

by HRMS, NMR spectroscopy and SC-XRD.

[O]
NH: —_— - NH;
C[N.IN 10-20 hrs C[NIN
H

1.12 1.1
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The radical 6-chloro-1,3-diphenyl-1,2,4-benzotriazinyl-4-yl (1.4) was synthesized
according to the method in Scheme 2.4. Hydrazone 2.35 was obtained from the
condensation of benzaldehyde with phenylhydrazine in 68% yield. Chlorination with
Corey-Kim reagent furnished chlorohydrazone 2.36 in 63% yield. Condensation with 3-
chloroaniline in refluxing ethanol provided the amidrazone 1.28. Oxidation to the
corresponding imidrazone 1.29 occurred in 34% yield, followed by DBU-mediated

oxidative cyclization to give radical 1.4 in 40% yield

The radical 6-methyl-1,3-diphenyl-1,2,4-benzotriazinyl-4-yl (1.3) was synthesized via
the route outlined in Scheme 2.4. Initial condensation of benzaldehyde with
phenylhydrazine produced hydrazone 2.35 in 68% yield. This was converted to
chlorohydrazone 2.36 using the Corey-Kim reagent (63% yield). Condensation with 3-
methylaniline in refluxing ethanol afforded amidrazone 1.28, which, upon oxidation,
formed imidrazone 1.29 in 34% yield. Oxidative cyclization, under DBU/O: conditions,

yielded radical 1.3 in 60% yield.

The radical 6-nitro-1,3-diphenyl-1,2,4-benzotriazinyl-4-yl (1.5) was prepared via the
synthetic route outlined scheme 2.10 below. Benzaldehyde and phenylhydrazine were
condensed in ethanol at room temperature to afford hydrazone 2.35 in 68% yield.
Subsequent chlorination using the Corey-Kim reagent at —78 °C provided chlorohydrazone

2.36 in 63% yield. Condensation with 3-nitroaniline in refluxing ethanol yielded the
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corresponding amidrazone 1.8 in 50-60% yield . Oxidation in ethanol led to the imidrazone
1.29 in 34% yield, which upon DBU-catalyzed oxidative cyclization and stirring at room

temperature gave radical 1.5 in 33% yield.

2.4 Molecular structure

The crystal structure of benzotriazinyl radicals provides further insight into their
molecular framework. The benzotriazinyl moiety remains largely planar, while the N1-
phenyl ring displays a significant torsional angle of about 40-50° due to steric
interactions between ortho-hydrogens.!%? These structural features, observed in
crystallographic analyses of derivatives like DPBT , contribute to the radicals' stability,

intermolecular interactions and pathways for magnetic exchange.
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Figure 1. 6 The Crystal Structure of leuco Radical 1.12 (50% Probability
Ellipsoids and Hydrogen Atoms shown

Single blue block-shaped crystals of 1.12 were recrystallized from a mixture of hexane
and ethyl acetate by slow evaporation. A suitable crystal with dimensions

0.30 x 0.27 x 0.08 mm? was selected and mounted on a mylar loop in oil on a Bruker
APEX-II CCD diffractometer. The crystal was kept at a steady 7= 100(2) K during data
collection. The structure was solved with the ShelXT 2018/2 ' solution program using

.5'%% as the graphical interface. The

Intrinsic Phasing methods and by using Olex2 1
model was refined with ShelXL 2019/3'% using full matrix least squares minimization on

F~.
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Table 2. 1 Summary of the X-ray crystallographic data for 1.12

Radical 1.12
Empirical Formula CioH16N4
Fw 300.36
crystal system orthorhombic
Space group P212124
Temp 100(2)
a(A) 7.9869(5

b (A) 11.0281(6
c(A) 17.1648(11)
B, deg 90

V, (A% 1511.88(16)
Z 4

Crystal size/mm?

0.3 x0.27 x 0.08

Goodness of Fit

1.049

Residual: R1, wR2?

0.0528,0.1303

The compound crystallized in the orthorhombic system, space group P2:2:2:, with Z = 4
molecules per unit cell. The molecular framework retains the core structure found in the
parent BTR radical, but with notable changes in bond length and geometry consistent with
the leuco form. The central N1-N2—C1-N4 fragment (analogous to N1-N2—-C3-N4 in

parent BTR) shows a torsion of —9.7(4) °, compared to 0.5(2)° in the parent compound,
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indicating a deviation from planarity. However, the most significant difference is observed
in the N1-N2 bond length, which is 1.463(3) A in the leuco radical—considerably longer
than the 1.361(2) A in parent BTR—reflecting a reduction in double-bond character and
loss of delocalization in the amidrazonyl core. The aryl rings flanking the central structure
are also more twisted in the leuco form. The N2-N1-C8-C9 torsion is 142.3(3)°,
contrasting sharply with the parent compound’s N2-N1-C8a—C4a = 4.3(2) °, and the N2—
N1-C14-C15 torsion is —29.1(4) °, indicating that both phenyl rings are significantly out
of plane. This contrasts significantly with the more planar arrangement observed in the

parent radical and suggests that the N-1 nitrogen is pyramidalized.

Table 2. 2 Selected bond lengths (A) and angles (°) for 1.12.

Bond (Leuco Length
Bond (Parent BTR) Length (&)

Radical) A)
NI-N2 1361(2) NI-N2 1.463(3)
N2-C3 13372) N2-C1 1.294(4)

C3-N4 1.324(2) C1-N4 1.378(4)



Bond (Parent BTR) Length ()

Cc3-C1”

N1-C8a

NI-Cl’

1.489(3)

1.401(2)

1.427(2)

Bond (Leuco Length

Radical) A)

Cl1-C2 1.480(4)
NI1-C8 1.427(4)
NI-Cl4 1.420(4)

Table 2. 3 Selected Torsional angles (°) for 1.12 and 1.0

Torsion Segment

NI-N2-C3-N4 / N1-N2-C1-N4

N2-N1-C8a—C4a / N2-N1-C8-C9

— / N2-N1-C14-C15

— / C13-N4-C1-C2

— /N1-C14-C15-C16

Amino Leuco

Parent BTR (°)

Radical (°)
0.5(2) -9.7(4)
43(2) 142.3(3)
— -29.1(4)
— 158.3(3)

178.3(3)
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Figure 1. 7 Crystal Structure of Radical 1.4 (50% Probability Ellipsoids
and Hydrogen Atoms omitted for Clarity

43
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Table 2. 4 Summary of the X-ray crystallographic data for 1.4

Radical 1.4

Empirical Formula CioH13N3Cl
Fw 318.77

crystal system triclinic
Space group P-1

Temp 299(2)

a(A) 7.8131(12)

b (A) 9.8080(15)
c(A) 11.5048(17)
B, deg 86.4

Vv, (A% 775.9(2

Z 2

Crystal size/mm? 0.3x0.3x0.2
Goodness of Fit 1.067
Residual: R1, wR2* 0.0399,0.1135

Radical 1.4, crystallized via slow evaporation from a 70:30 hexane: ethyl acetate mixture,
forming black crystals (0.3 % 0.3 x 0.2 mm?) in the triclinic P-1 space group with Z = 2.
Its molecular structure closely mirrors the parent BTR radical, with a near-planar

amidrazonyl core (N1-N2—C5-N3 torsion of —0.1(2)° vs. 0.5(2)° in BTR) and bond
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lengths (e.g., NI-N2 = 1.3612(16) A, N2-C5 = 1.3349(17) A) nearly identical to BTR,
indicating an unchanged electronic structure. However, the 6-chloroBTR derivative
shows a significant twist in one phenyl ring (N2-N1-C4-C3 =-55.07(17)° vs. 50.3(2)°
in BTR) and enhanced planarity on the opposite side (N2-N1-C15-C14 = 175.13(12)°

vs. 4.3(2)° in BTR), suggesting reduced steric strain or increased n-delocalization.

The chlorine-bearing phenyl ring remains coplanar (C11-C12-C13-C14 = 179.42(11)°),
with conformational distortion localized to the twisted side, yielding an asymmetric yet
stable geometry. Bond angles, such as N2-N1-C4 = 113.91(11)° (vs. 122.2(1)° in BTR),
indicate subtle geometric adjustments due to chlorine substitution, but core planarity and
delocalization are preserved, as evidenced by consistent bond angles (e.g., N2—C5-N3 =
127.68(13)° vs. 127.7(2)° in BTR) and C—C bond lengths (1.366—1.393 A) across

aromatic systems.



Table 2. 5 Selected bond lengths (A) and angles (°) for 1.4.

Bond (Parent BTR) Length (&)

NI1-N2

N2-C3

C3-N4

c3-C1"

Co6-C7

C7-C8

1.361(2)

1.337(2)

1.324(2)

1.489(3)

1.389(3)

1.375(2)

Bond (1.4)

NI1-N2

N2-C5

C5-N3

C5-C6

Co6-C7

C7-C8

Table 2. 6 Key Torsional angles (°) for 1.4 and 1.0

Torsion (Parent BTR)

N1-N2-C3-N4

C8a—N1-C1'-Cé’

N2-N1-C8a—-C4a

Cl1-C12—C13—C14 (no analog in parent) —

Angle (°) Torsion (1.4)

NI1-N2-C5-N3

N2-N1-C4-C3

N2-N1-C15-Cl14

46

Length (A)

1.3612(16)

1.3349(17)

1.3373(18)

1.484(2)

1.3872(19)

1.382(2)

Angle (°)

~0.1Q2)

~55.07(17)

175.13(12)

Cl1-C12-C13-C14 179.42(11)
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Table 2. 7 Selected Bond Angles (°)

Angle (Atoms) Parent BTR (°) Leuco BTR (°)

N2-N1-C8a  122.2(1) N2-N1-C8 = 114.5(2)
N2-N1-C1'  114.3(1) N2-N1-C14 = 111.0(2)
CI-N2-N1 ~ — 114.1(2)
Cl-N4-C13 — 118.6(3)

2.5 Spectroscopic characterization

The six radical derivatives were characterized by electronic absorption spectroscopy, and
EPR spectroscopy to determine how substitution at the 6-position modified their

electronic structures in both the ground state and excited state.

