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Abstract 
In this chapter, we report a systematic study on the Kuhn verdazyl radical as 
potential bipolar charge-storage material for symmetric redox flow batteries and 
probe the stability of the active species across all three relevant states of charge. 
Cyclic voltammetry of the verdazyl radical under anhydrous conditions displays 
both quasi-reversible oxidation and reduction processes, however, addition of 
water leads to loss of reversibility of the reduction reaction and a decrease in 
theoretical cell voltage. Symmetric H-cell battery studies employing acetonitrile 
solutions of the verdazyl radical showed a substantial drop in capacity after 
prolonged cycling. Post-cycling analysis of the spent electrolytes revealed that the 
bimolecular decomposition of the radical is the major cause for the loss of 
performance during battery operation. Overall, this work demonstrates that 
gathering insights of the active species at the molecular level is key for 
understanding the battery performance of the charge-storage material and guide 
rational changes in molecular design. 

2.1 Introduction 
The steady shift away from traditional fossil-fuel electricity generation has led to an 
increasing demand for electricity generated from renewable energy sources.1 The 
incorporation of large-scale energy storage in the grid has been identified to be 
critical to support implementation of a growing fraction of intermittent renewables 
(wind, solar) in our energy mix.2 Redox Flow Batteries (RFBs) have gained 
increased attention for (stationary) electrical energy storage because of their 
decoupled power and energy, high efficiency, scalability, simplicity of design, and 
ability to endure fluctuating power supply.3-6 Currently, the most extensively studied 
RFB technologies capitalize on the various oxidation states of transition metal 
cations to provide reversible redox chemistry in aqueous electrolyte solutions. 
Examples of such systems include all-iron and vanadium-based flow batteries that 
are currently reaching commercial-scale application.7-9,10, 11 However, several 
critical issues, such as low volumetric energy density, high system costs, 
environmental concerns have prevented widespread commercialization of these 
RFBs.12-14 To mitigate some of the drawbacks associated with metal-based 
electroactive materials, several research groups are developing electrolytes 
containing metal-free, organic redox-active materials of potentially lower cost and 
decreased environmental footprint.15, 16 The vast majority of flow-battery 
chemistries that are currently being considered rely on two different redox-active 
materials in both sides of the battery (negolyte/posolyte). Recent examples of high-
stability flow batteries are based on water-soluble quinones as the organic negolyte 
component, coupled with a metal-based ferrocyanide posolyte,17, 18 or related 
systems based on nitrogen-containing aromatics such as viologens19 or 
phenazines.20, 21  
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Despite the success of RFBs based on different negolyte/posolyte chemistries, a 
limitation to this design is the strict requirements imposed on the separator 
membrane: physical crossover of electroactive material between both sides of the 
battery leads to irreversible degradation.14 Crossover can occur during both 
charging and discharging cycles, as well as in the “resting state” of the battery. One 
strategy to circumvent this problem is to rely on a symmetric RFB design in which 
a single, bipolar, redox-active material is used on both battery sides. This potentially 
offers substantial operational benefits due to the possibility to reverse battery 
polarity between charge/discharge cycles. Regular polarity reversal can lead to an 
increased lifetime by ‘distributing’ decomposition reactions evenly across both 
electrolyte solutions, and/or maintaining electrolyte material balance in case 
membrane crossover of one of the states-of-charge is dominant.22 Since the first 
reports on symmetric RFB chemistries based on bipolar organics,22-24 several 
compounds have been tested as charge-storage material in symmetric flow 
batteries and this nascent field was recently reviewed by Minteer and co-workers.25 
Still, substantial improvements in the energy density (solubility, output voltage) and 
long-term cycling stability are needed to enable more widespread adoption.  

The majority of organic compounds have highest stability when in a closed-
shell configuration, and the open-shell radicals that are generated upon 
oxidation/reduction during battery cycling are often vulnerable to decomposition 
(dimerization, H-atom abstraction from solvent etc.). Our group has been interested 
in using stable radicals26 as the basis for developing RFB materials, and we recently 
reported that bipolar 1,2,4-benzotriazin-4-yl (Blatter) radicals indeed are sufficiently 
long-lived in all three states of charge to allow stable battery cycling using 
symmetric electrolyte composition.27 A class of compounds quite similar to Blatter 
radicals in terms of structure and stability are verdazyls (Scheme 1).28-31 In addition 
to being studied for their magnetic properties,32-34 verdazyls were recently reported 
by Dyker et al.35 (‘Kuhn-type’ verdazyls, Scheme 1) as well as Cekic-Laskovic et 
al.36 (oxo-verdazyls) as active material either in a coin cell or an actual flow battery, 
respectively. While these studies demonstrated a proof-of-principle for non-
aqueous symmetric batteries based on bipolar verdazyls, both systems suffered 
from rapid capacity fade. The reasons for the limited cycling stability were 
speculated to be decomposition of the reduced state35 or interaction of the oxidized 
state with the membrane (fouling),36 but the connection between electrochemical 
data (e.g., capacity fade) and molecular properties (adsorption, decomposition 
reactions etc.) is not clearly established. Despite recent advances,37, 38 most 
notably in in-situ characterization methods,39, 40 a better molecular-level 
understanding of the factors that contribute to capacity fade is needed to achieve 
long-term RFB stability. Ultimately, this provides opportunities for molecular 
engineering to minimize reactions that are detrimental to battery performance, or 
even suggest ways to revert decomposition and rejuvenate the electrolyte.41   
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Scheme 1. Structure of radical 1 (Kuhn verdazyl) and its reduction/oxidation products 1- and 1+.  

In this contribution, we present a detailed study of the molecular stability of bipolar 
Kuhn-type verdazyls in the context of symmetric RFBs based on these materials. 
The structure and reactivity of radical 1 (Scheme 1) across the three relevant 
states-of-charge is reported, which provides key chemical insight into the factors 
that contribute to molecular decomposition and thus battery capacity fade. 

2.2 Results and discussion 
2.2.1 Synthesis and characterization 
Verdazyl radical 1 was prepared according to the literature procedure42 and was 
isolated as crystalline material in 68% yield. Cyclic voltammetry in anhydrous 
acetonitrile (GC working electrode, 0.1 M Bu4NPF6 supporting electrolyte) showed 
that 1 can be oxidized reversibly to the corresponding closed-shell cation 1+ 
(E1/2(10/+) = -0.21 V vs Fc+/Fc), whereas reduction to the anion 1- occurs at a 
potential of E1/2(10/-) = -1.23 V vs Fc+/Fc. These redox potentials give rise to a 
(theoretical) cell voltage of 1.02 V. UV/Vis spectroelectrochemistry experiments 
were carried out to characterize the oxidation/reduction products 1+/1- (see ESI for 
details). As shown in Figure 1A, the characteristic absorption bands of radical 1 
(λmax = 402 nm and 713 nm) bleach upon oxidation in the spectroelectrochemistry 
cell, and the formation of 1+ is indicated by the appearance of a new band at λmax = 
544 nm in the difference spectrum. Reduction to the anion 1- results in a similar 
decrease of the bands due to 1, with the difference spectrum showing an increase 
at 375 nm (Figure 1B). 

To evaluate the stability of beyond the timescale of these analytical 
techniques, we performed bulk electrolysis in a N2-filled glovebox using a stirred 1 
mM solution of 1 in anhydrous acetonitrile (see ESI for details). Samples were 
transferred to a 10 mm quartz cuvette and analyzed by UV/Vis spectroscopy 
(Figure 1C/D). In agreement with the spectroelectrochemistry data, exhaustive 
electrochemical oxidation (at ~0.6 V vs Fc+/Fc) results in complete disappearance 
of radical 1 and formation of the cation 1+ is indicated by a new band at 544 nm. 
Subsequent electrolysis to convert 1+ back to 1 was shown to occur in essentially 
quantitative yield based on the absorbance in the UV/Vis spectrum. Bulk 
electrolysis at a potential of -1.7 V vs Fc+/Fc resulted in generation of the anion 1- 
(λmax = 425 nm), from which verdazyl 1 could again be obtained cleanly upon re-
oxidation. These data indicate that the entire series 1+/0/- is stable under these 
conditions for at least several hours. 
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Figure 1. Spectroelectrochemical data for 1: (A) Oxidation at 0.6 V vs Fc+/Fc. (B) Reduction at -1.3 V 
vs Fc+/Fc. The data are shown as difference spectra, with the starting point (~50 µM solution of 1 in 
acetonitrile; 0.1 M Bu4NPF6 electrolyte) taken as a reference. (C) (Electro)chemical oxidation of 1 to 1+ 
in acetonitrile. (D) (Electro)chemical reduction of 1 to 1- in acetonitrile. 

