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Abstract

Exceptional stability and tunable redox profiles of Blatter radicals are actively driving applications in organic
redox-flow batteries, molecular electronics, and spin-based devices. This survey summarizes the
electrochemical properties of 1,2,4-benzotriazinyl radicals (Blatter radicals), as determined by cyclic
voltammetry. The influence of substitution patterns and structural modifications on redox potentials and
electrochemical gaps is discussed, and a brief comparison with other persistent radicals is presented.
Electrochemical studies of m-extended, planar, and polyradical Blatter derivatives are not covered.
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1. Introduction

1,2,4-Benzotriazinyl radicals (commonly known as Blatter radicals), first reported by Blatter and Lukaszewski in
1968, and shortly after by Huisgen and Wulff,? represent an important class of persistent heteroaromatic
radicals displaying remarkable stability (for up to 30 years).3 This stability arises from extensive delocalization of
the unpaired electron across the triazinyl ring and fused-benzene framework (Scheme 1), enabling isolation and
handling under ambient conditions.
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Scheme 1. Delocalization of the unpaired electron in Blatter radicals. IUPAC numbering in blue.

In the 1980s, detailed spectroscopic and electronic structure studies of these radicals were reported by
Neugebauer,*® as well as by Kadirov.” This early work was followed by sporadic investigations through the 1990s
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and early 2000s addressing magnetic properties,® charge-transfer (CT) salts,’ crystal structures,>' and electron-
spin resonance (ESR).!!

Renewed interest emerged approximately a decade later, driven by a pivotal advance in synthetic
methodology reported by Koutentis and Lo Re. By identifying amidrazone purity as the critical determinant of
radical yield, they established a robust and reproducible route based on Pd/C/DBU-mediated aerobic
oxidation.? This catalytic protocol replaced earlier stoichiometric oxidative methods employing HgO, Ag20 or
Ks3[Fe(CN)s] with a cleaner, safer, and operationally simple approach, effectively removing a major bottleneck in
the preparation of Blatter radicals. As a result, access to these systems became routine and enabled their
broader exploration.
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Scheme 2. Blatter radical synthetic methods.

The following decade saw a rapid expansion of synthetic strategies (Scheme 2). Further methodological
development by Koutentis and co-workers established multiple synthetic entries to the Blatter radical
framework,3~%° that systematically expanded its structural diversity. These included the preparation of N'-
(het)aryl-N'-[2-nitro(het)aryl]hydrazides by two synthetic methods, followed by reduction of the nitro group to
the corresponding aminohydrazides, acid-mediated cyclodehydration to the corresponding benzotriazines, and
base-mediated oxidation to the radicals; a complementary Cul-mediated C-N coupling of iodoaniline with
appropriate N-(het)aryl-(het)arylhydrazides to generate the corresponding aminohydrazides, followed again by
cyclodehydration to the benzotriazine framework and base-mediated oxidation to the radicals; and an aza-
Wittig approach in which N-aryliminophosphoranes reacted with 1-(het)aroyl-2-aryldiazenes to furnish Blatter
radicals directly. Significant and complementary advances were subsequently achieved by Kaszyriski®” and
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O’Donoghue.® Kaszynski’s approach involved addition of an aryllithium reagent to a prepared benzotriazine
followed by aerial oxidation, whereas O’Donoghue’s method introduced a cascade reaction involving hydrolytic
ring opening of Nitron, followed by oxidative cyclization to afford C3-amido-substituted Blatter radicals. Across
these efforts, functional group transformations® and C—C coupling methodologies?®?! demonstrated that
extensive derivatization could be achieved without compromising radical stability.

Treatment of these radicals with mild reducing agents, such as ascorbic acid'® or phenylhydrazine,* resulted
in the leuco triazine, while mild oxidizing agents, such as silver nitrate (AgNO3s) and ferric chloride (FeCls), gave
mainly benzotriazinium salts,* allowing characterization by nuclear magnetic resonance (NMR) (Scheme 3).
Tetranitromethane (C(NO2)s) was also reported to oxidize the radical to the corresponding benzotriazinium salt,
which was trapped as the perchlorate salt with perchloric acid (HCIOa4). Interestingly, these redox processes were
reversible, and the radical could be regenerated upon treatment with sodium periodate® (NalO4) or a base, e.g.,
triethylamine,? respectively. In contrast, treatment with Zn in refluxing AcOH led to ring-contracted imidazoles,?
whereas treatment with strong oxidants, such as manganese dioxide (MnO;), gave 1,2,4-benzotriazin-7-
ones?*1213.23 (Scheme 3).
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Scheme 3. Redox chemistry of Blatter radicals.

The benzotriazinone, despite being a product derived from oxidative degradation of the neutral radical, is a
useful precursor to new azolo-fused Blatter radicals. Nucleophilic functionalization at C6 provided benzotriazin-
6-yl carboxamides or benzimidamides, which upon heating with phosphorus pentasulfide (P.Ss) or in acetic acid
underwent cyclization to afford thiazolo-2* and imidazolo-2° fused radicals, respectively (Scheme 4). An oxazolo-
fused? radical was also isolated as a side product.
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Scheme 4. Selective chemistry of 1,2,4-benzotriazin-7-one.

Metal-coordinated radicals?®~3? and liquid crystalline materials with discotic®3-3°> and photoconductive bent-
core structures3®—38 were reported, along with a new class of sulfur-2° and oxo-%%-*’ fused-planar Blatter radicals.
Interest has also been directed toward higher-spin architectures including diradicals,*®>! triradicals®?>° and
tetraradicals.>®

Although typically non-emissive, selected Blatter radicals have shown weak white-light emission,>” while
suitably engineered thiol-functionalized derivatives can display measurable photoluminescence under
plasmonic conditions.® For Blatter radicals, antiferromagnetic interactions are commonly observed in rt-stacked
systems,>>% whereas ferromagnetic coupling has been reported in appropriately designed or structurally
favorable systems,%*7% while other analogues exhibit spin-transition behavior,*7%72 highlighting the sensitivity
of magnetic coupling to subtle structural variations. Computational studies provide insight into spin distribution
and exchange mechanisms,”®’% while surface-supported and sterically hindered systems highlight cases of
paramagnetic behavior with minimal intermolecular coupling.”7®

Blatter radicals have been studied in a variety of applications. In the realm of chemical synthesis, they serve
as mediators in styrene polymerization,’”’® function as polymerization radical initiators,”># and can act as picric
acid sensors.®! They are stable enough to be integrated into metal-organic frameworks (MOFs) as radical
linkers.22 Their unique electronic profile has seen them gain interest as redox-active blocks in organic batteries®3~
86 and their persistent spin and favorable spin transport make them promising components for organic
spintronic devices,?”® and molecular memristors,® as well as potent dynamic nuclear polarization agents.*®=?