2.5.1 Electronic absorption spectroscopy

The electronic absorption spectra of the substituted radicals—1.2 (OMe, electron-
donating group), 1.3 (-Me, electron-donating group), 1.4 (-Cl, weak electron-withdrawing
group), and 1.5 (-NO., strong electron-withdrawing group)—were compared to the

unsubstituted parent radical 1.0 to study how different substituents affect electronic
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transitions. The spectrum of the parent radical 1.0 features n—n* transitions in the UV
region (with peaks at 286 nm and 374 nm) and weaker transitions in the visible region
due to HOMO-SOMO and SOMO-LUMO transitions (peaks at 447 nm and 564 nm).
These transitions give 1.0 a dark brown/black color in the solid state and an
orange/brown color in solution. The NO:-substituted radical 1.5 stands out with a unique
spectrum, suggesting a major change in its electronic structure, including several weak
transitions in the visible region (peaks at 433 nm, 458 nm, and 665 nm) and one in the

near-infrared (NIR) region (742 nm)

The electronic absorption spectra of the 8-amino functionalized radical (1.1) exhibit
distinct features compared to the parent radical (1.0), indicating a significant alteration in
the electronic structure. The spectra reveal prominent n-n* transitions in the UV region,
with absorption maxima at Amax = 289 nm, 309 nm, and a broader range from 360 nm to
483 nm. Additionally, the increasing intensity of the low-energy transition in the visible
region (600-800 nm) is attributable to HOMO-SOMO and SOMO-LUMO transitions,

reflecting the progressive formation and stabilization of the radical species.

The time-dependent spectral data suggest that an initial isolation of a leuco radical (1.12)
form of the 8-amino radical occurred, with a gradual transformation into the radical form
becoming evident after approximately 15 hours. This conversion is marked by a
progressive increase in radical concentration over time, observable in both toluene and
acetonitrile solvents, and further corroborated by the growing absorption in the 600-800

nm range. The absence of an isosbestic point during this transformation indicates a clear
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and direct conversion from the leuco radical to the radical, rather than a reversible

equilibrium or the presence of multiple intermediates.

Furthermore, the observed increase in absorbance, corresponding to an enhanced extinction
coefficient, supports the hypothesis of a complete structural transformation to the 8-amino
functionalized radical (1.12). This suggests that the molecular changes extend beyond mere
electronic redistribution, potentially involving a distinct chemical species with heightened
chromophoric activity, as evidenced by the intensified radical-specific absorption in the

visible region.

£(104Lcm™ M1)
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Figure 1. 8 Electronic absorption spectra of 1.0,1.2-1.5 in toluene
at 300k

Table 2. 8 Absorption data for radicals 1.1,1.3,1.5,1.6, and 1.0.

Amax (€) 2
1.4 286(42) 327(1.6) 338(1.07) 441(0.3) 469(0.2)

1.3 270(2.9) 3200.6) 371(0.5) 431(0.2)  496(0.1)

15 2946.5) 384(1.69) 433(1.1) 458()1.42 665(0.3) 742(0.4)
1.2 289(8.3) 328(3.2) 395(43) 477(0.9)

1.0 286(5.5) 374(0.8) 447(0.92) 564(0.2)

2.5.2 Electron Paramagnetic Resonance (EPR) Analysis for Radicals
1.1-1.5

This section examines the electron paramagnetic resonance (EPR) spectra of radicals 1.2,
1.5, and 1.0, focusing on their hyperfine coupling constants which relates to spin density
distributions. EPR spectroscopy was conducted using a Bruker EMXplus electron
paramagnetic resonance spectrometer (EPR) with cryogenic capabilities operating at
approximately 9.5 GHz. A ImM solution of the samples was prepared in toluene and
measured at room temperature. The hyperfine coupling constants for the nitrogen and

hydrogen nuclei were determined by simulating the EPR spectra with Easy Spin 6.0.7. The
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simulation included couplings only to hydrogens in the methyl, and methoxy derivatives,
as their spectra revealed splitting and broadening due to interactions with nearby hydrogen

nuclei, but excluded couplings to phenyl ring hydrogens.

EPR spectroscopy was employed to investigate how functionalization affects the
distribution of the unpaired electron across the radical structures. Previous report by
Neugebauer and Rimmler demonstrated that the unpaired electron is delocalized within the
amidrazonyl segment of the 1,2,4-triazinyl cycle. using electron nuclear double resonance
(ENDOR), they reported hyperfine coupling constants for the three chemically distinct
nitrogen atoms in the triazine core as : N-1 (~7.5 G), N-2 (~4.9 G), and N-4 (~5.2 G)** .
These values indicate that the unpaired electron is predominantly located on the N-1
nitrogen, consistent with the resonance structures of benzotriazinyl radicals below, and

highlighting the significant role of resonance in dictating hyperfine coupling values.

o % vh

N. N . ®N._
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The experimental spin density was calculated using the McConnell equation, a = Qp,
where a is the hyperfine coupling constant, Q is a semiempirical constant (28.6 G for
nitrogen, -27 G for hydrogen), and p is the spin density. The EPR spectrum of radical 1.0

shows a seven-line pattern (2n+1, where n=3 for three equivalent nitrogen nuclei with spin
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quantum number I=1), reflecting hyperfine interactions between the unpaired electron and

the three nitrogen atoms in the triazine core. Minor super-hyperfine coupling (<1 G) to

benzene ring hydrogens causes slight resonance broadening.

Table 2. 9 Hyperfine coupling constants (an) and g-values the series of radicals.

Radical g-value | any+ amz)* a4y
1.0 (Parent BTR) 2.0033 | 7.5 4.9 5.2
1.1 (NH2) 2.0023 | 7.70 4.90 4.98
1.2 (OMe) 2.0038 | 7.89 4.10 4.92
1.3 (Me) 2.0035 | 7.73 4.38 4.90
1.4 (CD) 2.0036 | 7.34 4.70 4.81
1.5 (NO2) 2.0038 | 6.64 4.92 5.11

*The g-values and hyperfine were derived from fitting of the experimental EPR
spectra with Easy Spin. Tentative assignment of isotropic nitrogen hyperfine values is made
by comparison to ENDOR data for the parent diradical, in which the larger spin density is

observed for N1.

EPR spectroscopy reveals subtle differences in electronic structure between substituted

members of the series of radicals 6-X-BTR. The g-values are close to that of the free

electron value (ge = 2.0023), consistent with isotropic S=1/2 spin systems, in which little



53

to no g-anisotropy is expected due to a lack of spin-orbit coupling or low-lying excited
states. Hyperfine is apparent to the three nitrogens of the triazinyl core, in which the nuclear
spin of N ( I=1) leads to a splitting of the resonance into a multiplicity of seven lines (2nl
+1, in which n is the number of nuclei). Analysis of the hyperfine coupling to nitrogens
reveals an increase in spin density at N1, relative to the parent for electron donating groups
(amine, methoxy), and a decrease in spin density at N1 relative to the parent for electron
withdrawing groups. Electron withdrawing groups stabilize organic radicals through
resonance or inductive effects, leading to a decrease in overall spin density in the triazinyl
core, as evidenced by a slight to moderate decrease in spin density at N2 and N4 in these
systems (X = NOz, Cl). For example, while the parent radical exhibits hyperfine values of
7.5, 4.9, and 5.2 for N1, N2 and N4, respectively, these values change for the nitro
derivative (1.5) to 6.64, 4.92 and 5.11, respectively. For electron donating groups by
resonance, we observe an increase in electron density at N1, with a slight to moderate
decrease in spin density at N2 and N4, consistent with electron donation primarily to N1,
as the substituent is in the para position to N1, where resonance effects would be strong.
These subtle shifts in electron density suggest changes in reduction and oxidation potentials

along the series, in line with substituent effects.

Lastly, EPR spectra were measured at 298 K in toluene as a function of time of the leuco
radical, to provide support for the hypothesis that the leuco radical undergoes oxidation to
the amino radical slowly over time with oxygen exposure. As can be seen from Figure
1.7, the EPR resonance due to the amino radical grows over 24 hours, consistent with an

increase of radial concentration as a function of oxidation time. This dynamic evolution
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results from absorption spectroscopy, which suggests a transformation from an isolated

leuco (reduced) form to the radical species.
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Figure 1.9 CW X-Band EPR spectrum of 1.12 in toluene at 298k

2.6 Electrochemistry

The electrochemical behavior of benzotriazinyl radicals is a critical aspect of their utility
in redox flow battery and charge storage applications. These radicals exhibit reversible one-
electron oxidation and reduction processes, which are essential for their use in
electrochemical devices such as batteries and sensors.!?1% Benzotriazinyl radicals are
also chemically and electrochemically stable allowing for the repeated cycling of the

radical between its oxidized and reduced forms over numerous cycles, which is crucial for
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applications in charge storage materials where longevity and efficiency are paramount.>!

For example, in organic radical batteries (ORBs), the stability of the redox couple directly

impacts the cycling performance and overall efficiency of the device.!"”