Encouraged by these observations, the preparative-scale chemical synthesis of 1+ 
and 1- was performed. The cation 1+ was obtained as purple crystals in 94 % 
isolated yield by treatment of 1 with [NO][BF4] in DCM, and characterized by 
spectroscopic methods and X-ray crystallography.43 Anion 1- was prepared by 
reduction with Na/Hg in THF, and was isolated in 47 % yield as the 
tetrabutylammonium salt by exchange of the Na+ cation with Bu4NBr. The 1H NMR 
spectra of the closed-shell species 1+ and 1- show characteristic resonances at δ 
6.13 and 4.82 ppm, respectively, for the CH2 moiety in the heterocyclic ring. As 
anticipated, the absorption bands observed by UV/Vis spectroscopy of the isolated 
compounds closely match those of the species generated by electrochemical 
methods (Figure 1). Whereas the cation 1+ is stable under ambient conditions both 
in the solid state as well as in solutions (e.g., in non-dried CD3CN under air), the 
anion 1- is air-sensitive but can be kept in a N2-filled glovebox for extended periods 
of time. 

A comparison of the molecular structures obtained by X-ray crystallography 
shows that the oxidation to 1+ (as the tetrafluoroborate salt) results in shortening of 
the heterocyclic N-N bonds to 1.297(1)/1.311(1) Å (cf. ~1.35 Å in radical 1)44, 45 due 
to removal of an electron from a molecular orbital that is π-antibonding in nature. 
Conversely, the crystal structure of anion 1- (as the tetrabutylammonium salt)46 
indicates that the N-N π*-orbital is fully populated, with N-N distances that are 
elongated to 1.423(2) Å. In all three states of charge, the CH2 group is significantly 



Chapter 2 

36 

displaced out of the heterocyclic ring. The hybridization of the N(Ph) atoms changes 
from sp2 (planar; ∑∠(N) = 359.9 - 360) in 1+ to sp3 in 1- (pyramidal; ∑∠(N) = 347.9 
- 348.9). Figure 2 shows the structure of 1- as well as an overlay of 1+ and 1-, 
pertinent metrical parameters can be found in Table 1.  

 

Figure 2. Left: Molecular structure of the verdazylate anion in [1-][Bu4N] showing 50% probability 
ellipsoids. Hydrogen atoms (except those on C(1)), the Bu4N+ cation and tetrahydrofuran solvate 
molecule are omitted for clarity. Right: Overlay of the structures of 1+ (yellow) and 1- (green; counterions 
not shown). 

Table 1. Metrical parameters from X-ray crystal structures of the redox series 1+, 1 and 1-. 

 [1+][BF4] 1a [1-][Bu4N] 

N(1)-N(2) 
N(3)-N(4) 
N(1)-C(1) 
N(4)-C(1) 
N(2)-C(2) 
N(3)-C(2) 

∑∠(N(1)) 

∑∠(N(4)) 

1.311(1) 

1.297(1) 

1.457(2) 

1.460(2) 

1.344(2) 

1.356(2) 

359.9 

360.0 

1.349 

1.353 

1.446 

1.440 

1.336 

1.338 

358.9 

356.8 

1.423(2) 

1.423(2) 

1.443(2) 

1.448(2) 

1.335(2) 

1.326(2) 

348.9 

347.9 
a Taken from ref 44. 
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2.2.2 Static battery performance and stability studies 
The data discussed above indicate that under the conditions employed (anhydrous, 
deoxygenated acetonitrile) the bipolar verdazyl radical 1 is stable across all three 
states of charge. Our stability data stand in contrast to the report of Gilroy, Dyker 
and co-workers, who suggested decomposition of the species generated in the 
negolyte (i.e., 1-) to be responsible for rapid capacity fade in a coin cell battery with 
a very similar verdazyl compound.35 This prompted us to investigate the charge-
discharge performance of 1 using a symmetric H-cell configuration with a porous 
(P5) glass frit as separator (see ESI for details on cell setup). Such a static H-cell 
battery is often a first step to evaluate battery performance.47 Of particular 
relevance here is that it allows relatively straightforward investigation of molecular 
stability of the electrolyte solutions, as the use of a glass H-cell obviates interactions 
between the electrolyte and gasket/membrane/pump materials. The initial H-cell 
cycling studies were carried out using anhydrous electrolyte solutions (CH3CN) 
inside a nitrogen-filled glovebox. Both sides of the H-cell comprised an equal 
volume of 9.0 mM solution of 1 with 0.1 M [Bu4N][PF6] as supporting electrolyte 
(theoretical capacity of 1.45 mAh). The current was set to 1.45 mA corresponding 
to charging and discharging times of 1h each with upper and lower cut-off voltages 
of 1.8 and 0.25 V, respectively, for 71 cycles. Charge-discharge curves for the first 
five cycles are shown in Figure 3. A period of controlled potential electrolysis was 
performed at the end of each charge and discharge sequence to achieve high 
material utilization. A gradual decay in capacity was observed over 71 cycles to 
about 55 % of the theoretical value (Figure 3).  

 

Figure 3. Normalized discharge capacity of a symmetric H-Cell battery cell with 6 mL 9 mM solution of 
1 in anhydrous acetonitrile with 0.1 M [Bu4N][PF6] (current density 0.9 mA/cm2). (Inset) Charge-
discharge curves for the first five cycles of the cycling test. 
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Gilroy and Dyker suggested that the reduced state is primarily responsible for the 
limited lifetime during cycling.35 We hypothesized that protonation of the 
verdazylate anion 1- by adventitious water in the electrolyte solution could 
contribute to capacity fade. Indeed, cyclic voltammograms for 1 in acetonitrile with 
additional water present in solution revealed that while the oxidation potential of 1 
remains largely unaffected, the reduction wave corresponding to the 10/- couple is 
shifted towards more positive potential and the reversibility is gradually lost upon 
going to high (~ 7.4 M) concentrations of water (Figure 4A). These data suggest 
that reduction of 1 is stabilized due to hydrogen-bonding48-52 and, eventually, the 
verdazylate 1- is protonated to the corresponding leucoverdazyl 1H causing the 10/- 
couple to become chemically irreversible. Reductions of verdazyls with acidic 
substituents (e.g., carboxylic acid53 or imidazole groups42) have previously been 
reported to show irreversible reduction waves. This notion is further supported by 
the formation of 1H upon addition of H2O to an NMR tube containing the anion 1- 
(Figure S1) and the observation that adding a strong base to the CV solutions 
(either DBU or Bu4NOH) returns a quasi-reversible redox wave for the 10/- couple, 
albeit with a marked anodic shift of ca. 300 mV compared to that without water 
present (Figure 4B). 

 

Figure 4. (A) Cyclic voltammograms of 1 mM 1 in 0.1 M [Bu4N][PF6]/acetonitrile solution (red trace) and 
in acetonitrile with 7.4 M water (black trace; intermediate amounts of 1.0 M, 2.1 M and 4.0 M shown in 
grey). (B) Cyclic voltammograms of 1 mM 1 in 0.1 M [Bu4N][PF6]/acetonitrile (with 7.4 M H2O) with base 
added.  

At the same time, the presence of base results in an increase in current response 
at the oxidation potential of 1 and loss of reversibility of the 10/+ couple. While a 
detailed investigation of the decomposition of 1+ in the presence of OH- is beyond 
the scope of this work, we note that it is well-known that quinone RFB materials are 
sensitive to nucleophilic attack of H2O/OH-,54 and also decomposition of 
verdazylium cation was reported to be initiated by nucleophilic attack of OH-.55 

To assess the influence of (adventitious) water on battery performance, we 
repeated the battery cycling with electrolyte solutions to which water was 
intentionally added (~7 M H2O, Figure S5). As expected based on the voltammetry 
data, the voltage of such a battery is decreased relative to a fully anhydrous system, 
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but the fade rate in the presence or absence of H2O is virtually identical, indicating 
that even though 1- can be protonated by H2O to form 1H, this is reversible and 
water is not the root cause of capacity decay. 