Despite extensive studies on the structure and reactivity of Blatter radicals, as well as recent reviews,’3>% a
systematic understanding of their electrochemical properties remains fragmented. This review focuses on the
electrochemical behavior of Blatter radicals up to early 2026, highlighting how substitution patterns and
structural modifications influence their redox potentials and electrochemical gaps. Electrochemical studies of
fused “m-extended”, planar, and polyradical Blatter systems fall outside the scope of this review and will not be
discussed.

2. Electrochemical Behavior of Blatter Radicals

Blatter radicals commonly exhibit bipolar electrochemistry, undergoing one reversible oxidation and one

reversible reduction corresponding to the cationic and anionic states, respectively (Scheme 5). This reversibility
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demonstrates the intrinsic stability on the electrochemical timescale of all accessible redox states and underpins
their suitability for applications such as organic redox-flow batteries®* and spintronic devices.?”-88
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Scheme 5. Redox processes of Blatter radicals.

In cyclic voltammetry (CV), this behavior manifests as two well-defined and typically reversible waves
(Figure 1). Reversibility is assessed by the peak-to-peak separation (AEp = |Epa — Epc|) and the anodic-to-
cathodic peak current ratio (i, = ipa / ipc). For an ideal one-electron process, AEp = 59 mV and jp = 1; Blatter
radicals generally approach these values, with reported AEp in the range of ~63-74 mV®%%’ and i, close to unity.

Current (uA)

ox =112 2

Potential (V)
Figure 1. Typical Blatter radical CV showing Ep, i, and E1/> for each redox process.

Electrochemical measurements are performed using CV, often complemented by differential pulse
voltammetry (DPV), typically using degassed solutions under an inert atmosphere (N2 or Ar). Experiments are
generally conducted in anhydrous organic solvents, most commonly dichloromethane (DCM), but also
acetonitrile (MeCN) and dimethylformamide (DMF), in the presence of a tetrabutylammonium supporting
electrolyte, e.g., n-BusNPFs or, in earlier studies, n-BusNBF4. Standard three-electrode configurations are
employed, typically comprising a glassy carbon or Pt working electrode, a platinum counter electrode, and an
Ag/AgCl-based reference electrode.

To enable consistent comparison across studies, redox potentials are referenced to the
ferrocene/ferrocenium (Fc/Fc*) couple (Eecsrer = 0.0 V), either measured directly or converted from other
reference electrodes such as Ag/AgCl or saturated calomel electrode (SCE). These conversions depend on the
electrochemical set up, including electrodes and electrolyte. While the working (Pt or glassy C) and counter
(usually Pt) electrodes are broadly similar across studies, electrode material and surface properties can influence
electrochemical responses. However, no systematic working and counter electrode-dependent trends could be
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identified within the datasets compiled in this review. The choice of reference electrode, however, varies
considerably between studies: Pt wire and a variety of Ag/Ag* pseudo electrodes have been employed as the
reference electrodes, with Fc/Fc* as the internal standard. In nonaqueous media, the use of such external
reference electrodes, aqueous SCE or Ag/Ag* pseudo-references introduces significant and often unstable liquid
junction potentials, which affect the measured redox processes and shift the potentials. Potential stability and
reproducibility of these electrodes are often additional issues to be considered. In an early study by Gagné,
Koval and Lisensky,’® it was demonstrated that the redox potential of the Fc/Fc* couple remains constant
relative to an analyte within a given solvent, effectively making the measured potential independent of the
choice of reference electrode; thus the Fc/Fc* couple has found widespread use as internal reference. The
electrolyte (e.g., n-BusNBF4) concentration though, affects the Fc/Fc* redox potential, as the alteration of the
dielectric constant and ion-pairing environment in DCM, MeCN and DMF changes.?® While the half-wave
potential of Fc/Fc* (Eec/eer ) in MeCN and DMF shifts ~30 mV in electrolyte concentrations between 50 and 500
mM, the difference in DCM is around 100 mV, affecting even measurements with the same electrolyte when its
concentration changes. Consequently, the variation in reported potentials is a function of both the reference
electrode and the electrolyte-dependent stabilization of the redox couples, and authors should take these
factors into consideration when comparing electrochemical data. In most articles, the Fc/Fc* is typically set to
0.460V in MeCN and 0.475 V in DCM solutions of n-BusNPFg (0.1 M) vs SCE and 0.400 V in MeCN and 0.352 V in
DCM solutions of n-BusNBF4 (0.1 M) systems vs SCE and Ag/AgCl, respectively, illustrating the electrolyte and
reference solvent variation.?8103 We should note here that, in several Blatter radical articles, the redox values
are discussed against the Fc/Fc* couple in the main text, however, the authors report Eec/rc- 2 0 V. Where these
discrepancies occur, the adjustment versus the Fc/Fc* couple will be made according to the Erc/ec: value reported
in the article, irrespective of the electrochemical cell conditions. In the following section, the electrochemical
behavior of the parent Blatter radical, 1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl,> is used as a
reference point for comparison, and these effects are discussed in more detail.

2.1.Electrochemical benchmarking of the parent Blatter radical

The electrochemical behavior of the parent Blatter radical has been extensively investigated by CV and DPV
under a range of conditions (Table 1). The very first report of the radical’s CV, by Hutchison et al.,® was measured
in MeCN with n-BusNBF4 (0.1 M) as electrolyte and Ag/AgNOs (nonaqueous) as the reference electrode, utilizing
Fc/Fc* as internal reference (Table 1, entry 1). The half-wave potentials E1/,"/° = -0.960 V and E1,,%*1 = 0.103 V
were reported against SCE, i.e., E1/>"°=-1.36 V and E1,%** = -0.30 V vs Fc/Fc*, respectively. Several subsequent
comparisons with other analogues, even if referenced against other electrodes such as Ag/Ag*, have been made
using the original exact redox values. Thus, the relevant sections should be discussed with caution, as the original
redox values were retained without applying the corresponding corrections for the different electrochemical
conditions.

In a more recent measurement in MeCN (Table 1, entry 2), the redox potentials are reported ~0.1 V more
positive, a possible effect of the employed electrolyte (n-BusNPFs) while the AEcen remains ~1.0 V. This suggests
weak specific-ion pairing and weak electrolyte interactions under these conditions.’%419 However, this
conclusion is based on only two datasets, and the observed spread reflects inter-laboratory variability, including
differences in reference-electrode calibration, electrolyte identity, and experimental conditions, rather than a
single intrinsic uncertainty.