Another key feature of Blatter radicals is their electrochemical tunability. By introducing
substituents at various positions on the benzotriazinyl ring, the oxidation and reduction
potentials can be shifted to more positive or negative values without compromising the
reversibility of the redox processes. This tunability is particularly valuable for optimizing
their performance in specific applications. A larger Ecen enhances the energy density and
power output of the device. Research by the Frank group on halogen-functionalized
derivatives of Blatter radicals demonstrated that substitutions with electron-withdrawing
groups shift both oxidation and reduction potentials to more positive values compared to
the parent radical (figure 1.21). Specifically, halogen-functionalized Blatter radicals
exhibited oxidation potentials up to 600 mV more positive than the parent radical, while
maintaining fully reversible redox behavior. This property allows for the design of Blatter-

based materials with tailored electrochemical properties for specific applications.
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Figure 1. 10 Electrochemical oxidation and reduction process of benzotriazinyl radicals
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Figure 1. 11 Effect of EWG and EDG substitution on electrochemistry ( V vs SCE)

As the parent radical is an 11-pi electron system, the ease and reversibility of the oxidation
process has been rationalized by arguments based on aromaticity. Oxidation results in the
formation of a 10 m-electron aromatic system during oxidation and a 12 m-electron
antiaromatic anion during reduction*® (figure 1.8). The aromatic stability of the oxidized

form and the antiaromaticity of the reduced form underpin the radicals' reversible
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electrochemistry and low oxidation potentials, marking them as efficient electron donors,

and highlighting their promise for charge storage applications.’!-!1?
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Cyclic voltammetry (CV) measurements were carried out using a BASI
electrochemical workstation in a standard three-electrode cell configuration. A glassy
carbon disk electrode (3 mm diameter) served as the working electrode, platinum wire as
the counter electrode, and a silver/silver chloride (Ag/AgCl in 3 M KCI) electrode was
used as reference. The working electrode was polished using 0.05 pm alumina slurry,
rinsed with deionized water, and dried prior to use. All potential is reported versus Ag/AgCl
unless otherwise noted. Electrochemical measurements were conducted in dry acetonitrile
containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAH) as the supporting
electrolyte. Solutions were deoxygenated by bubbling with nitrogen for 20 minutes prior
to measurement and maintained under a gentle nitrogen flow throughout data collection.
Voltammograms were recorded at a scan rate of 10-500 mV s over a potential window of
—1.5 V to +1.0 V. In selected cases, additional CV scans were performed at varied scan
rates (10-500 mV s™) to probe diffusion control via Randles—Sevcik analysis. Ei/2 values

were determined as the average of cathodic and anodic peak potentials.
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Table 2. 10 Select electrochemical parameters for 1.2, 1.3, 1.4, 1.5 and 1.0

Radial E12(0x)/V? | E12(red)/VP | Eca/VC | ialic (100mvis) AEp (100mvrs)
derivative

Ox Red Ox Red
-Cl 0.32 -0.6 0.92 0.9 1.07 72 72
-NO; 0.538 -0.489 1.02 0.83 1.05 79 73
-OMe 0.095 -0.827 0.92 0.98 1.1 68 90
-Me 0.185 -0.827 1.01 1.1 2.0 69 89
-NH; 0.24 -0.613 0.85 0.99 1.98 86 87
-H 0.212 -0.878 1.09 0.9 4.5 226 257
(Parent
BTR)

4 E152 calculated as the average of the peak potential of the anodic and cathodic waves of

the electrochemical process. € Ecei = |Ei2(0x) — Eiaqred)|. ia/ic is the ratio of anodic and

cathodic current. AEp is the difference in anodic and cathodic peak potential, reported in
mV
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Substitution on the sixth position of the benzoannulated ring significantly influences the
redox behavior of the radical core. Electron-withdrawing substituents, such as —Cl and —
NO., shift the oxidation potential anodically, making the radical more resistant to
oxidation. For instance, the nitro-substituted derivative exhibits an oxidation potential of
+0.538 V, over 300 mV more positive than the parent compound. Conversely, electron-
donating groups such as -OMe and —Me lower the oxidation potential to +0.095 V and
+0.185 V, respectively, indicating increased ease of oxidation relative to the parent radical.
A similar trend is observed in the reduction behavior. The strongly electron-withdrawing —
NO: group stabilizes the radical anion form, resulting in a substantially anodically shifted
reduction potential of —0.489 V. The —Cl derivative also reduces more easily than the parent
(—0.600 V), while the methoxy and methyl derivatives remain slightly easier to reduce than
the parent radical, both exhibiting reduction potentials of —0.827 V. The overall

electrochemical window, defined as the difference between oxidation and reduction half-

wave potentials (Ecell), varies subtly among the derivatives. Substitution with —-NO- results

in a modestly narrower window of 1.02 V, while the —Cl and -OMe derivatives both show
reduced cell potential of 0.92 V. The —Me derivative maintains a cell potential of 1.01 V,

closely resembling the parent radical in overall redox accessibility.

Cyclic voltammetry experiments underscore the tunability of redox properties in
benzotriazinyl radicals through strategic para-substitution. Electron-deficient substituents
shift both redox events anodically, stabilizing both oxidized and reduced forms, while
electron-rich substituents favor oxidation at lower potentials. The relatively preserved

redox spans suggest that the Blatter scaffold remains robust under electronic modulation
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and may serve as a versatile core for molecular electronic or energy storage applications.
These results demonstrate that substitution has a pronounced effect on both oxidation and
reduction potentials, consistent with expected substituent effects on redox processes, and
suggest tunability of redox behavior via strategic substitution, which may be of interest for

the design of electroactive materials and redox-active molecular frameworks.

2.7 Heterogeneous rate constant and diffusion coefficient for 1.2, 1.3, 1.4, and 1.5

To calculate the diffusion coefficient, which gives one an idea of the rate of diffusion of
the analyte, the Randles Sevcik equation for a quasi-reversible system '!! (equation S2)
was utilized in which Ip = peak current (in A),n = number of electrons transferred, A =
working electrode area (0.13cm?), D = diffusion coefficient (in cm?/s),C = concentration
(1x10°® mol/cm?), v = scan rate (in V/s). A plot of peak current and square root of scan

rate gives a slope that is inserted in equation 2 to solve for the diffusion coefficient.

_ 5y . .3/2 4. pl/2. o~ 1)2
I, =(2.69 x 10”) - n A-D C-v (equation 2)

Slope 2 (equation3)
(2.69 x 10°.-n%2. 4. C.’-')
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Additionally, Nicholson’s method is favored for determining standard rate constants in
quasi reversible systems due to its straightforward approach. It demonstrates that the peak
potential difference (AEp) depends on a dimensionless kinetic parameter () and remains
largely unaffected by the charge-transfer coefficient (o) within the range of 0.3 to 0.7''".
To apply this method, we measured AEp across various scan rates and then calculated the

associated y values using the equation below

A plot of inverse of square root of scan rate versus the associated Nicholson
dimensionless values y, gave a slope that was inserted into equation 5 to calculate for the

heterogenous rate constant(K°)

(—0.6288 + 0.0021AE,)
y/ =
1 — 0.017AE, (equation 4)

,Tk[)

U =
V/TFvD/RT

(equation 5)

where y = D/D' the ratio of the diffusion constants for the reduction and re-oxidation (x0/-

) or the ratio of the diffusion constants for the oxidation and re-reduction (x0/+)



slope - v/7FD/RT

k[l o

~
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(equation 6)

Table 2. 11 Diffusion coefficient and rate constant for 1.1, 1.3, 1.6, and 1.10

Derivative D(x"") D" k% (x%) k® (x")
(x 10 cm?/s) (x 10 cm?/s) (cm/s) (cm/s)
-OMe 6.43 1.80 3.65x1072 6.61x1073
-Me 8.18 2.55 2.42x1072 4.1x1073
-Cl 6.73 9.09 1.04x1072 3.07x1072
-NO2 5.43 6.18 1.65x1072 1.35x1072

The electrochemical behavior of the substituted derivatives—1.2 (-OMe), 1.3 (-Me), 1.4

(-Cl), and 1.5 (-NOz2)—was analyzed to evaluate the influence of electron-donating and

electron-withdrawing groups on diffusion coefficients and heterogeneous rate constants

focusing on substituent-driven variations in electron transfer kinetics and mobility.

Overall, electron-withdrawing groups (-Cl, -NO:) tend to increase diffusion rates,

possibly due to improved solvation and charge distribution, while electron-donating



groups (-OMe, -Me) influence electron transfer kinetics more significantly, with -OMe
notably boosting reduction efficiency. These trends align with established substituent
effects on redox processes and highlight the nuanced roles of resonance, inductive

effects, and molecular size.

0.06
J[—— 10mVs \

0.04

0.02

0.00

-0.02

Current (nA)

-0.04

-0.06 - \V

-0.08

T s T

1.0 ' 0.5 ' 010 ' -(;.5 ' -1.0 -1.5
V vs Ag/AgClI
Figure 1. 12 Cyclic voltammograms of radical 1.4 in MeCN with 0.1 M [Bu4N][PF6]

supporting electrolyte, glassy carbon working electrode, silver reference electrode, platinum
counter electrode, 10-200 mV/s scan rate
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Figure 1. 13 Peak currents (ipc and ipa) from CV data vs. v'’? for the reduction process used to determine the
diffusion coefticient from Randles Sevcik equation (see equation (S2) for radical 1.4. Lines are least-squares
fits to the data
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Figure 1. 14 Peak currents (ipc and ipa) from CV data vs. v'’? for the oxidation process used to determine the
diffusion coefficient from Randles Sevcik equation (see equation (S2) for radical 1.4. Lines are least-squares
fits to the data
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Figure 1. 15 Nicholson dimensionless coefficient ¥ (see Equation (S5 and S5) vs. v used to determine
the electron transfer rate constants k° for 1.4
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Figure 1. 16 Cyclic voltammograms of radical 1.2 in MeCN with 0.1 M [Bu4N][PF6] supporting

electrolyte, glassy carbon working electrode, silver reference electrode, platinum counter electrode, 10-

250 mV/s scan rate
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Figure 1. 17 Peak currents (ipc and ipa) from CV data vs. v'’? used to determine the diffusion coefficient from Randles

Sevcik equation (see equation (S2) for radical 1.2. Lines are least-squares fits to the data
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diffusion coefficient from Randles Sevcik equation (see equation (S2) for radical 1.2.
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Figure 1. 20 Cyclic voltammograms of radical 1.5 in MeCN with 0.1 M [Bu4N][PF6] supporting

electrolyte, glassy carbon working electrode, silver reference electrode, platinum counter electrode,
10-500 mV/s scan rate
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diffusion coefficient from Randles Sevcik equation (see equation (S2) for radical 1.5.
Lines are least-squares fits to the data
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Figure 1. 24 Cyclic voltammograms of radical 1.3 in MeCN with 0.1 M [Bu4N][PF6] supporting
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mV/s scan rate
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2.8 Maximum solubility measurement for 1.4

Techno-economic analyses have shown that redox-active organic molecules
(ROMs) must reach concentrations of roughly 1-2 molar to satisfy the energy-density
requirements for commercially viable redox-flow batteries .!'> Among the series studied,
compound 1.1 displays the highest “average “ heterogeneous electron-transfer rate
constant (k°), suggesting faster kinetics which by extension might mean superior cell
performance relative to the other derivatives. To determine whether this kinetic advantage
can be realized in practice, the compound’s maximum solubility was determined as

solubility sets the upper limit on the electrolyte’s volumetric energy density.