2.2.3 Post-cycling analysis of electrolytes 
To further investigate the molecular basis for capacity fade, we analyzed the 
(anhydrous) electrolyte solutions after 71 charge/discharge cycles (ca. 55% of initial 
capacity left). The cyclic voltammogram of the negolyte solution (post-cycling) 
shows that the radical 1 is still present in appreciable concentration, but the current 
response for the oxidation (10/+ couple) is higher than that for the reduction (10/-) 
and additional redox waves appear (Figure 5A).  

 

Figure 5. (A) Cyclic voltammogram of negolyte after 71 charge/discharge cycles. (B) Cyclic 
voltammogram of 1 mM 1H in 0.1 M [Bu4N][PF6]/acetonitrile. (C) Comparison of 1H NMR spectrum 
(CD3CN, 25 °C, 400 MHz, zoom from 8.6 to 4.7 ppm) of the posolyte and negolyte after 71 cycles, and 
an equimolar mixture of 1H and 2 obtained from the thermolysis 1 in CD3CN. Diagnostic signals for 1H 
and 2 indicates as diamonds and triangles, respectively. 

Comparison to the cyclic voltammogram of an authentic sample of 1H (Figure 5B) 
shows that the additional current observed at -0.21 V vs Fc+/Fc can indeed be 
ascribed to 1H. 1H NMR and UV/Vis spectroscopy confirm that 1H is present in the 
negolyte solution after battery cycling (see Figure 5C and Figure S6). Analysis of 
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the posolyte shows it to have very similar composition to the negolyte, which is 
surprising since it is commonly observed that decomposition at one of the battery 
sides is dominant and the cause of capacity-limitation. To check whether the 
negolyte or posolyte chemistry limits the performance of symmetric batteries using 
1, we carried out cycling studies using a H-cell containing unequal volumes (6 and 
12 mL) of the same electrolyte solution (6.6 mM of 1 in 0.1 M 
[Bu4N][PF6]/acetonitrile) with either the posolyte or negolyte as capacity-limiting 
side. In both cases, the capacity fade was identical (Figure S7-9) and we thus 
conclude that not the charged states (1- or 1+) are responsible for degradation, but 
rather the radical 1 is prone to decomposition under these conditions. 
In addition to 1H, the 1H NMR spectra of both electrolyte solutions after cycling 
contain a second diamagnetic species (Figure 5C).  Neugebauer et al. reported that 
at high temperature, decomposition of 1 occurs by disproportionation to the 
diamagnetic leucoverdazyl 1H and 1,2,4-triazole 2 (Scheme 2).56 Thermolysis of 1 
in CD3CN at 80 °C resulted in a mixture the diamagnetic products 1H and 2, which 
indeed have the same 1H NMR chemical shifts as the diamagnetic species in the 
post-cycling electrolyte solutions (Figure 5). It should be noted that thermal 
decomposition of 1 generates a 1:1 mixture of 1H and 2, whereas the product ratio 
is somewhat different in the partially decomposed battery electrolytes (ca. 2:1). In 
another (independent) experiment, 1 was cycled under similar conditions (10 mM) 
for a prolonged period, until ~5% capacity was left. Analysis of these electrolytes 
also showed the presence of 1H and 2 in a similar ratio, which confirms that these 
are not transient species but persist (and increase) during battery cycling (Figures 
S10-12). Whereas 1H is oxidized at a similar potential as 1, the triazole 2 shows an 
irreversible oxidation wave at a higher potential (Ep,a ≈ 0.8 V vs. Fc+/Fc). It shows 
no reduction waves within the stability window of the solvent (Figure S2). Thus, the 
post-cycling analysis of both negolyte and posolyte solutions suggest that 
disproportionation of 1 to the diamagnetic products 1H and 2 is linked to capacity 
fade.  

 

Scheme 2. Disproportionation of 1 to 1H and 2 at elevated temperatures. 
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2.2.4 Mechanistic studies of the decomposition of 1 
The thermolysis of 1 was reported by Neugebauer in 1972,56 but a detailed 
mechanism for this disproportionation has not been clarified. For related oxo-
verdazyl radicals with N-CH3 substituents, Georges et al. proposed that 
disproportionation reactions occur via hydrogen-atom abstraction at the CH3 group 
to form azomethine imines that are precursors to a variety of organic heterocycles 
via 1,3-dipolar cycloaddition.57-60 To validate the disproportionation of 1 as a 
pathway to battery degradation, we turned to a computational study. Initially, 
geometry optimizations at the B3LYP/def2-TZVP level of theory were carried out in 
the gas phase for the starting material and products, and the energies of these 
stationary points were subsequently calculated in solution (SMD model) to obtain 
the overall Gibbs free energy change (ΔGr). The structures of the intermediates and 
transitions states that were considered and the computed energies are shown in 
Figure 6. The conversion of 1 to 1H and 2 is highly exergonic, with ΔGr = -62.3 
kcal·mol-1. We hypothesized that the first step in the disproportionation of 1 is likely 
a hydrogen-atom transfer between two molecules of 1 (Figure 6). To compute the 
transition state for this transformation, we performed a scan of the relevant N…H 
distance in the dimer (1)2, which was modelled as an open-shell singlet using 
broken-symmetry DFT. Starting from the maximum in this coordinate scan, a 
transition-state optimization converged on an open-shell dimeric structure (TS1) 
which was verified to have a single imaginary frequency corresponding to H-atom 
transfer. TS1 is located 28.9 kcal·mol-1 above the starting material (2 molecules of 
1). The products of H-atom transfer are the leuco-verdazyl 1H (found 
experimentally) and an intermediate (A) that is best characterized as a singlet 
zwitterion,61 with the corresponding triplet biradical being 14.2 kcal·mol-1 higher in 
energy. The two products (1H + A) are virtually isoenergetic with the starting 
material. Intermediate A subsequently cyclizes to the diaziridine B via transition 
state TS2 with a barrier of 19.8 kcal·mol-1. The diaziridine has a very weak N-N 
bond in the three-membered ring, which can ring-open to the corresponding 
zwitterion B’.  Subsequent 1,2-proton transfer from the ring-carbon CH to the basic 
exocyclic N atom forms the final 1,2,4-triazole 2. The Gibbs free energy profile of 
the DFT-computed pathway is shown in Figure 6. Experimental support for 
bimolecular H-atom transfer between two molecules of 1 as the rate-determining 
step was obtained by performing a kinetic study. A solution of 1 (ca. 75 mM in 
CD3CN) was heated to 90 °C and monitored by 1H NMR spectroscopy, which 
showed concomitant (1:1) appearance of 1H and 2 (Figure S4). Formation of these 
diamagnetic products follows a second-order rate law indicating that the 
decomposition of 1 is a bimolecular process (k = 1.89 x 10-3 M-1·s-1; ΔG90°C = 25.9 
kcal·mol-1) with a half-life of approximately 1.8 h under those conditions. A direct 
comparison between the decomposition rate of 1 in the NMR study and the capacity 
fade in the H-cell battery is complicated by the different conditions (e.g., 
temperature, supporting electrolyte, RVC electrode), but the estimated half-life of 1 
in the H-cell (9 mM, room temperature) is two orders of magnitude higher than 
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observed during battery cycling (see ESI for details). This suggests that the 
additional components in the battery electrolyte solution or the charged species 
generated during cycling have a significant effect on the stability of 1, for instance 
by catalyzing H-atom transfer reactions. Alternatively, the bimolecular 
decomposition of 1 could be accelerated through accumulation at the electrode 
surface, as for example in electrodimerization or –polymerization.62-64 Further 
research is needed to understand the effect of these ‘environmental’ factors during 
battery operation, but the present data suggest that going towards high energy 
density (i.e., concentrations of >1 M) is likely to lead to rapid bimolecular decay. 

 

Figure 6. DFT-calculated mechanism for the conversion of radical 1 to the closed-shell products 1H and 
2. The C-Ph group in all optimized geometries shown in the energy diagram is omitted for clarity. The 
values given are Gibbs free energies (enthalpies in brackets) relative to 2 molecules of 1; all energies 
for stationary points after TS1 have a molecule of 1H included in the relative energies. 