Protic media substantially perturb the redox behavior by selectively stabilizing the anion through hydrogen
bonding and increased dielectric stabilization. Steen and co-workers systematically incorporated water into
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MeCN (up to 33% v/v) and observed a significant anodic shift of the reduction potential, while the oxidation
remained comparatively insensitive (cf. entries 2 vs 3). This response led to a marked compression of AEce (entry
3, 0.50 V), consistent with preferential stabilization.?*

In DCM (Table 1, entries 4-6), reported reduction potentials span from -1.38 to -1.32 V, while oxidation
potentials are reported at -0.17 to -0.18 V, giving electrochemical gaps from 1.15 to 1.20 V. Interestingly, in the
measurement where the reduction potential appears at -1.38 V (entry 5), the electrolyte concentration is only
half (50 mM) of the most common 100 mM, which, as seen, affects the solvent’s dielectric constant. Across the
DCM datasets, the electrolyte identity is unchanged, although its concentration varies.

Overall, within the DCM/n-BusNPF¢ subset (entries 4-6), the corresponding mean values are E1,"° = -1.34
+0.03 V and E£1/2%*1 = -0.17 +0.01 V, with AEcen = 1.17 £0.03 V, indicating that, under a fixed solvent—electrolyte
framework, AEcn is relatively well conserved. Notably, two independent measurements converge in a narrow
range of 1.15-1.16 V. Accordingly, AEce = 1.15-1.16 V is adopted as a practical benchmark for comparison across
structurally-modified derivatives, while the aprotic solvent range (1.04—1.20 V) is retained as the experimental
envelope.

Table 1. Summary of the electrochemical redox potentials of the parent Blatter radical as measured by CV at ca.
20 °C with a scan rate of 50 or 100 mV-s™. The redox potentials are stated as reported in the literature and

referenced vs Fc/Fc* (Erc/rer = 0.0 V)
Ph
8
N” “Ph

The parent Blatter radical

Reported Referenced vs Fc/Fc*
E -1/0 E 0/+1 AE E -1/0 E 0/+1 AE
Entry  Solvent Electrolyte V2 12 cel 12 12 <l Ref.
(V) (V) (V) (V) (V) (V)
1 MeCN? n-BusNBFs -0.960 +0.103 1.063 -1.36 -0.30 1.06 9
2 MeCN® n-BusNPFs -1.24 -0.20 1.04 -1.24 -020 1.04 84
MeCN/H,0¢
3 n-BusNPFe -0.71 -0.21  0.50 -0.71 -0.21 0.50 84
2/1 (v/v)
4 DCMm¢ n-BusNPF¢ -0.864 +0.288 1.152 -1.32 -0.17 1.15 15
5 DCMe© n-BusNPFe -0.92  +0.28 1.20 -1.38 -0.18 1.20 16
6 DCW/ n-BusNPF¢ -0.853 +0.310 1.163 -1.33 -0.17 1.16 52

9Fre/rer = 0.40 V vs SCE, 0.1 M electrolyte, Pt disk (working), Ag/AgNOs (nonaqueous); ?Referenced vs
Fc/Fc*, Pt wire (counter), glassy C (working), Ag/Ag* (0.01 M AgPFs in 0.1 M BuaNPFg) single junction
(reference); ‘Referenced vs Fc/Fc*, Pt wire (counter), glassy C (working), SCE (reference); Erc/rc =
0.46 V vs SCE, 0.1 M electrolyte, Pt wire (counter), glassy C (working), Ag/AgCl (1 M KCI) (reference);
Ere/re = 0.46 V vs SCE, 50 mM electrolyte, Pt wire (counter), glassy C (working), Ag/AgCl (reference);
Eee/rer = 0.475 V vs SCE, 0.1 M electrolyte, Pt wire (counter), glassy C (working), Ag/AgCl (reference).
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2.2.Substituent effects on the redox profile of Blatter radicals

Substitution at the C7, C3, and N1 positions (Figure 2) provides a systematic means of tuning the redox
properties of Blatter radicals, influencing both oxidation and reduction processes in distinct and predictable
ways. These effects arise from a balance of inductive and resonance contributions, which depend strongly on
the substitution site.

Figure 2. Typical substitution patterns for Blatter radicals at positions C7, C3 and N1.

2.2.1. Substitution at C7. Electron-withdrawing groups (EWGs) at C7, such as CF3 and CN (Table 2, entries 4—
6), shift both redox processes to more anodic potentials. For example, E12"° shifts from ca. -1.32 V in the
parent radical (entry 1) to between -1.16 and -1.19 V for CF; derivatives (entries 5 and 6) and to -1.09 V for the
CN derivative (entry 4), reflecting stabilization of the anionic state. Correspondingly, E1/2%*! shifts anodically
from -0.17 V (parent) to +0.02 V (CF3) and +0.08 V (CN), indicating that electron withdrawal lowers the energy
of the neutral radical and increases the potential required for oxidation.

Conversely, the C7—Me substituent (entry 20) shifts both redox processes to more cathodic values: E1/,~/°
moves to -1.40 V, and E1,%*! to -0.27 V. This behavior is consistent with increased electron density at the
radical center and can be attributed to hyper-conjugative o(C—H)— singly-occupied molecular-orbital (SOMO)
donation from the alkyl substituent.

Halogens (entries 7-11) show intermediate behavior. Fluorine (entry 7) is nearly indistinguishable from the
parent in both reduction (-1.31 V) and oxidation (-0.18 V), consistent with partial compensation between
inductive withdrawal and weak rt-donation. For Cl, Br, and |, poor orbital overlap renders n-donation negligible;
inductive effects dominate, leading to modest anodic shifts in both reduction (+0.06 to +0.09 V) and oxidation
(+0.07 to +0.09 V).

n-Extended-C7-(het)aryl substituents (entries 12—18) induce only minor perturbations, consistent with
limited electronic communication with the radical core despite the extended n-framework. This behavior may
reflect modest spin communication with the substituent and/or compensation between inductive and
resonance effects. In contrast, the highly conjugated C(Ph)=CPh, substituent (entry 19) predominantly
influences the oxidation process, leading to a modest increase in the electrochemical gap (AEcen = 1.23 V).
Notably, the reported cyclic voltammogram differs from the characteristic electrochemical response of Blatter
radicals. While both redox processes appear reversible, the oxidation and reduction waves are markedly
unequal in magnitude, complicating comparison with the remainder of the series. Accordingly, conclusions
regarding the electronic influence of the C(Ph)=CPh, substituent should be regarded as tentative.

Overall, substitution at C7 produces relatively small changes in AEc (= 1.03—-1.23 V). This reflects a
combination of modest electronic coupling to the radical core and compensating, state-specific stabilization
effects, such that changes in the individual redox potentials partially offset one another.