A calibration curve based on Beer's law was generated by recording the spectra of four
CHsCN solutions containing 1.4 at known concentrations (0.05 mM, 0.025 mM, 0.0125
mM, and 0.00625 mM). Peak absorbance values at 270 nm were plotted against the
corresponding concentrations and fitted linearly to obtain a calibration equation. To
determine solubility, 26 mg of 1.1 was dissolved in 0.3 mL CH3CN to prepare a saturated
solution. A 1 pL aliquot of this solution was then diluted to 10 mL with CHsCN, and the
spectrum of the diluted solution was recorded. Based on the calibration curve, the

maximum solubility of 1.4 in CHsCN was determined to be 0.02 M
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2.9 Conclusion

This work has demonstrated the successful synthesis and characterization of a series of
functionalized benzotriazinyl radicals via a modular approach that offers tunability of both
electronic and structural properties. The condensation—chlorination—amidrazone route
provided access to several novel radicals, including 1.1, 1.2, 1.3, 1.4, and 1.4, with yields
ranging from moderate to good. Importantly, the stepwise isolation of intermediates such
as the amino leuco radical 1.12 enabled crystallographic confirmation of key structures,

confirming insight into the mechanistic pathway of radical formation.

Spectroscopic and analytical data—including EPR, UV-Vis, IR, HRMS, and SC-XRD—
collectively confirmed the successful formation and structural integrity of the radicals.
Notably, the attempted synthesis of 6-functionalized amino radical revealed unexpected
reactivity, forming an 8" amino leuco-radical intermediate that oxidized slowly in solution
to the final product 1.1. This discovery highlighted the chemical sensitivity of the 8-amino

substitution pattern and its role in influencing radical stability and transformation in situ.

These findings build upon and expand the understanding of structure—property
relationships in the benzotriazinyl radical family. The knowledge gained here lays a strong
foundation for the development of redox-active materials with potential applications in

molecular electronics, magnetic materials, and organic energy storage systems.
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3.0 Experimental

3.1.1 General Procedures and Characterization

All reagents were purchased from commercial suppliers (Sigma Aldrich, TCI, and
Fisher Scientific) and used without further purification. 1H and 13C NMR spectra were
recorded with a Bruker 500 or 400 MHz spectrometer with Me4Si as the internal reference
unless otherwise noted. FT-IR spectra were measured on a Thermo Nicolet 6700 Fourier
transform infrared spectrometer (FT-IR). UV-vis spectra were obtained with an Agilent
8453 UV-Vis spectrometer. Mass spectra were recorded on an Agilent G6230B time-of-
flight mass spectrometer (TOFMS) with electrospray ionization (ESI), atmospheric
pressure photoionization (APPI), and atmospheric pressure chemical ionization (APCI)
sources.
The following solvents were freshly distilled before Use: Ethanol. Chromatography
(including flash chromatography) was performed with silica gel or alumina (neutral). All
reactions were monitored by TLC performed on Aluminum-backed silica gel plates, and
compounds were visualized under UV light. Quantum mechanical calculations were
carried out at the UB3LYP/6-
31G(d,p) level of theory!'*!'* (unless stated otherwise) using the Gaussian 16 package.
Geometry optimizations were performed without symmetry constraints Using time

dependent DFT calculations supplied in the Gaussian 16.!'1
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Syntheses

The synthesis and full characterization of compounds 1.1-1.5 and 1.0, using the methods

discussed below have been previously reported.!!?

Benzaldehyde phenylhydrazone (1.17):''° Phenyl hydrazine (6.2 mL, 62 mmol) was
added to a solution of benzaldehyde (6.0 mL, 60 mmol) in anhydrous ethanol (70 mL).
The reaction solution was stirred at reflux under air for 40 minutes. It was then allowed to
cool to room temperature, resulting in the formation of long white needle crystals. These
were filtered, washed with hexanes, and dried under vacuum to yield purified 1.17 (8.01
g, 40.8 mmol, 68 %). 'H NMR (500 MHz, cdcl3) § 7.94 (s, 1H), 7.92 — 7.90 (m, 2H), 7.86
(s, IH), 7.65 — 7.60 (m, 2H), 7.58 — 7.51 (m, 3H), 7.51 (s, 1H), 7.40 — 7.35 (m, 2H), 7.13
(tt, J=7.3, 1.1 Hz, 1H)."*C NMR (500 MHz, cdcl3) § 145.06, 137.66, 135.71, 129.70,
129.01, 128.83, 126.59, 120.53, 113.17, 77.67, 77.62,77.41, 77.16, 0.40.. FT-IR (ATR,v,
cm™' ) 3312 (m), 3027 (w), 1602 (s), 1592 (s), 1566 (s), 1522 (s), 1494 (s), 1261 (s), 1066

(s), 929 (m), 750 (s), 691 (s), 504 (s) cm™!.
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Phenylhydrazone benzoyl chloride (1.18)!''®: A solution of N-chlorosuccinimide (9.0 g,
67 mmol) in dichloromethane (200 mL) was cooled to 0 °C in an ice bath. To this solution
was added dimethyl sulfide (4.9 mL, 67 mmol), and the mixture was stirred for 10 minutes.
A solution of 1.17 (10.3 g, 52 mmol) in 150 mL dichloromethane was then added dropwise
over 10 minutes, and the reaction was stirred at 0 °C for a further 20 minutes. It was then
warmed to room temperature and concentrated. The crude material was purified using silica
gel flash chromatography (9:1 hexane: dichloromethane) to yield 1.18 as a white crystalline
solid (5.72 g,24.7mmol 60 %). 'H NMR (500 MHz, cdcls) & 8.06 (s, 1H), 7.99 — 7.89 (m,
2H), 7.47 — 7.37 (m, 3H), 7.37 — 7.30 (m, 2H), 7.25 — 7.18 (m, 2H), 6.97 (tt, J= 7.3, 1.2
Hz, 1H). 3C NMR (500 MHz, cdclz) § 143.25, 134.35, 129.28, 129.10, 128.30, 126.31,
124.58, 121.07, 113.33.. FT-IR (ATR, v, cm™) : 3306 (m), 3060 (w), 1601 (m), 1582 (m),

1505 (m), 1268 (m), 1137 (m), 942 (m), 755 (m), 684 (m), 510 (m) cm’!

8-Amino-1,3-diphenyl-1,2,4-benzotriazinyl (1.1) A solution of m-Phenylamine (0.20 g,
1.8 mmol) and triethylamine (0.25 mL, 1.84 mmol) in 5 mL anhydrous ethanol was
heated to reflux. A second solution of chlorohydrazone (0.20 g, 0.87 mmol) in 17.6 mL
anhydrous ethanol was added dropwise to the refluxing solution over about 7 minutes.
The reaction was then removed from the heat, treated with DBU (0.25 mL, 1.7 mmol),
and then stirred for 18 hours at room temperature. The crude material was purified using
silica gel chromatography (7:3 hexane: ethyl acetate) to yield 1.1 as a light green solid.
(49 m g, 0.148 mmol, 17 %). FT-IR (ATR,v, cm™ ): 3454 (w), 3380 (m), 3288 (w),

3162(w) 1624 (s), 1588 (m), 1517 (w), 1476 (s), 1455(s),1341(w), 1323(w), 1262 (s),
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1175 (m),1206(w), 1168 (m), 1075 (m),1030(w), 972(w), 759 (s), 739 (s), 712 (m),

696(s): (HRMS): m/z 299.13 (M+).

6-methyl-1,3-diphenyl-1,2,4-benzotriazinyl (1.3) A solution of 3-methylamine (0.19
mL g, 1.8 mmol) and triethylamine (0.14 mL, 1.00 mmol) in 5 mL anhydrous ethanol was
heated to reflux. A second solution of chlorohydrazone (0.20 g, 0.87 mmol) in 6 mL
anhydrous ethanol was added dropwise to the refluxing solution over about 7 minutes.
The reaction was then removed from the heat, treated with DBU (0.25 mL, 1.7 mmol),
and then stirred for 18 hours at room temperature. The crude material was purified using
silica gel chromatography (9:1 hexane: ethyl acetate) to yield 1.4 as a dark solid (155 m
g, 0.52 mmol, 60 %). FT-IR (ATR, v, cm™') 3058 (w), 2916 (w), 2851 (w), 1585 (w),
1487(s), 1451 (S), 1390(s), 1317 (m), 1179 (m) 1025 (m), 769 (s), 692 (s).: (HRMS):

m/z 298.143 (M+).

6-methoxy-1,3-diphenyl-1,2,4-benzotriazinyl (1.4) A solution of 3-methylamine (0.19
mL g, 1.8 mmol) and triethylamine (0.14 mL, 1.00 mmol) in 5 mL anhydrous ethanol was
heated to reflux. A second solution of chlorohydrazone (0.20 g, 0.87 mmol) in 6 mL
anhydrous ethanol was added dropwise to the refluxing solution over about 7 minutes.
The reaction was then removed from the heat, treated with DBU (0.25 mL, 1.7 mmol),
and then stirred for 18 hours at room temperature. The crude material was purified using
silica gel chromatography (9:1 hexane: ethyl acetate) to yield 1.4 as a dark solid (133 m

g, 0.42 mmol, 49 %). FT-IR (ATR, v, cm™) 2922 (w), 2849 (w), 1595 (w), 1556 (w),
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1485(m), 1455 (m), 1388 (m), 1356 (m), 1292 (w,) 1175 (m), 1130 (m), 1027 (m), 844

(m), 765 (m), 693 (M), 504 (s) : (HRMS): m/z 298.143 (M+).