2.3 Conclusion and outlook 
Although verdazyls are an established class of stable organic radicals and their 
bipolar electrochemistry is well-known from cyclic voltammetry studies, applications 
of these materials in (symmetric) batteries requires high stability in all states-of-
charge, which has not been demonstrated. In this study we have prepared the 
charged species relevant for electrochemical energy-storage, namely verdazylium 
cations and verdazylate anions. This allows the stability of these materials to be 
examined well beyond the timescale of cyclic voltammetry, and provides 
spectroscopic signatures that can provide useful insight in the battery chemistry 
during cycling. Voltammetry and H-cell cycling with 1 as active material reveals that, 
in contrast to the posolyte which is stable under ambient conditions, the negolyte 
chemistry (i.e., radical 1 and the anion 1-) is sensitive to the presence of H2O, which 
shifts its reduction potential positive and decreases the cell voltage. Surprisingly, 
the observed capacity fade is not linked to the stability of the charged states: post-
cycling analysis of the electrolyte solutions and independent chemical 
decomposition studies indicate that disproportionation of 1 limits battery longevity. 
Based on these results it is clear that bimolecular decomposition of 1 is a key 
bottleneck for the development of highly concentrated (energy-dense) electrolytes 
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using bipolar verdazyl radicals. At the same time, our data suggests potential 
strategies to increase battery lifetime, which include (i) sterically blocking the CH2 
group in the heterocyclic core of verdazyls, or (ii) replacing the hydrogens by other 
substituents that are not as easily abstracted. Overall, this work demonstrates the 
importance of molecular-level insight in the stability of organic charge-storage 
materials to guide rational changes in molecular design.  
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2.5 Experimental details 
2.5.1 General information 
All moisture and/or air sensitive manipulations were carried out under nitrogen 
atmosphere using glovebox, Schlenk and vacuum-line techniques. Glassware was 
dried before use at 150 °C. All reagents and materials were purchased via 
commercial sources and used as received:  

Acetonitrile (Sigma-Aldrich, anhydrous, 99.8%) was dried over molecular 
sieves (Sigma-Aldrich, 3 Å), degassed by freeze-pump-thaw cycling and stored 
under nitrogen atmosphere. Reactions were monitored using thin layer 
chromatography and visualized by UV-VIS or phosphomolybdic acid stain. TLC 
plates (Merck) contained a silica gel matrix supported on aluminum with fluorescent 
indicator (254 nm). Column chromatography was performed using technical grade 
silica gel (Merck, pore size 60 Å and 40-63 μm particle size). 

NMR spectra were recorded on a Varian Mercury Plus 400 or Bruker 
Avance Neo 600. The 1H and 13C NMR spectra were referenced internally using 
the residual solvent resonances and reported in ppm relative to TMS (0 ppm). All 
electrochemical measurements were performed at ambient temperatures under an 
inert nitrogen atmosphere in acetonitrile, containing 0.1 M [Bu4N][PF6] as the 
supporting electrolyte. Electrochemical measurements were performed using a CH 
Instruments Electrochemical Analyzer potentiostat CHI600C and data was 
recorded with CHI600c software, applying iR compensation.  Cyclic voltammetry 
(CV) was performed using a three-electrode configuration comprising of a Pt wire 
counter electrode, a Ag/Ag+ (0.01 M AgPF6 in 0.1 M [Bu4N][PF6]) junction reference 
electrode and a GC disk working electrode (CHI104, CH Instruments, diameter = 3 
mm). The GC working electrode was polished before the experiment using an 
alumina slurry (0.03 μm), rinsed with distilled water and subjected to brief 
ultrasonication to remove any adhered alumina microparticles. The CV data was 
referenced to ferrocene in acetonitrile. The redox-potentials reported in the main 
text are the halfway potentials from cyclic voltammetry, E1/2 = (Epa + Epc)/2 with Epa 
and Epc the anodic and cathodic peak potentials, respectively.  
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UV/Vis spectra were recorded in acetonitrile solution using an Agilent 
Technologies Cary 8454 spectrophotometer or an Avantes AvaSpec-2048 UV/Vis 
spectrophotometer. High resolution mass spectra (HRMS) were acquired on a 
Thermo Scientific LTQ Orbitrap XL mass spectrometer, using Electron Spray 
Ionization (ESI). Electron paramagnetic resonance (EPR) measurements were 
carried out on a Bruker EMX Nano X-band (9.5 GHz) and performed at ambient 
conditions with a sample concentration of 1 mM in dichloromethane, which was 
degassed with nitrogen. EPR fitting was performed with the Easyspin toolbox for 
Matlab. 

Geometry optimizations were performed using the Gaussian16 suite of 
programs,65 using the B3LYP functional66, 67 and def2-TZVP basis set68. The 
geometries were verified to be local minima (no imaginary frequencies) or transition 
states (1 imaginary frequency) using a frequency analysis, which also afforded the 
thermochemical data (Gibbs free energy in the gas phase). The energy of solvation 
was calculated using the SMD method69 to provide the overall Gibbs free energy in 
solution. 

2.5.2 Electrochemical setups 
Spectroelectrochemistry  

 
For the spectroelectrochemical cell, an epoxy resin was cured around a graphite stick. After curing, the 
resin was cut to the correct dimensions (to fit tightly in a cuvette) and a hole was drilled through the resin 
(and graphite) at the same height as the spectrometer light source to ensure a straight path to the 
detector. A three-electrode setup was constructed in a quartz cuvette and charged with 400 µl ~50 µM 
solution of 1 in acetonitrile with 0.1 M Bu4NPF6. Oxidation and reduction of 1 was performed at constant 
potential of 0.6 V and -1.3 V vs Fc+/Fc, respectively. The data are shown as difference spectra, with the 
starting point (~50 µM solution of 1 in acetonitrile; 0.1 M Bu4NPF6 electrolyte) taken as a reference. 
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Bulk-electrolysis 

 
A three-electrode setup was constructed in a three-compartment bulk electrolysis cell. The working 
electrode compartment was charged with 10 mL of a 1 mM solution of 1 in acetonitrile with 0.1 M 
Bu4NPF6. The counter electrode compartment was charged with 5 mL of a 4 mM solution of 1 in 
acetonitrile with 0.1 M Bu4NPF6. Exhaustive oxidation and reduction of 1 was performed at constant 
potential of 0.6 V and -1.7 V vs Fc+/Fc, respectively. 

H-cell battery tests 
Charge-discharge tests of the Blatter radicals were 
performed in a custom H-cell with high surface area-to-
volume ratio. The cell consisted of two electrolyte chambers 
separated by a glass frit (porosity 5, ~1.6 cm2) to minimize 
crossover. Reticulated vitreous carbon (Duocel®, 45 ppi) 
were used as electrodes with an inter electrode distance of 
about 20 mm. For the battery tests, the electrolyte chambers 
were loaded with a solution of the active species in 
[Bu4N][PF6]/CH3CN and stirred continuously at 1400 rpm. 
The current was set such that theoretical charging and 
discharging times were 1 h each. Current densities were 
estimated using the membrane area size. Ohmic resistance 
of about 250 ohm was measured for all tests. 

2.5.3 Compound preparation and characterization 
2,4,6-triphenyl-1,2,4,5-tetrazin-4-yl radical (1) 

In accordance to a literature procedure by Hicks et al.,42 
triphenylformazan (5.0 g, 16.7 mmol), 18.5 mL formaldehyde  
(37% wt. % in H2O, 205 mmol) and 38 mL aq. NaOH (2M) were 
dissolved in 250 mL DMF and stirred in air for 6 h at which time 
the color changed from red to deep green. The solution was 

partitioned between 250 mL diethyl ether and 250 mL water. The organic layer was 
collected, washed with water and brine, dried over MgSO4 and the solvent removed 
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in vacuo. Recrystallization from hot methanol afforded 1 (3.8 g, 12.1 mmol, 73%) 
as a green crystals. 
HRMS (ESI, positive mode): m/z = 313.14477 calculated for [M]+, found: 
313.14455; Anal. Calcd for C20H17N4: C 76.65, H 5.47, N 17.88; found: C 76.72, H 
5.48, N 17.89. 