2.2.2. Substitution at C3. Substituents at C3 (Table 2, entries 21-54) exert a stronger influence on redox
properties than those at C7. In DCM the reduction potentials range from -1.49 (t-Bu, entry 38) to -1.12 V (CF3,

Page 9 of 28 ©AUTHOR(S)



Arkivoc 2026 (2) 202612646 Zissimou, G. A.

entry 22) and oxidation potentials from -0.45 (pyrrolidin-1-yl, entry 47) to +0.13 V (CF3, entry 22), yielding
electrochemical gaps of AEcen = 1.01-1.32 V. EWGs, such as CF3 (entries 21-23) shift both redox processes
anodically, while electron-donating groups (EDGs), particularly alkyl (entries 37—43) and amino (entries 44—48)
substituents, shift them cathodically.

Absolute potentials are sensitive to the electrochemical medium. For example, the t-Bu derivative exhibits
a 200 mV anodic shift when moving from DCM (entry 38, E1/,"/° = -1.49 V) to MeCN (entry 39, E1,"/° = -1.29
V). Aniline and amide derivatives (entries 49-54) similarly show higher oxidation potentials in MeCN, reflecting
the more polar solvent environment. The amide-substituted derivatives also present smaller electrochemical
gaps (AEcen = 0.89-0.98 V).

Mechanistically, the pronounced C3 effect arises from its location near a node in the SOMO of the neutral
radical and the highest occupied molecular orbital (HOMO) of the reduced (anionic) species (Figure 3).

Figure 3. HOMO/SOMO molecular orbital plots of the Blatter radical in its anionic (left), radical (center), and
cationic (right) states in the gas phase. Isovalue = 0.02.

This nodal character limits r-delocalization to-and-from the C3 substituent in the neutral and reduced
states, making reduction potentials largely governed by inductive (field) effects. In the oxidized (cationic) form,
the nodal restriction is alleviated, allowing effective conjugation with the substituent; consequently, oxidation
potentials reflect a combination of inductive and resonance contributions. This state-dependent electronic
response is supported by Swain—Lupton and Hammett-type analyses, which show dominant field effects in
reduction and mixed field/resonance contributions in oxidation.1”°¢ Calculations to obtain the HOMO/SOMO
molecular orbital plots shown in Figure 3 were performed as part of the present review to support the
mechanistic interpretation. The computational methodology and Cartesian coordinates are provided in the
Supplementary Material.

A computational approach to redox potentials has been demonstrated for selected C3-substituted Blatter
radicals. Pomikfo et al. compared experimental oxidation potentials with Hammett o, parameters for a series of
C3-functionalized derivatives,*” while a subsequent study!®® found good correlations of both redox processes
with the pK; values of the corresponding amines. In the latter study, the oxidation process was also modelled
using a DCM dielectric medium, demonstrating a strong correlation between calculated and experimental
oxidation potentials for this substitution series.

2.2.3. Substitution at N1. N1 substituents (entries 55—-64) produce modest and mostly consistent shifts in both
redox potentials, with reduction potentials spanning -1.47 to -1.08 V and oxidation potentials from -0.22 to
+0.11 V, yielding AEcen = 1.00-1.32 V. Electron-withdrawing (het)aryl groups (entries 55—62) shift the redox
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potentials anodically; for example, the CeFs derivative (entry 55) exhibits 1,7/ = -1.22 V and E1,%*' = +0.11V,
corresponding to shifts of +0.10 and +0.28 V, respectively, relative to the parent Blatter radical (entry 1). In
contrast, the electron-donating 2-methoxyphenyl substituent (entry 63) predominantly shifts the reduction
potential cathodically (E1/2Y/° = -1.47 V), with a smaller effect on oxidation (E1,%*! = -0.22 V) shifted by -0.15
and -0.05 V relative to the parent Blatter radical (entry 1).

While some N1 substituents produce slightly larger shifts in individual redox potentials, the resulting
variation in AEc remains moderate (= 1.00-1.32 V). Overall, AEce is relatively insensitive to N1 substitution,
reflecting limited net electronic communication with the triazinyl radical, likely due to a large dihedral angle
between the N1 substituent and the radical core that restricts r-conjugation. It should be noted that for entries
56-59 the potentials were reported versus an Ag/AgCl reference electrode without internal ferrocene (or
similar) calibration®’; consequently, these values should be interpreted with caution.

2.2.4. Substituent effects at electronically-active positions: Additivity and strategic tuning.

The effects of substituents at C3, C7, and N1, discussed in the preceding sections, combine in multi-substituted
derivatives to enable systematic modulation of both half-wave potentials and AEcli. Across the systems
summarized in Table 2, these cumulative effects define two recurring patterns of behavior based on substituent
combinations and their impact on AEc. The following analysis emphasizes qualitative trends; absolute values
should be interpreted in light of experimental variability. For consistency, only data collected in DCM are
considered, as solvent significantly influences reduction potentials.

2.2.4.1. Regime 1: EWG-dominated systems. Radicals with multiple strong EWGs generally show larger anodic
shifts in both redox potentials compared with the parent Blatter radical or derivatives hosting only one EWG,
consistent with roughly additive substituent effects. For example, the 3,7-bis-CF; radical (entry 66) exhibits
E1/2"Y9=-0.93V and E1/2%*1 = +0.31V in DCM, corresponding to shifts of +0.39 and +0.48 V, respectively, relative
to the parent (entry 1), while the C3-mono-CF; derivative (entry 23) shifts by only +0.08 and +0.07 V. Similarly,
the N1-CsFs/C3-CFs radical (entry 79) exhibits E1/27/° = -0.98 V and E1,%*! = +0.34 V in DCM, corresponding to
shifts of +0.34 and +0.51 V, while the N1-mono-CsFs derivative (entry 55) shifts by +0.10 and +0.28 V. Despite
these substantial anodic shifts, the overall redox window (AEcen) changes only modestly, indicating that the
range between reduction and oxidation potentials remains largely preserved.

2.2.4.2. Regime 2: Donor—acceptor systems. Donor—acceptor radicals, in which EDG and EWG groups are
combined at electronically coupled positions, exhibit partial cancellation of substituent effects. This typically
results in compression of the overall redox window (AEce) relative to EWG-dominated systems. Representative
examples include entry 67 (C3-t-Bu/C7-CF3), with E1/;"Y0 = -1.11 V, E1,%* = -0.04 V, AEcen = 1.07 V; entry 76
(C3-thien-2-yl/C7-CF3), E12 Y% = -1.14 V, E12”*! = +0.03 V, AEcen = 1.17 V; and entry 82 (C3-thien-2-yl/N1-4-
NCCeHa), E12™¥0 = =1.02 V, E12%*1 = -0.02 V, AEcen = 1.00 V. In these cases, the donor substituent facilitates
oxidation, while reduction remains dominated by the acceptor, producing compressed electrochemical gaps.
2.2.4.3. Additivity and design implications. Across these regimes, substituent effects are most clearly additive in
the individual redox potentials, while AEc is less sensitive and typically varies within a narrower range (~0.1-
0.3 V) within each regime. Consequently, tuning strategies primarily shift the redox window rather than
substantially expanding it.