6-chloro-1,3-diphenyl-1,2,4-benzotriazinyl (1.4) A solution of 4-chloroaniline (0.19 ml,
1.8 mmol) and triethylamine (0.14 mL, 1.0 mmol) in 5 mL anhydrous ethanol was heated
to reflux. A second solution of 1.18 (0.20 g, 0.87 mmol) in 5 mL anhydrous ethanol was
added dropwise to the refluxing solution over about 5 minutes. The reaction was then
removed from the heat, treated with DBU (0.25 mL, 1.7 mmol), and then stirred for 18
hours at room temperature. The crude material was purified using silica gel
chromatography (9:1 hexane: ethyl acetate) to yield 1.1 as a dark solid. (110 m g, 0.34
mmol, 40 %). FT-IR (ATR, v, cm™") 3059 (w), 2917 (w), 2843 (w), 1588 (w), 1476(s),
1449 (m), 1384(s), 1318 (m), 1279 (m) 1072 (m), 1022 (m), 848 (s) , 694 (s) : (HRMYS):

m/z 318.089 (M+).

6-Nitro-1,3-diphenyl-1,2,4-benzotriazinyl (1.5) A solution of 3-NitroN-
Phenylbenzamide phenylhydrazone (0.26g g, 0.78 mmol), Mercury oxide HgO (0.78g,
3.2mmol) in 23mL anhydrous ethanol was refluxed for 3-4 days. The reaction was then
removed from heat and concentrated. The crude material was purified using silica gel
chromatography (9:1 hexane: ethyl acetate) to yield 1.3 as a dark solid. (85 m g, 0.26
mmol 33%) FT-IR (ATR, v, cm™") 3212 (w), 3058 (w), 1734 (m), 1589 (m), 1525(s),
1340 (s), 1284(s), 1318 (m), 1252 (m) 1168 (m), 1108 (m), 987 (m) , 824 (m), 749(s) ,

690 (s) : (HRMS): m/z 329.121 (M+).



3-Nitro-N-Phenylbenzamide phenylhydrazone (1.8) A solution of
phenylchlorohydrazone (0.60 g, 2.6 mmol), 3-nitroaniline (0.74g, 5.4 mmol), and
triethylamine (0.42 mL, 2.5 mmol) in ethanol (200 mL) was stirred in a nitrogen
atmosphere for 3 hours at 70—90 °C.: The crude material was purified using silica gel
chromatography (8:2 hexanes: ethyl acetate) to yield an orange/red crystalline solid
(0.43g, 1.30 mmol 50-60%)."H NMR (500 MHz, cdcls) 6 7.76 (dt, /= 7.4, 1.1 Hz, OH),
7.74—7.71 (m, 2H), 7.69 — 7.57 (m, 1H), 7.41 — 7.38 (m, 3H), 7.36 (d, /= 8.2 Hz, 1H),
7.33 —7.26 (m, 2H), 7.16 (d, J=7.9 Hz, 2H), 6.96 — 6.88 (m, 2H), 5.79 (s, 1H).."*C
NMR (500 MHz, cdcls) 5 149.27, 144.49, 142.84, 134.05, 130.35, 126.12, 115.41,
113.48, 110.34. FT-IR (ATR, v, cm™) 3247 (s), 3059 (w), 1734 (m), 1593(s), 1516(s),

1332 (s), 1237(s), 1130 (s), 1058 (w) 734 (s), 685 (s), MS (ESI-TOF): m/z 333.138

(M+H).
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Chapter 3

3.1 Conclusion and outlook

This work has demonstrated the successful synthesis, characterization, and
electrochemical evaluation of a series of 6-position functionalized 1,3-diphenyl-1,2,4-
benzotriazinyl radicals (6-X-BTR, X = H, Cl, CHs, NH2, NO., OMe) as candidate redox-
active materials for non-aqueous, symmetric redox flow batteries (RFBs). The overall goal
was to investigate how substituent effects at the 6-position influence redox potentials,
electron-transfer kinetics, spin density distribution, and stability, with the broader aim of
informing the design of high-performance organic redox-active molecules (ROMs) for

energy storage.

The synthetic strategies employed enabled access to each target radical in moderate to good
yields, with structural confirmation achieved via a combination of spectroscopic (UV-Vis,
EPR, HRMS) and, in selected cases, single-crystal X-ray diffraction (SCXRD) analyses.
Of note, the crystallographic characterization of an unexpected 8-amino-functionalized
leuco radical intermediate revealed important steric and electronic factors that can
influence the oxidation process to the target radical. Time-dependent UV-Vis monitoring
confirmed a slow, oxygen-mediated conversion to the benzotriazinyl radical over 14—15

hours, underscoring the sensitivity of certain substitution patterns.
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Electrochemical studies by cyclic voltammetry revealed that all stable radical derivatives
exhibit bipolar electrochemistry, with reversible oxidation and reduction processes. The
redox potentials were found to be tunable through electronic effects of the substituents:
electron-withdrawing groups (e.g., —Cl, -NO:) anodically shifted the reduction potential,
thereby stabilizing the radical anion, while electron-donating groups had the opposite
effect. The resulting cell voltages were in the range of ~1.0 V, which, while modest, are

promising for symmetric RFB operation.

Heterogeneous electron-transfer rate constants (k°), determined via the Nicholson method,
indicated that the 6-CI-BTR derivative exhibited faster electron-transfer kinetics for
oxidation, while the 6-OMe-BTR has a faster electron transfer kinetic for reduction
compared to a benchmark parent radical from literature, suggesting that judicious
substituent choice can improve kinetic performance. Spin density mapping from room-
temperature EPR, supported by DFT calculations, correlated substituent electronic effects
with redistribution of spin density across the benzotriazinyl framework, offering a

mechanistic basis for the observed electrochemical trends.

Overall, these results confirm that benzotriazinyl radicals remain a highly tunable platform
for ROM development, combining chemical stability, reversible bipolar electrochemistry,
and substituent-modulated kinetics. The findings highlight the potential of these radicals
as building blocks for next-generation non-aqueous redox flow batteries, provided further

improvements in voltage and solubility can be achieved.
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In addition, improving the solubility of the derivatives remains an important goal.
Incorporation of solubilizing groups—such as poly (ethylene glycol) (PEG) chains,
sulfonates, or other polar substituents—into the BTR architecture could significantly
enhance solubility in aqueous electrolytes. The leuco radical derivative also presents a
promising avenue for further exploration, particularly for its potential in polymerization. A
deeper investigation into the role of the leuco intermediate in dictating redox chemistry is
warranted. Blocking the C-6 and C-8 positions may afford a more stable leuco radical that
can be harnessed in polymeric materials. Furthermore, dual substitution at both C-6 and C-
8 could enhance leuco radical stability while enabling fine control of redox behavior
through combined electronic and steric effects. Such design strategies may yield novel
leuco-radical-based materials with potential applications in slow-response oxygen sensors

or advanced charge-storage platforms.

Through this work, it is now established that a 1,2-diamine affords a C-5 functionalized
radical, whereas a 1,3-diamine does not yield the expected C-6 functionalized
benzotriazinyl radical. Instead, the reaction produces a zwitterionic species along with a C-
8 functionalized radical. The underlying cause of this divergence remains unclear and
warrants further investigation. It is possible that differences in connectivity, electronic
effects, and steric constraints between the 1,2- and 1,3-diamines alter the cyclization

pathway, thereby directing product formation away from the anticipated C-6 substitution.
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Detailed mechanistic studies—both experimental and computational—could clarify the
origin of this selectivity and guide synthetic strategies for targeting specific substitution

patterns.
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Appendix A DFT calculation output parameters

Output parameters for 1.5(Nitro)

1\1\GINC-CPU-14\FOpt\UB3LYP\6-31G\C19H13N402(2)\KONYENWE\29-May-
2024\0

\\# opt=tight ub3lyp/6-31g\\6-NitroBTR\\0,2\C,3.0028346398,-2.15704076
92,0.0650179538\C,1.6425815612,-2.4206896872,-0.0563219311\C,0.7311724
625,-1.352693238,-0.0572741271\C,1.2267103741,-0.0132089563,0.03964822
84\C,2.6091588712,0.2201661843,0.193698997\C,3.4947871965,-0.849101999
4,0.2031053401\H,1.2714628672,-3.4322488527,-0.1401527717\H,2.98280675
52,1.227700183,0.3127096965\H,4.5588760285,-0.6945275513,0.3195960986\
C,1.466897919,2.9236569732,-0.9654233073\C,0.5893620007,2.4024867561 -
0.0043173023\C,-0.0330313507,3.244856064,0.9257193434\C,0.2450491182,4
.6137761543,0.9062693633\C,1.1360407597,5.1412273544,-0.0369609229\C, 1
.7424105458,4.2945538729,-0.9723376548\H,1.9109421144,2.2702930271,-1.
7078364203\H,-0.2331165309,5.2670598281,1.6281977931\H,1.3501221125,6.
2046025009,-0.0477874684\H,2.418437161,4.6999121607,-1.7175312358\C,-4
.7552137007,-2.4151762674,-0.0967419423\C,-5.6748263415,-1.3593167334,
-0.0630003253\C,-5.2146576058,-0.036609122,-0.0282974517\C,-3.84449446
66,0.2314691544,-0.0266541406\C,-2.9171312709,-0.8266928977,-0.0588150
859\C,-3.3837405228,-2.1532180165,-0.0946923667\H,-5.1065129787,-3.441
6173414,-0.1243339452\H,-3.48188908,1.2517412342,-0.0047844562\H,-2.66
03569312,-2.9586905465,-0.1210258818\N,0.2706351718,0.9991220296,0.004
9891681\N,-0.6235263189,-1.6188421624,-0.1279146559\N,-1.0925136835,0.
7382764873,0.011599005\C,-1.4615478139,-0.5654672331,-0.0546050856\H, -
0.7285819669,2.8234544646,1.640796298\H,-6.7406853514,-1.5649705738,-0
.0647502926\H,-5.9234647228,0.7849595058,-0.0045740045\N, 3.9468767394,
-3.2666287105,0.065075823\0,5.1819120673,-2.9997017356,0.178520981\0,3
.4886128016,-4.4416238108,-0.0486370335\\Version=ES64L-G16RevA.03\Stat
e=2-A\HF=-1100.8617719\S2=0.770095\S2-1=0.\S2A=0.750213\RMSD=8.433¢-09
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\RMSF=3.948e-07\Dipole=-1.0160278,2.8023961,0.0815374\Quadrupole=-3.78
44185,1.416863,2.3675555,19.1848663,-2.9325319,0.7973238\PG=C01 [X(C19
H13N402)]\@