1,3,5-triphenyl-1,2,4,5-tetrazinium tetrafluoroborate ([1+][BF4]) 
NOBF4 (0.039 g, 0.34 mmol, 1.05 eq.) was slowly added to a 
Schlenk flask containing a solution of 1 (0.1 g, 0.32 mmol) in 5 mL 
DCM and stirred for 3 hours under inert atmosphere. The reaction 
mixture was filtered and the volatiles were removed under vacuum 
obtaining a purple solid. The solid was washed extensively with 

Et2O and air-dried affording [1+][BF4] (0.12 g, 94%) as a purple solid. 
Recrystallization from DCM by slow evaporation afforded crystals suitable for X-ray 
diffraction analysis.  
1H NMR (600 MHz, 25 °C, CD3CN): δ 8.15-8.13 (m, 2H), 8.00-7.98 (m, 4H), 7.68-
7.63 (m, 8H), 6.13 (s, 2H); 19F NMR (476 MHz, 25 °C, CD3CN): -150.45--151.02 
(BF4); 13C NMR (151 MHz, 25 °C, CD3CN): δ 155.6 (ipso-C), 140.8 (ipso-C), 133.9 
(CH), 133.0 (ipso-C), 131.4 (CH), 130.5 (CH), 127.3 (CH), 124.1 (CH), 65.6 (CH2); 
Anal. Calcd for C20H17BF4N4: C 60.03, H 4.28, N 14.00; found: C 59.55, H 4.36, N 
14.04. 

Sodium 1,3,5-triphenyl-1,2,4,5-tetrazinide ([1-][Na]) 
Na/Hg (2.37 wt% Na, 0.373 g, 0.38 mmol, 1.2 eq.) was added to 
a solution of 1 (0.1 g, 0.32 mmol) in 5 mL THF and stirred 
overnight under inert atmosphere. The reaction mixture was 
filtered to remove excess amalgam. Crystallization by diffusion of 
hexane into the THF afforded [1-][Na] (0.078 g, 73%) as an orange 

solid.  
1H NMR (600 MHz, 25 °C, CD3CN): δ 8.13-8.11 (m, 2H), 7.30-7.27 (m, 2H), 7.25-
7.22 (m, 1H), 7.21-7.19 (m, 4H), 7.15-7.11 (m, 4H), 6.55-6.52 (tt, 2H), 4.82 (s, 2H); 
13C NMR (151 MHz, 25 °C, CD3CN): δ 153.7 (ipso-C), 151.0 (ipso-C), 142.5 (ipso-
C), 129.4 (CH), 128.0 (CH), 127.3 (CH), 126.8 (CH), 116.5 (CH), 114.2 (CH), 61.3 
(CH2). 
 
[1-][Na] was subjected to cation exchange with Bu4NBr in THF. After filtering of 
insoluble NaBr, recrystallization from a concentrated THF solution at -30 °C 
afforded [1-][NBu4] (0.061 g, 47%) as orange block-like crystals suitable for X-ray 
diffraction analysis.    
  

 

+

4
-
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2,4,6-triphenyl-1,2,3,4-tetrahydro-1,2,4,5-tetrazine (1H) 
In accordance to a literature procedure by Jobelius et al.,33 with 
slight modification, ascorbic acid (0.084 g, 0.48 mmol, 1.5 eq.) 
was added to a Schlenk flask containing a solution of 1 (0.100 g, 
0.32 mmol) in 5 mL THF and stirred overnight under inert 
atmosphere. The reaction mixture was filtered and the volatiles 

were removed under vacuum obtaining a colorless solid. The product was 
dissolved in Et2O and insoluble material was filtered off. The solvent was removed 
in vacuo affording 1H as a colorless solid (0.078 g, 78%). 
1H NMR (400 MHz, 25 °C, CD3CN): δ 7.93-7.90 (m, 2H), 7.49-7.47 (m, 3H), 7.31-
7.25 (m, 8H), 7.06 (s, br, 1H), 6.94 (s, br, 2H), 5.01 (s, 2H); 1H NMR (400 MHz, 25 
°C, THF-d8): δ 7.94-7.91 (m, 2H), 7.84 (s, br, NH, 1H), 7.43-7.37 (m, 3H), 7.27-7.13 
(m, 8H), 6.88-6.84 (t, 1H), 6.74-6.71 (t, 1H), 5.01 (s, 2H); 13C NMR (151 MHz, 25 
°C, CD3CN): δ 143.6 (ipso-C), 134.4 (ipso-C), 130.6 (CH), 130.1 (CH), 129.5 (CH), 
126.7 (CH), 64.2 (CH2). 

5-Anilino-1,3-diphenyl-1,2,4-triazole (2) 
Procedure according to the literature.56 NMR spectral data match 
those reported in ref 70. A solution of 1 (0.224 g, 0.71 mmol) in 
acetonitrile was heated to reflux under inert atmosphere. After 8 
days, the solvent was removed in vacuo affording a green oil. 
Chromatography (Silica, DCM) afforded 2 (0.073 g, 0.33 mmol, 

33% (max. 50%)) as a light brown oil which solidified over time. 
1H NMR (600 MHz, 25 °C, CD3CN): δ 8.12-8.10 (m, 2H), 7.66-7.63 (m, 4H), 7.61-
7.58 (m, 2H), 7.53-7.50 (m, 1H), 7.49-7.46 (m, 2H), 7.45-7.42 (m, 1H), 7.35-7.31 
(m, 2H), 7.30 (s, br, NH, 1H), 7.03-7.00 (tt, 1H); 13C NMR (151 MHz, 25 °C, CD3CN): 
δ 159.9 (ipso-C), 152.7 (ipso-C), 141.4 (ipso-C), 137.8 (ipso-C), 132.5 (ipso-C), 
130.9 (CH), 130.1 (CH), 129.9 (CH), 129.7 (CH), 129.6 (CH), 126.9 (CH), 126.1 
(CH), 122.9 (CH), 119.0 (CH); HRMS (ESI, positive mode): m/z = 313.14477 
calculated for [M+H]+, found: 313.14474. 
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2.5.4 NMR spectroscopy 

 

Figure S1: Comparison of 1H NMR spectra (CD3CN, 25 °C, 400 MHz) of [1-][Na+] (top) and after addition 
of H2O resulting in the formation of 1H (bottom). 

2.5.5 Cyclic Voltammetry 

 

Figure S2: Cyclic voltammogram of 2 mM 2 in anhydrous acetonitrile, measured at a GC working 
electrode with 0.1 M [Bu4N][PF6] as supporting electrolyte with a scan rate of 50 mV/s. 
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2.5.6 X-ray crystallography 
Suitable crystals of [1+][BF4] and [1-][NBu4] were mounted on a CryoLoop and 
transferred into the cold nitrogen stream of a Bruker D8 Venture diffractometer. 
Data collection and reduction was done using the Bruker software suite APEX3.71 
The final unit cell was obtained from the xyz centroids of 9944 ([1+][BF4]) and 9907 
([1-][NBu4]) reflections after integration. A multi-scan absorption correction was 
applied, based on the intensities of symmetry-related reflections measured at 
different angular settings (SADABS).71 The structures were solved by dual space 
methods using the program SHELXT.72 Structure refinement was performed with 
the program package SHELXL.73 The hydrogen atoms were generated by 
geometrical considerations and constrained to idealized geometries and allowed to 
ride on their carrier atoms with an isotropic displacement parameter related to the 
equivalent displacement parameter of their carrier atoms. For [1-][NBu4], the unit 
cell contains a THF solvent molecule at the symmetry element which has been 
modeled. Crystal data and details on data collection and refinement are presented 
in Table S1. 
Table S1: Crystallographic data for [1+][BF4] and [1-][NBu4]. 