2.2.5. Substituent effects with limited electronic coupling. In contrast to the additive behavior observed in
multi-substituted systems (Section 2.2.4), certain positions exhibit limited electronic communication with the
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radical core. These electronically weakly coupled positions (Figure 4) allow introduction of specific physical
properties or structural constraints without significantly altering the Blatter radical’s redox profile.

2.2.5.1. Inductive-dominated modulation (C5, C6). Positions C5 and C6 have low spin density, limiting -
conjugative interactions with the radical center. Consequently, substituents at these sites influence redox
behavior predominantly through inductive effects. CFs substituents at C5 and C6 result in reduction potentials
(E127Y° = -1.25 V)°2 comparable to mono-substituted C3 or C7 analogues, but more cathodic than the
cumulative shift seen in C3,C7-bis-CF3 derivatives. Oxidation potentials (E1/2%*! = -0.04 to 0.03 V) remain close
to C7-CFs values. A 6,7-dicyano-substituted Blatter radical illustrates this behavior: despite pronounced anodic
shifts in both redox processes (E127/° = -0.96 V; E1/,%*! = 0.25 V), its overall electrochemical behavior remains
consistent with that of simpler analogues.*°

2.2.5.2. Through-space interactions in axial systems. Axially substituted (atropisomeric) Blatter radicals restrict
electronic communication by geometry. These systems show reduction potentials from -1.13 to -1.08 V and
oxidation potentials from 0.15 to 0.23 V, with relatively large AEcen (= 1.24-1.34 V). Limited rotation about the
C—C bond restricts conjugation, so observed anodic shifts potentially arise from intramolecular m—rm interactions
rather than resonance, representing a distinct mode of electronic modulation.!?

2.2.5.3. Electronic insulation of bulky groups. Bulky substituents, such as the 3,4,5-tridodecyloxyphenyl groups,
illustrate steric electronic insulation. When installed at C3 and C6, oxidation potentials shift marginally (~0.07
V), and reduction potentials (-0.87 to -1.14 V) remain largely dependent on the N1 substituent. These groups
allow tuning of solubility, phase behavior or molecular geometry without affecting core electrochemical
properties.3334

2.2.5.4. Design implications. Positions C5, C6, and sterically hindered axial sites often act as “spectator groups”
enabling decoupling of physical property optimization from redox performance. Understanding these
electronically isolated positions provides precise control over Blatter radical design and sets the stage for
analyzing fused systems, where m-extension and planarity determine whether a substituent fundamentally
alters the radical core or remains electronically decoupled.
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N | |
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N Ph F3C N Ph NC N Ph
CF, ) \
Ey M Eqp™! Ecen Eyy ™ Eyp™™ Ecen Eyy ™ By Ecen
(v) (V) v) v) (v) v) v) (v) v)
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ﬁr
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3,4,5-(SC1pHps)sCeH, -0.87 027  1.08

Bu Ph -1.13 0.21 1.34

Figure 4. Specialized and structurally diverse Blatter radical derivatives and their redox potentials (vs Fc/Fc*) in

DCM.
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3. Solvent and Electrolyte Effects on Redox Behavior of Blatter Radicals

A comparison of analogous systems measured in DCM and MeCN shows that reduction potentials (E1/271/°) shift
markedly to more anodic values in the more polar solvent, while oxidation potentials (E12%*) shift only
minimally. Consequently, switching from DCM to MeCN compresses the electrochemical gaps (AEcen). For
example, the C3-CF; substituted radical (Table 2, entries 22 vs 24; both taken from ref. 50), exhibits an anodic
shift of +0.11 V for the reduction process, E1,7/% = -1.12 V (DCM) to -1.01 V (MeCN), and a cathodic shift of
only -0.04 V for oxidation, compressing AEc by -0.15 V (1.25 V to 1.10 V). Similarly, the C3-t-Bu analogue
(entries 38 vs 39) shows an anodic AE1/2"1/° shift of +0.20 V for reduction, E1/2"° = -1.49 V (DCM) to -1.29 V
(MeCN), and a -0.03 V shift for oxidation, compressing AEci by -0.23 V (1.25 V to 1.02 V).

The relatively large anodic shift of the reduction process likely arises from solvent stabilization of the anionic
state, either via polarization and/or hydrogen-bonding interactions. A similar compression effect of AEce was
observed upon addition of water as co-solvent (Section 2.1, Table 1, entries 2 vs 3).84 Notably, CV data collected
in both MeCN and DMF (entries 83—88) gave very similar redox values for analogous radicals, despite the
difference in polarity. However, the original values were reported vs Ag/AgCl, and the conversion to the Fc/Fc*
scale used here is based on an assumed reference potential; thus, the apparent similarity should be regarded
as approximate.

In contrast to solvent effects, the available data do not reveal a systematic effect of the supporting
electrolyte. Direct comparison of measurements in DCM using n-BusNPFs and n-BusNBF4 (e.g., Table 2, entries
5 vs 6, 21-22 vs 23, 30 vs 31-32) shows no consistent directional trend in redox potentials, with variations
typically £0.10 V. This might suggest weak ion-pairing and negligible specific interactions between the
electrolyte anions (PFs~ vs BF4~) and the redox-active species; however, these comparisons derive from different
studies and experimental conditions, and therefore do not permit a rigorous quantitative assessment of
electrolyte effects. Thus, while the available data do not indicate a pronounced electrolyte-dependent shift in
redox potentials, they are insufficient to draw firm conclusions. Other discrepancies observed for some
compounds under similar but not strictly identical conditions (e.g., Table 1, entries 1 vs 2 & 4 vs 5, Table 2 entries
21 vs 22 & 31 vs 32) are more likely attributable to experimental variables.!04-107

The choice of supporting electrolyte, however, can affect the long-term stability of benzotriazinyl radicals
in non-aqueous redox-flow batteries. In particular, the PFs~ anion can decompose over extended periods (ca. 25
d), leading to capacity fade. Replacing it by tetrabutylammonium bis(trifluoromethanesulfonyl)imide (BusNTFSI)

dramatically improves longevity, retaining 87.5% of its initial capacity after 220 days.!*?
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Table 2. Summary of electrochemical redox potentials of Blatter radicals as measured by cyclic voltammetry at
ca. 20 °C with a scan rate of 50 or 100 mV-s™2. Electrode configurations varied between studies; glassy carbon
or Pt (working), Pt wire or foil counter electrodes and Ag/Ag* (e.g. Ag/AgCl, 1 M KCl) reference electrodes were
commonly used; see specific electrochemical cell configuration in the source publication. Fc/Fc* or
FcMeio/FcMe1o* were used as internal references where reported. The redox potentials are stated as reported
in the literature and converted vs Fc/Fc* (Erc/rer = 0.0 V) where necessary. AEc. values were calculated from
unrounded potentials and rounded only for presentation