Output parameters for 1.6(OMe)

1\1\GINC-CPU-3\FOpt\UB3LYP\6-31G(d,p)\C20H16N301(2)\PRIMAL\13-Nov-2023
\O\\# opt ub3lyp/6-31g(d,p)\\M-DIBTR\\0,2\C,-7.2202313037,-2.6282585811
7,-0.5625934669\C,-5.9019680441,-3.0119651443,-0.3250139474\C,-4.88563
72235,-2.0557443302,-0.1883071505\C,-5.2289972393,-0.6707101176,-0.261
7169486\C,-6.5479124259,-0.2970944753,-0.5387339439\C,-7.5413424131,-1
.2637282164,-0.6839855003\H,-5.6424345762,-4.0619327049,-0.2618260121\
H,-6.8078373447,0.7478592362,-0.6506740519\H,-8.5538252367,-0.94453247
6,-0.8965195735\C,-5.2985876832,2.2076692309,0.8445355086\C,-4.3389290
869,1.6457795135,-0.0063892733\C,-3.4911608085,2.4720827112,-0.7533679
039\C,-3.6215146547,3.8555662856,-0.6619986436\C,-4.5895917412,4.42253
58068,0.1701141451\C,-5.4229311309,3.5940732911,0.9233200715\H,-5.9240
350855,1.564765519,1.4537120283\H,-2.9653015924,4.4929709534,-1.246935
5502\H,-4.6883469918,5.5015674033,0.2367427604\H,-6.1643609348,4.02544
4077,1.5890715212\C,0.420902896,-3.6874479458,0.1521973388\C, 1.4406732
071,-2.7393270511,0.2551000703\C,1.1205098771,-1.3799751552,0.27935544
32\C,-0.2082917237,-0.9698407254,0.2006684985\C,-1.2376244475,-1.91814
19606,0.0951276803\C,-0.9095965238,-3.2816992023,0.0725910433\H,0.6622
47472,-4.7464208811,0.1332262032\H,-0.4627303657,0.0833125393,0.224509
6883\H,-1.7116831541,-4.0060330151,-0.0070804737\N,-4.1730561905,0.229
7993599,-0.0830827525\N,-3.5909479485,-2.4667414272,-0.01929077\N,-2.8
753557138,-0.1811760333,-0.0242854321\C,-2.6645303552,-1.50291814486,0.
0062252381\H,-2.7394658124,2.0181361131,-1.3879578074\H,2.4777056282, -
3.056913091,0.317202042\H,1.9085651633,-0.6368428313,0.3622914111\0,-8
.1251110776,-3.6415391258,-0.676368334\C,-9.4810426242,-3.3137618236, -
0.9390536679\H,-10.0147620189,-4.2638420756,-0.9866984781\H,-9.9122531
459,-2.6986268777,-0.1390056077\H,-9.5937832146,-2.7892712272,-1.89644
49427\\Version=ES64L-G16RevA.03\State=2-A\HF=-1011.2227412\S2=0.766002
\S2-1=0.\S2A=0.750168\RMSD=2.874e-09\RMSF=2.078e-05\Dipole=-1.3426816,
1.0659114,-0.227931\Quadrupole=10.399594,-0.0646247,-10.3349693,0.5263
1,0.1511448,0.7120339\PG=C01 [X(C20H16N301)\@
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Output parameters for 1.1(Cl)

TN\N\GINC-CPU-3\FOpt\UB3LYP\6-31G(d,p)\C19H13CIT1N3(2)\PRIMAL\13-Nov-202
3\0\\# opt ub3lyp/6-31g(d,p)\\6-CI-BTR\\0,2\C,-7.2947782368,-2.5836700
632,-0.1739654351\C,-5.9823042723,-2.9928268264,-0.00910863\C,-4.94741
96265,-2.0368495734,0.0281850456\C,-5.2852545815,-0.6555886526,-0.0716
537748\C,-6.6183718433,-0.2697232161,-0.2739339699\C,-7.6233682923,-1.
2297318314,-0.3203916484\H,-5.7155764778,-4.0387759344,0.0784814987\H,
-6.8728428066,0.774513389,-0.4020812396\H,-8.6545338234,-0.9343036525,
-0.4739737758\C,-5.2416954478,2.2646376694,0.9415306597\C,-4.364618550
9,1.6590710824,0.0343834565\C,-3.5824872925,2.4415057543,-0.8219885044
\C,-3.6970666187,3.8289857112,-0.7816380138\C,-4.5843036675,4.44012153
53,0.107284019\C,-5.3518480212,3.6543570041,0.9683698332\H,-5.81407451
76,1.6545834192,1.6316096365\H,-3.0927125987,4.4342071312,-1.450401984
\H,-4.6713169914,5.5218366221,0.1337763057\H,-6.0291423673,4.121859970
9,1.6764842838\C,0.3531143641,-3.7177105438,0.105961183\C,1.3849873927
,-2.7771864821,0.1116850429\C,1.0791789755,-1.414259204,0.1054020031\C
,-0.2480913768,-0.9927213355,0.0927576093\C,-1.2896912032,-1.933673242
6,0.0850792765\C,-0.9761453183,-3.3009154107,0.092701721\H,0.583919067
5,-4.779048192,0.111210227\H,-0.4910480402,0.0633885162,0.0931219476\H
,-1.7869227272,-4.0198385196,0.0885392312\N,-4.2147082046,0.2373158497
,0.0072053973\N,-3.6516275849,-2.4594852933,0.1314582872\N,-2.91773679
24,-0.1846683089,0.0035029488\C,-2.7142119526,-1.5059701206,0.06802814
72\H,-2.8929755506,1.9531265,-1.5003234611\H,2.4210278115,-3.103508265
4,0.1221516158\H,1.8773127669,-0.6775303815,0.112763651\Cl,-8.57833320
33,-3.7826790952,-0.2190680308\\Version=ES64L-G16RevA.03\State=2-A\HF=
-1356.2920881\52=0.766285\S2-1=0.\S2A=0.750165\RMSD=4.618e-09\RMSF=8.5
24e-06\Dipole=-0.028384,1.4977915,-0.0700321\Quadrupole=-0.0252604,5.6
514135,-5.6261531,-6.875613,-2.4279885,-0.4068007\PG=C01 [X(C19H13Cl1N

3)N\@
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Output parameters for 1.3(Me)

1\1\GINC-CPU-78\FOpt\UB3LYP\6-31G\C20H16N3(2)\KONYENWE\29-May-
2024\0\\

# opt=tight ub3lyp/6-31g\\6-MethylBTR\\0,2\C,3.023296553,-2.2030285249
,0.044600167\C,1.6514617267,-2.4118953235,-0.0862326404\C,0.7358286588
,-1.3407371201,-0.0807668987\C,1.2308276841,-0.0084348982,0.0310057086
\C,2.6091223475,0.2072642724,0.2018251547\C,3.4848841663,-0.8761651411
,0.2038268077\H,1.239021734,-3.4102275901,-0.1809566759\H,2.9922298168
,1.2093582641,0.3429596256\H,4.5471128569,-0.6938586743,0.3375055747\C
,1.5261911875,2.9210347238,-0.927907829\C,0.5810164896,2.4144682013,-0
.0221212473\C,-0.1126739985,3.2831618574,0.8333782247\C,0.1594119525,4
.6524393847,0.7971167494\C,1.1169393291,5.1623097357,-0.0890360347\C, 1
.7947826723,4.2928721205,-0.9515284897\H,2.0267849575,2.253222588,-1.6
191298132\H,-0.3758103831,5.3211105066,1.4632702047\H,1.3264409035,6.2
265605457,-0.1128012396\H,2.5226695966,4.6816830147,-1.6561104308\C,-4
.7486048292,-2.4135961083,-0.0496527803\C,-5.6715318868,-1.3620068112,
0.0107317788\C,-5.2137947233,-0.0386804832,0.0515914123\C,-3.844155710
5,0.2333306645,0.0330502736\C,-2.9133167749,-0.8200402593,-0.02546833\
C,-3.3777483163,-2.1466384566,-0.0675960751\H,-5.0969483695,-3.4412652
094,-0.0823603655\H,-3.4828572153,1.2540142209,0.0587567043\H,-2.65044
93802,-2.9477063181,-0.1147014062\N,0.2683897418,1.0168129644,0.003116
5736\N,-0.620241413,-1.6088099276,-0.1483212521\N,-1.0927157652,0.7458
187309,0.0375082914\C,-1.4554294243,-0.5543074291,-0.0427424559\H,-0.8
584651712,2.8762214051,1.5043012839\H,-6.7368574552,-1.5710388705,0.02
46002405\H,-5.9243155546,0.7809425603,0.0956106257\C,3.9996353586,-3.3
570583985,0.0238261888\H,4.6897389836,-3.3130694962,0.875122088\H,3.47
92817308,-4.3186479014,0.0612380394\H,4.6110862835,-3.3455067995,-0.88
82326131\\Version=ES64L-G16RevA.03\State=2-A\HF=-935.7512651\52=0.7692
86\S2-1=0.\S2A=0.750212\RMSD=6.056e-09\RMSF=1.209¢-07\Dipole=1.1156028
,0.6578668,0.0900837\Quadrupole=5.1719643,4.2401489,-9.4121132,-0.5518
872,-2.5584107,0.6117771\PG=C01 [X(C20H16N3)]\@