chem formula C20H17BF4N4 C76H114N10O1 
Mr 400.18 1183.77 
cryst syst triclinic  triclinic  
color, habit purple, block orange-yellow, block 
size (mm) 0.296 x 0.136 x 0.050 0.414 x 0.319 x 0.268 
space group P-1 P-1 
a (Å) 9.0941(8) 8.3339(6) 
b (Å) 9.6566(7) 12.6498(11) 
c (Å) 10.6954(9) 17.1762(14) 
α (°) 96.186(3) 102.570(3) 
β (°) 98.733(3) 96.921(3) 
γ (°) 95.401(3) 100.532(3) 
V (Å3) 917.10(13) 1713.2(2) 
Z 2 1 
ρcalc, g.cm-3 1.449  1.147 
Radiation [Å]  Mo Kα 0.71073 Mo Kα 0.71073 
µ(Cu Kα), mm-1 0.116 0.069 
F(000) 412 648 
temp (K) 100(2) 100(2) 
θ range (°) 2.944 – 27.476 2.980 – 26.075 
data collected (h,k,l) -11:11; -12:12; -13:13 -10:10; -15:15; -21:21 
no. of rflns collected 30723 29129 
no. of indpndt reflns 4191 6754 
observed reflns Fo ≥ 2.0 σ (Fo) 3502 5329 
R(F) (%) 3.67 4.97 
wR(F2) (%) 10.17 13.87 
GooF 1.039 1.050 
weighting a,b 0.0493, 0.3514 0.0554, 1.3399 
params refined 262 419 
min, max resid dens -0.288, 0.435 -0.358, 0.308 
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Figure S3: Molecular structures of compounds [1+][BF4] and [1-][NBu4]. Showing 50% probability 
ellipsoids; hydrogen atoms and THF molecule (in [1-][NBu4]) are omitted for clarity. 

2.5.7 Thermal decomposition of 1 
To determine the dependency of the reaction rate on the concentration of 1, the 
thermolysis of 1 was monitored over time by 1H NMR spectroscopy. A solution of 1 
(16.4 mg, 0.05 mmol, 74.7 mM) in 0.7 mL CD3CN in an NMR tube with J. Young 
valve with trimethoxybenzene (8.49 mM) as internal standard was heated to 90 °C. 
The 1H NMR spectrum was periodically measured at room temperature, after which 
heating was continued. The conversion of 1 to 1H (Figure S4) and 2 occured 
concomitantly.  

 

Figure S4: (left) Plot of the conversion to 1H and concentration of 1H vs. time. Plot of 1/[1] vs. time with 
linear fit. 

The differential rate law for a second-order reaction in which two molecules 1 react 
to give 1H and 2 (S1) and the integrated rate law describing the concentration of 1 
(S2) at a given time follows: 
 ∆ 𝟏∆    (S1)  𝟏 𝟏    (S2) 
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With [1] the concentration of 1 in mM, t the time in hours, k the second-order rate 
constant in mM-1 h-1, and [1]0 the concentration of 1 at t = 0 in mM.  

As the concentration of 1 could not be determined with 1H NMR directly, it 
was determined by deducting the concentrations of 1H and 2 from the initial radical 
concentration ([1]t=0 = 74.7 mM). According to the integrated rate law for a second-
order reaction, a linear fit can be constructed from a plot of 1/[1] versus time  (Figure 
S4) with a slope of 6.85·10-3 mM-1 h-1 (or in SI units: 1.89·10-3 M-1 s-1). The rate 
constant at 363 K of 1.89·10-3 M-1 s-1 corresponds to an activation free energy of 
ΔG‡ = 108.4 kJ mol-1 (25.9 kcal mol-1) at that temperature. To estimate the 
activation free energy at room temperature, we chose ΔS‡ = -80 J mol-1 K-1, a typical 
value for a bimolecular reaction. This provides the activation enthalpy as ΔH‡ = 
79.4 kJ mol-1, and ΔG‡ = 102.8 kJ mol-1 at 293 K. According to this analysis, the 
half-life of a typical H-cell battery electrolyte ([1] = 9 mM) at room temperature would 
be ca. 450 days. The same analysis, but then for a battery electrolyte with [1] = 1.0 
M, results in a half-life of ca. 4 days. 

2.5.8 Battery tests 

 

Figure S5: (left) Charge and discharge voltage curves for the first 5 cycles of a symmetric non-flowing 
battery with 5 mL 8 mM 1 in 0.1 M [Bu4N][PF6]/CH3CN as both negolyte and posolyte, with deliberate 
addition of ~7 M H2O (current 1.1 mA, current density 0.7 mA/cm2). (right) Normalized charging and 
discharging capacities (theoretical capacity of 1.12 mAh, 99% capacity reached in first charge) and 
coulombic efficiency for each cycle (25 cycles). 
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Figure S6: (left) Normalized absorption spectra of the posolyte and negolyte solutions after 71 cycles. 
(right) Normalized absorption spectra of the posolyte solution after cycling (black trace) compared to the 
absorption spectrum of a fresh solution of 1 in acetonitrile (green trace). Scaled subtraction (orange 
trace) was performed on the spectrum of the posolyte with the spectrum of 1 and compared to the 
absorption spectrum of a fresh solution of 1H in acetonitrile (red trace). 

 

Figure S7: (left) Charge and discharge voltage curves for the first 5 cycles of posolyte-limiting non-
flowing battery with 6 mL 6.6 mM 1 and 12 mL 6.6 mM 1 in 0.1 M [Bu4N][PF6]/CH3CN as posolyte and 
negolyte, respectively (current 1.08 mA, current density 0.7 mA/cm2). (right) Normalized charging and 
discharging capacities (theoretical capacity of 1.08 mAh, 109% capacity reached in first charge) and 
coulombic efficiency for each cycle (24 cycles). 
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Figure S8: (left) Charge and discharge voltage curves for the first 5 cycles of negolyte-limiting non-
flowing battery with 6 mL 6.4 mM 1 and 12 mL 6.4 mM 1 in 0.1 M [Bu4N][PF6]/CH3CN as negolyte and 
posolyte, respectively (current 1.03 mA, current density 0.6 mA/cm2). (right) Normalized charging and 
discharging capacities (theoretical capacity of 1.03 mAh, 106% capacity reached in first charge) and 
coulombic efficiency for each cycle (43 cycles). 

 

Figure S9: Comparison of capacity utilization and capacity fade rate (in percentage per hour) of 
posolyte-limiting (Figure S7) and negolyte-limiting (Figure S8) non-flowing battery. 

 

Figure S10: (left) Charge and discharge voltage curves for the first 5 cycles of a symmetric non-flowing 
battery with 5 mL 10 mM 1 in 0.3 M [Bu4N][PF6]/CH3CN as both negolyte and posolyte (current 1.34 mA, 
current density 0.8 mA/cm2). (right) Normalized charging and discharging capacities (theoretical 
capacity of 1.34 mAh, 94% capacity reached in first charge) and coulombic efficiency for each cycle 
(1475 cycles). 
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Figure S11: Comparison of 1H NMR spectrum (zoom from 9.0 to 4.7 ppm) of the posolyte and negolyte 
after 1475 cycles (CD3CN, 25 °C, 400 MHz). 

 

Figure S12: (left) Cyclic voltammograms of the electrolyte before cycling and of the posolyte after 1475 
cycles. (right) Cyclic voltammograms of the electrolyte before cycling and the negolyte after 1475 cycles. 

2.6 References 
[1] European-Commission, Energy roadmap 2050. Publications Office of the European Union: 2012. 
[2] Dunn, B.;  Kamath, H.; Tarascon, J.-M., Electrical Energy Storage for the Grid: A Battery of Choices. 

Science 2011, 334 (6058), 928-935. 
[3] Soloveichik, G. L., Flow Batteries: Current Status and Trends. Chem. Rev. 2015, 115 (20), 11533-11558. 
[4] Noack, J.;  Roznyatovskaya, N.;  Herr, T.; Fischer, P., The Chemistry of Redox-Flow Batteries. Angew. 

Chem. Int. Ed. 2015, 54 (34), 9776-9809. 
[5] Winsberg, J.;  Hagemann, T.;  Janoschka, T.;  Hager, M. D.; Schubert, U. S., Redox-Flow Batteries: From 

Metals to Organic Redox-Active Materials. Angew. Chem. Int. Ed. 2017, 56 (3), 686-711. 
[6] Sánchez-Díez, E.;  Ventosa, E.;  Guarnieri, M.;  Trovò, A.;  Flox, C.;  Marcilla, R.;  Soavi, F.;  Mazur, P.;  

Aranzabe, E.; Ferret, R., Redox flow batteries: Status and perspective towards sustainable stationary 
energy storage. J. Power Sources 2021, 481, 228804. 