C7-Substituted

Reported Referenced vs Fc/Fc*
Entry R' R? R? EyP B M By B Abo Solvent / Electrolyte Ref.
(V) (V) (V) (V) v) (V)

1 Ph  Ph H -0.864 +0.288 1.152 -1.32 -0.17 1.15 DCM / nBusNPFs 15
2 Ph  Ph H -0.92 +0.28 120 -1.38 -0.18 1.20 DCM / nBusNPFs 16
3 Ph Ph H -0.96 +0.10 1.06 -1.36 -0.30 1.06 MeCN / nBusNBF; 9
4 Ph Ph NC -0.627 +0.543 1.170 -1.09 +0.08 1.17 DCM / nBusNPFg 15
5 Ph  Ph F3C -0.700 +0.476 1.176 -1.16 +0.02 1.18 DCM / nBusNPFs 15
6 Ph Ph FsC -0.84 +0.36 1.20 -1.19 +0.01 1.20 DCM / nBusNBF4 13
7 Ph Ph F -0.851 +0.281 1.132 -131 -0.18 1.13 DCM / nBusNPFg 15
8 Ph  Ph cl -0.799 +0.361 1.160 -1.26 -0.10 1.16 DCM / nBusNPFs 15
9 Ph  Ph Br -0.772 +0.380 1.152 -1.23 -0.08 1.15 DCM / nBusNPFs 15
10 Ph Ph Br -0.80 +0.31 111 -1.26 -0.15 111 DCM / nBusNPFg 113
11 Ph  Ph [ -0.767 +0.366 1.133 -1.23 -0.09 1.13 DCM / nBusNPFs 15
12 Ph  Ph 4-FCgHa -095 +0.16 111 -130 -0.19 1.11 DCM / nBusNBFs 59
13 Ph Ph Ph -0.96 +0.15 1.11 -131 -0.20 1.11 DCM / nBusNBF, 59
14 Ph Ph CioHs -0.83 +0.20 1.03 -1.29 -0.26 1.03 DCM / nBusNPFg 113
15 Ph  Ph CiaH1o -0.84 +0.19 1.03 -1.30 -0.27 1.03 DCM / nBusNPFs 113
16 Ph  Ph C=CCuH1o -0.80 +0.28 1.08 -1.26 -0.18 1.08 DCM / nBusNPFs 113
17 Ph  Ph thien-2-yl -095 +0.15 1.10 -1.30 -0.20 1.10 DCM / nBusNBFs 67
18 Ph  Ph fur-2-yl -096 +0.13 1.09 -1.31 -0.22 1.09 DCM / nBusNBFs 60
19 Ph Ph C(Ph)=CPh, -1.27 -0.04 123 -127 -0.04 1.23 DCM / nBusNPFg 72
20 Ph  Ph Me -0.936 +0.193 1.129 -1.40 -0.27 1.13 DCM / nBusNPFg 15
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C3-Substituted

Reported Referenced vs Fc/Fc*
Entry R! R? R3 By By M Eyi B A Solvent / Electrolyte  Ref.
(V) (V) (V) (V) v) (V)

21 Ph FsC H -071 +0.58 129 -1.17 +0.12 1.29 DCM / nBusNPFs 17
22 Ph FsC H -1.12 +0.13 1.25 -1.12 +0.13 1.25 DCM / nBusNPFs 50
23 Ph FsC H -089 +0.25 114 -1.24 -0.10 114 DCM / nBusNBF,4 13
24 Ph FsC H -101 +0.09 110 -1.01 +0.09 110 MeCN/nBusNPFs 50
25 Ph FsC H -103 +0.09 112 -1.03 +0.09 1.12 MeCN / nBusNPFe 84
26 Ph 3-vinylCsHa H -0.831 +0.212 1.043 -1.23 -0.19 1.04 MeCN/nBusNPFs 65
27 Ph 4-0;NCeH4 H -0.811 +0.365 1.176 -1.27 -0.10 1.18 DCM / nBusNPFg 15
28 Ph 4-FCeHa H -097 +0.19 116 -1.32 -0.16 1.16 DCM / nBusNBF,4 13
29 Ph pyrid-2-yl H -09 +0.21 117 -131 -0.14 1.17 DCM / nBusNBF,4 13
30 Ph thien-2-yl H -0.823 +0.321 1.144 -1.28 -0.14 1.14 DCM / nBusNPFg 15
31 Ph thien-2-yl H -093 +0.19 112 -1.28 -0.16 1.12 DCM / nBusNBF,4 13
32 Ph thien-2-yl H -088 +0.30 118 -1.34 -0.16 1.18 DCM / nBusNBF,4 17
33 Ph C=CPh H -078 +040 118 -1.24 -0.06 1.18 DCM / nBusNBF,4 17
34 Ph  4-[C(Ph)=CPh;]CeéHs H -1.27 +0.04 131 -1.27 +0.04 1.31 DCM / nBusNPFg 72
35 Ph ferrocenyl H - +0.38 - - -0.08 - DCM / nBusNPFs 17
36 Ph t-BuS H -090 +0.30 120 -136 -0.16 1.20 DCM / nBusNPFg 17
37 Ph Me H -106 +0.26 132 -1.41 -0.09 1.32 DCM / nBusNBF,4 13
38 Ph t-Bu H -1.028 +0.218 1.246 -1.49 -0.24 1.25 DCM / nBusNPFs 108
39 Ph t-Bu H -129 -0.27 102 -1.29 -0.27 1.02 MeCN / nBusNPFe 68
40 Ph n-CsHis H -097 +0.24 121 -143 -0.22 121 DCM / nBusNPFg 17
41 Ph c-Pr H -1.008 +0.218 1.226 -1.47 -0.24 1.23 DCM / nBusNPFg 108
42 Ph c-Hex H -0.994 +0.218 1.212 -145 -0.24 1.21 DCM / nBusNPFs 108
43 Ph 1-Ad H -106 +0.08 114 -141 -0.27 1.14 DCM / nBusNBF,4 13
44 Ph NH; H -096 +0.15 1.11 -142 -0.31 111 DCM / nBusNPFs 17
45 Ph morpholin-4-yl H -098 +0.08 106 -1.44 -0.38 1.06 DCM / nBusNPFg 17
46 Ph piperidin-1-yl H -1.001 +0.021 1.022 -1.46 -0.44 1.02 DCM / nBusNPFg 108
47 Ph pyrrolidin-1-yl H -1.021 +0.012 1.033 -1.48 -0.45 1.03 DCM / nBusNPFs 108
48 Ph NMePh H -0.921 +0.088 1.009 -1.38 -0.37 1.01 DCM / nBusNPFg 108
49 Ph NHPh H -1.025 -0.118 0.907 -1.03 -0.12 0.91 MeCN/nBusNPFs 90
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C3-Substituted. Continued

Zissimou, G. A.