Appendix B 1TH-NMR and 13C-NMR spectra

THNMR (500 MHz, cdcls)  7.94 (s, 1H), 7.92 — 7.90 (m, 2H),
7.86 (s, 1H), 7.65 — 7.60 (m, 2H), 7.58 — 7.51 (m, 3H), 7.51 (s, 1H),
7.40 — 7.35 (m, 2H), 7.13 (tt, /= 7.3, 1.1 Hz, 1H).
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Figure B. 1 H-NMR spectrum of 2.35 in CDClI3
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13C NMR (500 MHz, cdcls) & 145.06,
137.66, 135.71, 129.70, 129.01, 128.83,
126.59, 120.53, 113.17, 77.67, 77.62,
77.41, 77.16, 0.40.
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1 1
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144 142 140 138 136 134 132 130 128 126 124 122 120 1i8] 116 114
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|
.l
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Figure B. 2 13C-NMR spectrum of 2.35 in CDCl;
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Figure B. 3 Figure B. 4 H-NMR spectrum of 2.36 in CDCl;
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BC NMR (500 MHz, cdck) 6 143.35, 134.46,

a b ame L3 & a

a 3 gow 6 % J o 129.39,129.20,128.40, 126.42, 124.69,

T T U7 7] T T 121.17,113.44,77.26, 77.21, 77.01, 76.75, -0.00.
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B. 5 13C-NMR spectrum of 2.36 in CDCl3
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Figure B. 6H-NMR spectrum of 1.8 in CDCl3
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13C NMR (500 MHz, cdcl;) 8 149.27, 144.49,
142.84, 134.05, 130.35, 126.12, 115.41, 113.48, 110.34.
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Figure B. 7 13C-NMR spectrum of 1.8 in CDCl3



Appendix C Complete listings of bond lengths and angles
Table 4 Bond Lengths for . 1.1

Atom Atom Length/A Atom Atom Length/A

N4 Cl 13784 C6 C7 1.391(5)
N4 CI3 1.406(4) C8 C9 1.402(4)
N2 NI 1.463(3) C8 Cl13 1392(4)
N2 Cl 1.294(4) C9 Cl10 1.402(4)
N1 C8 1.427(4) Cl10 CI11 1.381(5)
N1 Cl4 1.420(4) Cll CI2 1.391(5)
N4 €9 1.379(4) Cl2 Cl13 1.385(4)
Cl C2 1.480(4) Cl4 C15 1.399(4)
C2 C3 13925 Cl4 C19 1.396(4)

C2 C7 13934) CI5 Cl6 1.383(5)



Table 4 Bond Lengths for . 1.1

Atom Atom Length/A
3 C4 137965
C4 C5 1369(5)
C5 C6  1385(5)

Atom Atom Length/A

Cl6 C17 1.391(5)

Cl17 C18 1.387(5)

C18 C19 1.389(5)

Table 5 Bond Angles for 1.1.

Atom Atom Atom Angle/*

Cl N4 CI13 118.6(3)
Cl N2 N1 114.1(2)
C8 NI N2 114.5(2)
Cl4 NI N2 111.02)
Cl4 NI C8 1184(2)
N4 ClI C2 117.8(3)
N2 Cl1 N4 123.93)
N2 Cl1 C2 118.2(3)

Atom Atom Atom Angle/*

CI3 C8 C9 120.503)
N4 C9 C8 120.8(3)
N4 C9 C10 121.4(3)
Cl10 C9 C8 117.7(3)
CIl C10 C9 120.7(3)
C10 Cl11 CI12 121.7(3)
C13 C12 Cl11 117.7(3)
C8 CI3 N4 115.2(3)

117



Table 5 Bond Angles for 1.1.

Atom Atom Atom Angle/’

C3 C2 C1 122503)
C7 C2 C1 118.3(3)
Cc7 C2 C3 119.1(3)
C4 C3 C2 120.7(3)
C5 C4 C3 119.8(3)
C4 C5 Co6 120.8(3)
C5 C6 C7 119.6(3)
Co C7 C2 119.9(3)
C9 C8 NI 120.9(3)
C13 C8 NI 118.6(3)

Table 6 Hydrogen Bonds for 1.1

D H A dD-HYA

N4H4BN2'0.89(5)

LX,-1/2+Y,1/2-Z

d(H-A)/A

Atom Atom Atom Angle/°

Cl12 C13 N4

Cl12

CI15

C19

C19

Cl6

C15

C18

C17

C18

C13

Cl4

Cl4

Cl4

CI5

Cleé

C17

C18

C19

C8

N1

N1

CI5

Cl4

C17

Cl16

C19

Cl14

d(D-A)/A

3.081(4)

123.3(3)

121.5(3)

119.9(3)

121.0(3)

119.1(3)

120.2(3)

120.6(3)

119.3(3)

120.5(3)

120.2(3)

D-H-A/°

163(4)



Table 7 Torsion Angles for 1.1

A B

N4Cl1

N4C1

N2NI1

N2NI1

N2NI1

N2NI1

N2C1

N2Cl1

NIN2

NIN2

NIC8

NIC8

N1C8

C D Angle"

C2 C3 -36.2(5)

C2 C7 140.7(3)

C8 C9 142.3(3)

C8 Cl13-35.5(4)

C14C15-29.1(4)

C14C19151.8(3)

C2 C3 144.0(3)

C2 C7 -39.1(4)

Cl N4 -9.7(4)

Cl C2 170.1(3)

C9 N4 0.3(5)

C9 C10176.5(3)

CI3N4 5.1(4)

A

C3

C4

C5

C7

C8

C8

C8

C9

C9

C9

119

B C D Angle/

C4 C5 C6 2.9(6)

C5 C6 C7 -2.3(6)

C6 C7 C2 -0.9(5)

C2 C3 C4 -2.9(5)

NI Cl14C15-164.6(3)

NI C14C1916.2(4)

C9 Cl10C112.2(5)

C8 CI3N4 -172.7(3)

C8 C13C125.9(5)

C10C11CI121.3(5)

C10C11 C12C13-1.3(5)

CIICI12CI3N4 176.2(3)

CI1CI2CI3C8 -2.3(5)



Table 7 Torsion Angles for 1.1

A B C D Angle/’

NIC8 C13C12-176.3(3)

NI1C14C15C16178.3(3)

N1C14C19C18-178.1(3)

N4C9 C10C11178.4(3)

CIN4 CI3C8 23.6(4)

CIN4 CI3C12-155.0(3)

CIN2 N1 C8 37.5(4)

CIN2 N1 C14-99.8(3)

CIC2 C3 C4 174.003)

CIC2 C7 C6 -173.6(3)

C2C3 C4 C5 -0.2(6)

C3C2 C7 C6 3.4(5)

A B C D Angle/’

CI3N4 C1 N2 -21.9(5)

CI3N4 C1 C2 158.3(3)

CI13C8 C9 N4 178.1(3)

C13C8 C9 C10-5.7(5)

Cl14N1 C8 C9 -83.6(4)

CI14N1 C8 C1398.6(3)

Cl14C15C16C170.1(5)

CI5C14C19C182.8(5)

CI5C16C17C182.0(5)

C16C17C18C19-1.8(5)

C17C18C19C14-0.6(5)

CI19C14C15C16-2.5(5)

120



Table 4 Bond Lengths for cu_KinglseyR1 a (1).

Atom Atom Length/A
Cll CI2 1.7414(15)
NI N2 13612(16)
NI C4  1.4370(16)
N1 C15 1.3875(17)
N2 C5  1.3349(17)
N3 C5  1.3373(18)
N3 C10 13656(18)
Cl 2 136603)
Cl  C19 13723)
C2 C3 1384(2)
3 4 1373Q)
C4 CI8 1.380(2)
C5 C6 1.484(2)

C6

Co6

C7

C8

C9

C10

C10

Cl11

Cl12

C13

Cl4

Cleé

C18

C7

Cleé

C8

C9

C17

Cl1

C15

Ci12

C13

Cl4

CI5

C17

C19

Atom Atom Length/A

1.3872(19)

1.385(2)

1.382(2)

1.367(2)

1.371(3)

1.4052(19)

1.4173(18)

1.369(2)

1.390(2)

1.379(2)

1.393(2)

1.382(3)

1.385(2)

121



Table 5 Bond Angles for 1.4.

Atom Atom Atom Angle/’

N2 NI C4 11391(11)
N2 NI C15 122.82(10)
CI5 NI C4 123.14(11)
C5 N2 N1 115.76(11)
C5 N3 Cl10 115.70(11)
C2 C1 C19 120.19(14)
Cl C2 C3 120.40(15)
C4 C3 C2 119.23(15)
C3 C4 N1 119.24(13)
C3 C4 CI18 120.92(13)
C18 C4 N1 119.82(12)
N2 C5 N3 127.68(13)
N2 C5 Co6 114.51(12)
N3 C5 C6 117.79(11)

Atom Atom Atom Angle/°

C9

C8

N3

N3

Cl1

C12

Cl1

Cl11

C13

Cl4

CI13

N1

NI

Cl4

C8

C9

C10

C10

C10

Cl11

C12

Cl12

C12

C13

Cl4

C15

CI5

C15

C7

C17

Cl1

C15

CI5

C10

Cll1

C13

Cl1

Cl12

CI5

C10

Cl4

C10

120.09(15)

119.75(16)

119.62(12)

121.89(12)

118.49(13)

119.81(13)

119.59(11)

121.84(13)

118.56(12)

119.35(14)

120.30(13)

116.03(12)

123.78(12)

120.17(12)
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Table 5 Bond Angles for 1.4.

Atom Atom Atom Angle/’ Atom Atom Atom Angle/°

C7 Co6 C5 119.86(13) C17 Cl6 C6 120.38(15)
Cl6 C6 C5 121.89(13) C9 Cl17 Cl6 120.61(17)
Cl6 Co6 C7 118.21(14) C4 CI18 Cl19 118.95(15)
C8 C7 C6 120.94(14) Cl C19 C18 120.30(16)

Table 6 Torsion Angles for 1.4.