[7] Sum, E.;  Rychcik, M.; Skyllas-kazacos, M., Investigation of the V(V)/V(IV) system for use in the positive 
half-cell of a redox battery. J. Power Sources 1985, 16 (2), 85-95. 

[8] Sum, E.; Skyllas-Kazacos, M., A study of the V(II)/V(III) redox couple for redox flow cell applications. J. 
Power Sources 1985, 15 (2), 179-190. 

[9] Skyllas‐Kazacos, M.;  Rychcik, M.;  Robins, R. G.;  Fane, A. G.; Green, M. A., New All‐Vanadium Redox 
Flow Cell. J. Electrochem. Soc. 1986, 133 (5), 1057-1058. 

[10] Bartolozzi, M., Development of redox flow batteries. A historical bibliography. J. Power Sources 1989, 27 
(3), 219-234. 

[11] Zeng, Y. K.;  Zhao, T. S.;  An, L.;  Zhou, X. L.; Wei, L., A comparative study of all-vanadium and iron-
chromium redox flow batteries for large-scale energy storage. J. Power Sources 2015, 300, 438-443. 

[12] Weber, A. Z.;  Mench, M. M.;  Meyers, J. P.;  Ross, P. N.;  Gostick, J. T.; Liu, Q., Redox flow batteries: a 
review. J. Appl. Electrochem. 2011, 41 (10), 1137. 



Bipolar Verdazyl Radicals For Symmetric Batteries 

55 

[13] Park, M.;  Ryu, J.;  Wang, W.; Cho, J., Material design and engineering of next-generation flow-battery 
technologies. Nature Reviews Materials 2016, 2, 16080. 

[14] Leung, P.;  Shah, A. A.;  Sanz, L.;  Flox, C.;  Morante, J. R.;  Xu, Q.;  Mohamed, M. R.;  Ponce de León, 
C.; Walsh, F. C., Recent developments in organic redox flow batteries: A critical review. J. Power Sources 
2017, 360, 243-283. 

[15] Luo, J.;  Hu, B.;  Hu, M.;  Zhao, Y.; Liu, T. L., Status and Prospects of Organic Redox Flow Batteries toward 
Sustainable Energy Storage. ACS Energy Lett. 2019, 4 (9), 2220-2240. 

[16] Wei, X.;  Pan, W.;  Duan, W.;  Hollas, A.;  Yang, Z.;  Li, B.;  Nie, Z.;  Liu, J.;  Reed, D.;  Wang, W.; Sprenkle, 
V., Materials and Systems for Organic Redox Flow Batteries: Status and Challenges. ACS Energy Lett. 
2017, 2 (9), 2187-2204. 

[17] Kwabi, D. G.;  Lin, K.;  Ji, Y.;  Kerr, E. F.;  Goulet, M.-A.;  De Porcellinis, D.;  Tabor, D. P.;  Pollack, D. A.;  
Aspuru-Guzik, A.;  Gordon, R. G.; Aziz, M. J., Alkaline Quinone Flow Battery with Long Lifetime at pH 12. 
Joule 2018, 2 (9), 1894-1906. 

[18] Lin, K.;  Chen, Q.;  Gerhardt, M. R.;  Tong, L.;  Kim, S. B.;  Eisenach, L.;  Valle, A. W.;  Hardee, D.;  Gordon, 
R. G.;  Aziz, M. J.; Marshak, M. P., Alkaline quinone flow battery. Science 2015, 349 (6255), 1529-1532. 

[19] Luo, J.;  Hu, B.;  Debruler, C.;  Bi, Y.;  Zhao, Y.;  Yuan, B.;  Hu, M.;  Wu, W.; Liu, T. L., Unprecedented 
Capacity and Stability of Ammonium Ferrocyanide Catholyte in pH Neutral Aqueous Redox Flow Batteries. 
Joule 2019, 3 (1), 149-163. 

[20] Wang, C.;  Li, X.;  Yu, B.;  Wang, Y.;  Yang, Z.;  Wang, H.;  Lin, H.;  Ma, J.;  Li, G.; Jin, Z., Molecular Design 
of Fused-Ring Phenazine Derivatives for Long-Cycling Alkaline Redox Flow Batteries. ACS Energy Lett. 
2020, 5 (2), 411-417. 

[21] Hollas, A.;  Wei, X.;  Murugesan, V.;  Nie, Z.;  Li, B.;  Reed, D.;  Liu, J.;  Sprenkle, V.; Wang, W., A biomimetic 
high-capacity phenazine-based anolyte for aqueous organic redox flow batteries. Nature Energy 2018, 3 
(6), 508-514. 

[22] Potash, R. A.;  McKone, J. R.;  Conte, S.; Abruña, H. D., On the Benefits of a Symmetric Redox Flow 
Battery. J. Electrochem. Soc. 2016, 163 (3), A338-A344. 

[23] Winsberg, J.;  Stolze, C.;  Muench, S.;  Liedl, F.;  Hager, M. D.; Schubert, U. S., TEMPO/Phenazine Combi-
Molecule: A Redox-Active Material for Symmetric Aqueous Redox-Flow Batteries. ACS Energy Letters 
2016, 1 (5), 976-980. 

[24] Duan, W.;  Vemuri, R. S.;  Milshtein, J. D.;  Laramie, S.;  Dmello, R. D.;  Huang, J.;  Zhang, L.;  Hu, D.;  
Vijayakumar, M.;  Wang, W.;  Liu, J.;  Darling, R. M.;  Thompson, L.;  Smith, K.;  Moore, J. S.;  Brushett, F. 
R.; Wei, X., A symmetric organic-based nonaqueous redox flow battery and its state of charge diagnostics 
by FTIR. J. Mater. Chem. A 2016, 4 (15), 5448-5456. 

[25] Li, M.;  Case, J.; Minteer, S. D., Bipolar Redox-Active Molecules in Non-Aqueous Organic Redox Flow 
Batteries: Status and Challenges. ChemElectroChem 2021, 8 (7), 1215-1232. 

[26] Hicks, R. G., Stable Radicals: Fundamentals and Applied Aspects of Odd-Electron Compounds. John Wiley 
& Sons, Ltd: 2010. 

[27] Steen, J. S.;  Nuismer, J. L.;  Eiva, V.;  Wiglema, A. E. T.;  Daub, N.;  Hjelm, J.; Otten, E., Blatter Radicals 
as Bipolar Materials for Symmetrical Redox-Flow Batteries. J. Am. Chem. Soc. 2022, 144 (11), 5051-5058. 

[28] Neugebauer, F. A., Hydrazidinyl Radicals: 1 2,4,5-Tetraazapentenyls, Verdazyls, and Tetrazolinyls. 
Angewandte Chemie International Edition in English 1973, 12 (6), 455-464. 

[29] Neugebauer, F. A.;  Fischer, H.; Siegel, R., 6-Oxo- und 6-Thioxoverdazyle. Chem. Ber. 1988, 121 (5), 815-
822. 

[30] Lipunova, G. N.;  Fedorchenko, T. G.; Chupakhin, O. N., Verdazyls: synthesis, properties, application. 
Russian Chemical Reviews 2013, 82 (8), 701-734. 

[31] Lipunova, G. N.;  Fedorchenko, T. G.;  Tsmokalyuk, A. N.; Chupakhin, O. N., Advances in verdazyl 
chemistry. Russ. Chem. Bull. 2020, 69 (7), 1203-1222. 

[32] Koivisto, B. D.; Hicks, R. G., The magnetochemistry of verdazyl radical-based materials. Coord. Chem. 
Rev. 2005, 249 (23), 2612-2630. 

[33] Jobelius, H.;  Wagner, N.;  Schnakenburg, G.; Meyer, A., Verdazyls as Possible Building Blocks for 
Multifunctional Molecular Materials: A Case Study on 1,5-Diphenyl-3-(p-iodophenyl)-verdazyl Focusing on 
Magnetism, Electron Transfer and the Applicability of the Sonogashira-Hagihara Reaction. Molecules 2018, 
23 (7), 1758. 