E -1/0 E 0/+1 AEce E -1/0 E 0/+1 AEce
Entry R! R? R3 2 2 "ome 2 " Solvent / Electrolyte  Ref.
(V) (V) (V) (V) (V) (V)
50 Ph NHPh H -1.21 -0.32 0.89 -1.21 -0.32 0.89 MeCN / nBusNPF 18
51 Ph NHPh H -124 -031 093 -1.24 -0.31 0.93 MeCN / nBusNPFs 84
52 Ph N(CHO)Ph H -0.933 +0.029 0962 -0.93 +0.03 0.96 MeCN / nBusNPFs 90
53 Ph N(CHO)Ph H -1.06 -0.11 095 -1.06 -0.11 0.95 MeCN / nBusNPFe 18
54 Ph N(CHO)Ph H -1.07 -0.09 0.98 -1.07 -0.09 0.98 MeCN / nBusNPF 84
N1-Substituted
Reported Referenced vs Fc/Fc*
Eya ™ Ep™*t AEcar  Eya™® Eip% AEe Ref
Entry R! Rz R 7 2 "o e " Solvent / Electrolyte
(V) (V) (V) (V) (V) (V)
1.32
55 CeFs Ph H -0.757 +0.565 5 -1.22 +0.11 1.32 DCM / nBusNPFg 15
1.16
56° 2,3,5,6-F4CsH Ph H -0.682 +0.484 6 -1.08 +0.08 1.17 MeCN / nBusNBF, 109
1.09
57¢ 2,3,4-F3C6H, Ph H -0.728 +0.362 0 -1.13 -0.04 1.09 MeCN / nBusNBF, 109
1.10
58 2,4-F,CgH3 Ph H -0.766 +0.336 5 -1.17 -0.06 1.10 MeCN/nBusNBF, 109
1.00
59¢ 3,4-F,CgHs Ph  H -0.709 +0.295 4 -1.11 -0.10 1.00 MeCN/nBusNBF; 109
60 4-NCCgH4 Ph H -0.78 +0.28 1.06 -1.13 -0.07 1.06 DCM / nBusNBF,4 13
61 pyrid-2-yl Ph H -0.76 +0.34 1.10 -1.22 -0.12 1.10 DCM / nBusNBF4 16
62 pyrid-2-yl Ph H -0.82 +0.24 1.06 -1.17 -0.11 1.06 DCM / nBusNBF4 13
63 2-MeOCgH4 Ph H -1.01 +0.24 1.25 -147 -0.22 1.25 DCM / nBusNPFs 16
64 4-[C(Ph)=CPh;]C¢Hs Ph H -1.28 -0.08 1.20 -1.28 -0.08 1.20 DCM / nBusNPFg 72

@ Calculated assuming Erc/re+ = 0.40 V vs Ag/AgCl in MeCN, due to the absence of an internal Fc calibrant in the
primary literature. Treat as comparative estimates.
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Synergistic effects

Reported Referenced vs Fc/Fc*
Entry R? R? R3 By B B By B e Solvent / Electrolyte Ref.
(V) (V) (V) (V) v) (v)
65 Ph Me FsC -0.84 +0.35 1.19 -1.19 +0.00 1.19 DCM / nBusNBF, 13
66 Ph FsC FsC -0.58 +0.66 1.24 -093 +0.31 1.24 DCM / nBusNBF, 13
67 Ph t-Bu FsC -1.11 -0.04 107 -1.11 -0.04 1.07 DCM / nBusNPFs 68
68 Ph pyrid-2-yl FsC -0.85 +0.31 116 -0.85 +0.31 1.16 DCM / nBusNPFs 29
69 Ph pyrid-2-yl cl -0.97 +0.19 1.16 -0.97 +0.19 1.16 DCM / nBusNPFs 31
70 Ph pyrid-2-yl Br -091 +0.22 113 -0.91 +0.22 1.13 DCM / nBusNPFs 31
71 Ph pyrid-2-yl I -095 +0.18 1.13 -0.95 +0.18 1.13 DCM / nBusNPFs 31
72 Ph 4-Tol FsC -0.710 +0.462 1.172 -1.17 +0.00 1.17 DCM / nBusNPFs 15
73 Ph 4-Tol I -0.783 +0.350 1.133 -1.24 -0.11 1.13 DCM / nBusNPFs 15
74 Ph 4-FCgH4 FsC -0.704 +0.474 1.178 -1.16 +0.01 1.18 DCM / nBusNPFs 15
75 Ph 4-FCeHa I -0.781 +0.356 1.137 -1.24 -0.10 1.14 DCM / nBusNPFs 15
76 Ph thien-2-yl F:C -0.680 +0.488 1.168 -1.14 +0.03 1.17 DCM / nBusNPFs 15
77 Ph thien-2-yl CN  -0.598 +0.555 1.153 -1.06 +0.10 1.15 DCM / nBusNPFs 15
78 Ph thien-2-yl I -0.703 +0.420 1.123 -1.16 -0.04 1.12 DCM / nBusNPFs 15
79 CsFs Ph F:C -0.522 +0.796 1.318 -0.98 +0.34 1.32 DCM / nBusNPFs 15
80 CsFs thien-2-yl  FC -0.480 +0.817 1.297 -0.94 +0.36 1.30 DCM / nBusNPFs 15

81 4-BrCsHa  3-vinylCeHa -0.769 +0.249 1.018 -1.17 -0.15 1.02 MeCN/nBusNPFs 65

82 4-NCC¢H4 thien-2-yl -0.67 +0.33 100 -1.02 -0.02 1.00 DCM / nBusNBF, 13

84°  2,3,6-F3CeH; 4-FCeH4

H
H

83"  2,3,6-FsCeH; 4-FCeH4 H -0.954 +0.231 1.185 -1.41 -0.23 1.19 MeCN/nBusNPFs 97
H -0.952 +0.240 1.192 -1.41 -0.22 1.19 DMF / nBusNPFs 97
H

85° 2,3,56-FiCéH  4-FCeHs4 -0.896 +0.270 1.166 -1.36 -0.19 1.17 MeCN/nBusNPFs 97
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Synergistic effects. Continued

Eqy 0 Ep®*t  DEcr  Evg ™0 E1p®*t AEcan

Entry R? R? R3 Solvent / Electrolyte Ref.
(V) (V) (V) (V) (V) (V)