A B C D Angle’ A B C D Angle

Cl1C12C13C14-179.42(11)  C5 N3 C10C151.34(19)

N1 N2 C5 N3 -0.1(2) C5 C6 C7 C8 176.88(13)

N1 N2 C5 C6 17837(11) C5 C6 C16C17-175.81(17)

N1 C4 C18C19-179.65(15) C6 C7 C8 C9 -0.5(2)

N2 N1 C4 C3 -55.07(17)  C6 CI6C17C9 -1.5(3)

N2 N1 C4 C18123.07(15) C7 C6 C16C171.8(3)

N2 N1 C15C10-3.71(18) C7 C8 C9 C170.8(3)



Table 6 Torsion Angles for 1.4.
A B C D Angle’

N2 N1 C15C14175.13(12)
N2 C5 C6 C7 179.67(12)
N2 C5 C6 C16-2.8(2)
N3 C5 C6 C7 -1.73(19)
N3 C5 C6 C16175.80(14)
N3 C10C11C12178.59(12)
N3 CIOCI5SN1 1.35(19)
N3 C10C15C14-177.54(12)
Cl1 C2 C3 C4 -0.4(03)

C2 C1 C19C180.5(3)

C2 C3 C4 NI 179.59(15)
C2 C3 C4 Cl181.5(2)

C3 C4 C18C19-1.5(3)

C4 N1 N2 C5 179.16(11)

124

A B C D Angle/’

C8 C9 C17C160.2(3)

CION3 C5 N2 -2.1(2)

CION3 C5 C6 179.50(11)

CI0C11CI12Cl1 -179.98(10)

C10C11C12C13-0.6(2)

CIICI0CI5N1 -179.02(11)

CI1C10C15C142.09(19)

Cl11CI12C13C141.2(2)

C12C13C14C15-0.1(2)

CI3CI14CI5N1 179.66(13)

C13C14C15C10-1.5(2)

CISNI N2 C5 3.13(18)

CISNI C4 C3 120.93(15)

CISNI C4 C18-60.92(19)
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Table 6 Torsion Angles for 1.4.
A B C D Angle’ A B C D Angle/’
C4 N1 C15C10-179.37(12) C15C10C11C12-1.1(2)
C4 N1 C15C14-0.5(2) CleCe6 C7 C8 -0.7(2)
C4 C18C19C1 0.5(3) C19C1 C2 C3 -0.6(3)

C5 N3 C10C11-178.29(12)

Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement

Parameters (A2x103) for 1.4.

Atomx y F4 U(eq)
H1 2781.61 7452.38 10143.98 84
H13 2092.04 5174.22 10666.26 85
H12 2313.48 4057.11 9201.18 72
H6 5338.85 798.27 5442 .84 64
H7  7323.85 -1647.65 6093.36 75

H2 8944.2 -2701.93 7995.54 84
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Table 7 Hydrogen Atom Coordinates (Ax10%) and Isotropic Displacement

Parameters (A2x10°) for 1.4.

Atomx y z U(eq)
H5 1861.95 5042.18 3232.79 62
H4 -593.39 8849.03 3890.89 66
H3 907.17 7758.81 58554 63
H9 6501.09 1085.77 8661.09 83
H8 8542 -1331.64 9268.05 96
H11 3978.04 7525.89 6690.26 75

HI10 3739.82 8625.45 8172.67 85
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Appendix D SC-XRD Crystallographic data for 1.8 and 2.11

Figure 1. 29 The Crystal Structure of 1,3,7,9-Tetraphenyl-1H-benzo[1,2-¢:5,4-¢'
bis([1,2,4)triazine)-9-ium-6-ide (2.11-TPHA) (50% Probability Ellipsoids and
Hydrogen Atoms Omitted for Clarity. Two molecules seen in the asymmetric unit cell

Figure 1. 30 Crystal Structure of 1.8 (50% Probability Ellipsoids and Hydrogen Atoms
omitted for Clarity
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Appendix E X-band CW-EPR Spectrum of radicals 1.1-1.5

exp
sim
g =2.00352

32I50 | 33I00 . 33I50 | 34I00 | 34I50
Magnetic Field (G)
Figure 1. 31 X-band CW-EPR spectrum of 1.3 in toluene at 298 K
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9=2.00384
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Figure 1. 32 X-band CW- EPR spectrum of 1.2 in toluene at 298 K
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Figure 1. 5 CW X-band EPR spectrum of 1.5 in toluene at 298 K
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Figure 1. 33 CW X-band EPR spectrum of 1.4 in toluene at 298 K
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exp
sim
g =2.0036
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Figure 1. 34 Experimental and simulated EPR spectrum of 1.1 in toluene at 298 K



Appendix G Complete FTIR (ATR) Data
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Figure G. 1 FTIR Spectrum for 1.4
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Figure G. 2 FTIR Spectrum for 1.5
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Figure G. 3 FTIR Spectrum for 1.3
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Figure G. 4 FTIR Spectrum for 1.2
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E— 3_Nitro_phenylbenzamide_phenylhydrazone\
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Figure G. 5 FTIR spectrum for 3-Nitro-N-Phenylbenzamide phenylhydrazone (1.8)
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Figure G. 6 FTIR Spectrum for 1.1



Appendix H: Complete HRMS Data

318.093
100.00%

318.253
2.37%

319.100
45.16%

319.267
1.15%

320.093
39.76%

320.251

1.15%
1

Formula: C,;H.:Cl,N;

Formula weight: 318.784
Isotope pattern:

318 100.00]
319 21.69
320 34.17
321 7.07
322 0.72
323 0.05
324 0.00
325 0.00

321.095
13.44%

137

322.099
3.13%

T T

317.8 318.2

318.6

319.0 3194

319.8

Figure H. 1 ESI-TOF Spectral data for 1.4
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Formula: CigHq5Ny
Formula weight: 299.357
Isotope pattern:

299 100.00
299.129 E—
100.00% E155] 22.10
381 2.33
382 8.16
383 8.681
384 2.60
300.134
35.80%
301.144
31.41%
302.148
7.04%
303.151
0.61%
I 29§.0 I 29§.4 I 29§.B I 306.2 I 306.5 I 30i.0 I 30i.4 I 30i.s I 305.2 I 30‘2.6 I 305.0 I 305.4 I303‘.3
m/z (Da)

Figure H. 2 ESI-TOF Spectral data for 1.1



314.138

100.00%
315.144
44.12%

314.295
7.11%
315.301
2.78%

Formula: C;oH:N;O,
Formula weight: 314.368
Isotope pattern:

314 100.00
315 22.84
316 2.70 _
317 0.22
318 0.01
319 0.00
320 0.00
321 0.00

316.151

13.68%

317.156
1.97%
|

T
3134 3136

Figure H. 3 ESI-TOF Spectral data for 1.2
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333.138
100.00% Formula: CigH5N40>
Formula weight: 332.363 g mol™
Isotope pattern:
332 100.00
333 22.19
334 2.76 _
335 0.25
336 0.02
337 0.00
338 0.00
339 0.00
334.141
23.78%
333.300
6.53% 335.144
3.07%
3329 3331 3333 3335 3337 3339 33&4(;)3353 ' 3345 3347 3349 3351 3353 3355
m/z a

Figure H. 4 ESI-TOF Spectral data for 1.8
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230 0996 Formula: C;;H N
Formula weight: 298.369

Isotope pattern:

298 100.00
299 22.80 |
300 248 _
301 0.17
302 0.01

299.149
60.33% 303 0.0

300.155
17.47%

298.295
7.02% 299.300 301.159
3.81% 2 7.10!'0

B o T o e o e o o B B I e e e e o S B
299.4 2996 299.8 300.0 300.2 3004 300.6 300.8 301.0 301.2 3014 301.0
m/z (Da)

T T
208.8  299.0 299.2

T L e e e e e e e
297.6 2978 298.0 2982 2984 298.6

Figure H. 5 ESI-TOF Spectral data for 1.2
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329121
100.00%
Formula: C19H13N402
Formula weight: 329.339
Isotope pattern:
329 100.00
338 22.15
331 2.75
330.123
60.35% 332 9.25
333 ©.02
334 ©.00
335 ©.00
336 0.00
331.132
13.78%
329.247
6.33% 332.130
4.02%
I I 32I5.0 I 32I6.0 I 32I7.0 32IB.0 I 32I9.l} I 33I0.0 I 33I1.0 33I2.0 33I3.l} I 33;1.0 I 33.'5.0 33I6.0 33‘7.0 I

m/z (Da)

Figure H. 6 ESI-TOF Spectral data for 1.5
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491.214
100.00%

Formula: C35HyoNg
Formula weight: 490.57 g mol™’
Isotope pattern:

490 100.00
491  36.89
492 6.62
493 0.77
494  0.07
495  0.00
492218 496  0.00
493.221
7.21%
4‘»“30.1; 49;0.3-' 4‘9‘0.5 I 49&1’.7 I 49&1.9 I 49‘1.1 ' 49‘1.3 ‘ 49‘1.5 ‘ 49i.7 ‘ ?n?l‘;(g[)a‘)“g‘?.l ‘ 49‘2.3 ‘ 4@‘2.5 ' 49‘2.7 I 49‘2.9 I 49‘3.1 I 49‘3.3 I 49‘3.5 I 49‘3.7 I

Figure H. 7 ESI-TOF Spectral data for 2.11
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Appendix F Absorption Spectroscopic and cyclic voltammetry
data for radical 1.1and 1.12

ML)

£ (10* em”
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Figure 1. 35 Electronic absorption spectra of 1.12 in acetonitrile at 300k
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Figure 1. 36 Time-dependent Cyclic voltammogram of radical 1.1 in MeCN with 0.1 M

[BudN][PF6] supporting electrolyte, glassy carbon working electrode, silver reference electrode,

platinum counter electrode, 100 mV/s scan rate