86” 2,3,5,6-F4CeH  4-FCeH, H -0.934 +0.234 1.168 -1.39 -0.23 1.17 DMF/nBusNPFs 97
87° CsFs 4-FCeHa H -0.888 +0.278 1.166 -1.35 -0.18 1.17 MeCN/nBusNPFs 97
88’ CeFs 4-FCsHa H -0.885 +0.275 1.160 -1.35 -0.19 1.16 DMF/ nBusNPFs 97
89 Ph I\/Ier(-:CsH4 C,H4COzH -0.61 +0.55 1.16 -0.61 +0.55 1.16 DCM/nBusNPFe 32
90 Ph 4-HO,CCgH4 COzH -0.85 +0.17 1.02 -0.85 +0.17 1.02 DCM/nBusNPFg 32
91 4-EtCO,CCeH4 MeOzéC6H4 C,H4COH -0.48 +0.58 1.06 -0.48 +0.58 1.06 DCM/nBusNPFs 32
92 4-HO,CCe¢Hs 4-HO,CCsHa COzH -0.85 +0.13 098 -0.85 +0.13 098 DCM/nBusNPFs 32
93 4-MeOCgHs FsC H -1.09 +0.05 1.14 -1.09 +0.05 1.14 MeCN /nBusNPFs 84
94  4-H;NCeHq FsC H -1.15 -0.06 1.09 -1.15 -0.06 1.09 MeCN /nBusNPFs; 84
95 4-FCgH4 FsC H -1.02 +0.12 1.14 -1.02 +0.12 1.14 MeCN / nBusNPFs 84
96 4-F3CCeH4 FsC H -0.87 +0.17 1.04 -0.87 +0.17 1.04 MeCN /nBusNPFs 84
97 4-O:NGCgH4 FsC H -0.71 +0.20 091 -0.71 +0.20 0.91 MeCN / nBusNPFs 84
98 4-HO,CCsH4 FsC H -1.04 +0.24 128 -1.04 +0.24 1.28 MeCN / nBusNPFs 84
99  2,6-Cl,CeHs FsC H -0.99 +0.32 1.31 -0.99 +0.32 1.31 MeCN /nBusNPFs 84

b Calculated assuming Erc/rer = 0.46 V vs Ag/AgCl in MeCN and in DMF, due to absence of internal Fc calibrant in
the primary literature. Treat as comparative estimates.

4. Brief Comparison with Other Persistent Organic Radical Families

Classical persistent organic radicals, such as nitroxides,''* triarylmethyl,'*> and phenalenyl*'® systems, derive
their stability primarily from a combination of spin delocalization and kinetic protection via steric hindrance!'’
(Table 3). For instance, nitroxides like TEMPO are prized for their reversible oxidation (E1,%** ~ +0.3 V vs
Fc/Fc*),118119 yet they typically exhibit irreversible or inaccessible reductions at highly cathodic potentials (~-1.5
V vs Fc/Fc*), limiting their use in ambipolar applications as their electrochemical gap is often too large (AEcei
~1.5-2.3 V) (Table 3, Nitroxides). Similarly, thiazyl radicals'?® rely on heteroatom stabilization, but often face
challenges related to dimerization or limited structural modularity, with relatively narrow electrochemical
windows (AEcen ~1-1.5 V) (Table 3, Thiazyls). In contrast, benzotriazinyl (Blatter) radicals exhibit a remarkable
form of intrinsic thermodynamic stabilization arising from extensive mn-delocalization across a nitrogen-rich,
heterocyclic framework. Compared to verdazyls,*?7123 which are also N-centered and highly stable, Blatter
radicals offer a particularly attractive combination of reversible ambipolar electrochemistry, and substituent-
dependent tuning of both oxidation and reduction potentials. While verdazyls generally exhibit electrochemical

windows of 1.0-1.6 V, their redox potentials are comparatively less tunable (Table 3, Verdazyls).??! Blatter
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radicals provide a robust platform with tunable redox potentials and relatively narrow electrochemical gaps
(AEcen ~1-1.4 V) (Table 3, Blatter radicals). Ultimately, the combination of high thermodynamic stability,
reversible ambipolar redox behavior, and modular electronic tunability distinguishes benzotriazinyl radicals as
a uniquely versatile platform for functional materials.

Table 3. Representative redox potentials of selected persistent organic radical families

E -1/0 E 0/+1 AE,
Radical Class 12 12 cell General Characteristics
(V) (V) (V)
Nitroxides (e.g., L
e -2.0to-1.59 +0.1to+0.5 ~1.5-2.3 p-type (Oxidation)
TEMPO)
Triarylmethyls (TAM) -1.1to-0.7 +0.5to+0.8 ~1.2-1.8 Dual, but sterically bulky
Phenalenyls -16to-1.2 -03to+0.1 ~0.9-1.4 Limited data, unstable
Thiazyls -1.0to-04 +0.2t0+0.8 ~0.9-1.5 Often prone to dimerization
Verdazyls -14t0-09 -0.1t0o+0.4 ~1.0-1.6 Stable, less tunable derivatives
. Stable, tunable redox, narrow
Blatter radicals -1.5t0-0.5 -0.5to0+0.6 ~1.0-1.4

window

@ Reduction is frequently irreversible and values should be regarded as approximate reported reduction
potentials rather than true reversible E1/; values.

Note: Values are representative ranges compiled from commonly studied derivatives and are intended for
gualitative comparison only. Reported potentials originate from different studies employing different solvents,
supporting electrolytes, and reference electrodes (commonly converted to Fc/Fc* where possible), and
therefore should not be interpreted as rigorously normalized electrochemical data.

5. Conclusions

Blatter radicals represent a unique class of persistent heteroaromatic radicals, distinguished by their robust and
highly reversible bipolar electrochemistry. Delocalization stabilizes both oxidized and reduced states, resulting
in relatively small electrochemical gaps (~1-1.5 V). Redox properties can be tuned through strategic
substitutions at key positions, while structural modifications offer an additional layer of control. Substitution at
electronically-active positions, particularly C3, enables substantial modulation of both redox potentials, while
weaker coupling at C7 and N1, and electronic insulation at C5/C6, allow more selective or minimal perturbation.
The combined effects of substituents define distinct regimes of electrochemical behavior, ranging from gap
expansion in electron-withdrawing systems to gap compression in donor—acceptor architectures. Environmental
conditions, particularly solvent polarity, further influence reduction potentials, underscoring the scaffold’s
versatility for molecular design. Exceptional stability and tunable redox profiles of Blatter radicals are actively
driving applications in organic redox-flow batteries, molecular electronics, and spin-based devices. Future
efforts should focus on tailoring electrochemical gaps and redox potentials to the requirements of specific
applications, to fully realize their potential in next-generation organic electronics.

The electrochemical data compiled in this review are generally of high quality, with most studies employing
internal Fc/Fc* (or equivalent) referencing and reporting reversible behavior. Nevertheless, variations in
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experimental conditions, including solvent, supporting electrolyte, reference electrode, scan rate, and
instrumentation (e.g., IR compensation), introduce inherent variability in absolute redox potentials.
Consequently, the trends and design principles discussed herein should be interpreted as robust qualitative
relationships rather than strictly quantitative correlations.
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