[34] Tretyakov, E. V.;  Petunin, P. V.;  Zhivetyeva, S. I.;  Gorbunov, D. E.;  Gritsan, N. P.;  Fedin, M. V.;  Stass, 
D. V.;  Samoilova, R. I.;  Bagryanskaya, I. Y.;  Shundrina, I. K.;  Bogomyakov, A. S.;  Kazantsev, M. S.;  
Postnikov, P. S.;  Trusova, M. E.; Ovcharenko, V. I., Platform for High-Spin Molecules: A Verdazyl-Nitronyl 
Nitroxide Triradical with Quartet Ground State. J. Am. Chem. Soc. 2021, 143 (21), 8164-8176. 

[35] Charlton, G. D.;  Barbon, S. M.;  Gilroy, J. B.; Dyker, C. A., A bipolar verdazyl radical for a symmetric all-
organic redox flow-type battery. Journal of Energy Chemistry 2019, 34, 52-56. 

[36] Korshunov, A.;  Milner, M. J.;  Grünebaum, M.;  Studer, A.;  Winter, M.; Cekic-Laskovic, I., An oxo-verdazyl 
radical for a symmetrical non-aqueous redox flow battery. J. Mater. Chem. A 2020, 8 (42), 22280-22291. 

[37] Kwabi, D. G.;  Ji, Y.; Aziz, M. J., Electrolyte Lifetime in Aqueous Organic Redox Flow Batteries: A Critical 
Review. Chem. Rev. 2020. 

[38] Liu, Y.;  Chen, Q.;  Zhang, X.;  Ran, J.;  Han, X.;  Yang, Z.; Xu, T., Degradation of electrochemical active 
compounds in aqueous organic redox flow batteries. Curr. Opin. Electrochem. 2022, 32, 100895. 

[39] Zhao, E. W.;  Jónsson, E.;  Jethwa, R. B.;  Hey, D.;  Lyu, D.;  Brookfield, A.;  Klusener, P. A. A.;  Collison, 
D.; Grey, C. P., Coupled In Situ NMR and EPR Studies Reveal the Electron Transfer Rate and Electrolyte 
Decomposition in Redox Flow Batteries. J. Am. Chem. Soc. 2021, 143 (4), 1885-1895. 

[40] Zhao, E. W.;  Liu, T.;  Jónsson, E.;  Lee, J.;  Temprano, I.;  Jethwa, R. B.;  Wang, A.;  Smith, H.;  Carretero-
González, J.;  Song, Q.; Grey, C. P., In situ NMR metrology reveals reaction mechanisms in redox flow 
batteries. Nature 2020, 579 (7798), 224-228. 



Chapter 2 

56 

[41] Jing, Y.;  Zhao, E. W.;  Goulet, M.-A.;  Bahari, M.;  Fell, E. M.;  Jin, S.;  Davoodi, A.;  Jónsson, E.;  Wu, M.;  
Grey, C. P.;  Gordon, R. G.; Aziz, M. J., In situ electrochemical recomposition of decomposed redox-active 
species in aqueous organic flow batteries. Nature Chemistry 2022. 

[42] Gilroy, J. B.;  McKinnon, S. D. J.;  Koivisto, B. D.; Hicks, R. G., Electrochemical Studies of Verdazyl 
Radicals. Org. Lett. 2007, 9 (23), 4837-4840. 

[43] The X-ray crystal structure of a closely related verdazylium cation was recently described, see: Jobelius, 
H.; Wagner, N.; Schnakenburg, G.; Meyer, A. Molecules 2018, 23, 1758. 

[44] Williams, D. E., Crystal structure of 2,4,6-triphenylverdazyl. Acta. Crystallogr. B 1973, 29 (1), 96-102. 
[45] Azuma, N.;  Deguchi, Y.;  Marumo, F.; Saito, Y., The Magnetic Properties of Verdazyl Free Radicals. VIII. 

The Crystal Structure of 1,3,5-Tri-p-tolylverdazyl Radical. Bull. Chem. Soc. Jpn. 1975, 48 (3), 819-824. 
[46] The X-ray crystal structure of the sodium salt of 1- shows that it is a 1D coordination polymer in which a 

Na(THF)2+ cation bridges two verdazylate units via the N(3) atoms; see ESI for details. . 
[47] Li, M.;  Odom, S. A.;  Pancoast, A. R.;  Robertson, L. A.;  Vaid, T. P.;  Agarwal, G.;  Doan, H. A.;  Wang, 

Y.;  Suduwella, T. M.;  Bheemireddy, S. R.;  Ewoldt, R. H.;  Assary, R. S.;  Zhang, L.;  Sigman, M. S.; 
Minteer, S. D., Experimental Protocols for Studying Organic Non-aqueous Redox Flow Batteries. ACS 
Energy Lett. 2021, 3932-3943. 

[48] Gupta, N.; Linschitz, H., Hydrogen-Bonding and Protonation Effects in Electrochemistry of Quinones in 
Aprotic Solvents. J. Am. Chem. Soc. 1997, 119 (27), 6384-6391. 

[49] Quan, M.;  Sanchez, D.;  Wasylkiw, M. F.; Smith, D. K., Voltammetry of Quinones in Unbuffered Aqueous 
Solution:  Reassessing the Roles of Proton Transfer and Hydrogen Bonding in the Aqueous 
Electrochemistry of Quinones. J. Am. Chem. Soc. 2007, 129 (42), 12847-12856. 

[50] Smith, D. K., Electrochemically Controlled H-Bonding. In Electrochemistry of Functional Supramolecular 
Systems, Ceroni, P.;  Credi, A.; Venturi, M., Eds. 2010; pp 1-32. 

[51] Tessensohn, M. E.; Webster, R. D., Using voltammetry to measure hydrogen-bonding interactions in non-
aqueous solvents: A mini-review. Electrochem. Commun. 2016, 62, 38-43. 

[52] Tessensohn, M. E.; Webster, R. D., Voltammetric applications of hydrogen bonding and proton-coupled 
electron transfer reactions of organic molecules. Current Opinion in Electrochemistry 2019, 15, 27-33. 

[53] Kumar, V.;  Shova, S.;  Maurel, V.;  Novitchi, G.; Train, C., Crystallographic Insights into the Synthesis and 
Magnetic Properties of Oxoverdazyl Radicals Functionalized by Benzoic Acid. Eur. J. Inorg. Chem. 2018,  
(3-4), 517-524. 

[54] Tabor, D. P.;  Gómez-Bombarelli, R.;  Tong, L.;  Gordon, R. G.;  Aziz, M. J.; Aspuru-Guzik, A., Mapping the 
frontiers of quinone stability in aqueous media: implications for organic aqueous redox flow batteries. J. 
Mater. Chem. A 2019, 7 (20), 12833-12841. 

[55] Ponomareva, E. A.;  Tarassenko, P. V.; Dvorko, G. F., Mode of Formation of Triphenylverdazyl from 
Triphenylverdazylium Salts or from Triphenylformazan. Angewandte Chemie International Edition in 
English 1975, 14 (6), 431-432. 

[56] Neugebauer, F. A.;  Otting, W.;  Smith, H. O.; Trischmann, H., Verdazyle, 21. Zur thermischen 
Disproportionierung des 1.3.5-Triphenyl-verdazyls. Chem. Ber. 1972, 105 (2), 549-553. 

[57] Chen, E. K. Y.;  Bancerz, M.;  Hamer, G. K.; Georges, M. K., Verdazyl Radicals as Substrates for Organic 
Synthesis: Unique Access to Tetrahydropyrazolotriazinones, Pyrazolotriazinones and 
Dihydrotetrazinylacrylonitriles. Eur. J. Org. Chem. 2010, 2010 (29), 5681-5687. 

[58] Bancerz, M.; Georges, M. K., Verdazyl Radicals as Substrates for Organic Synthesis: A Synthesis of 3-
Methyl-5-aryl-1,3,4-oxadiazolones. J. Org. Chem. 2011, 76 (15), 6377-6382. 

[59] Cumaraswamy, A. A.;  Hamer, G. K.; Georges, M. K., Verdazyl Radicals as Substrates for Organic 
Synthesis: The Synthesis and Characterization of [12]-, [13]-, and [21]-Paraheteraphanes. Eur. J. Org. 
Chem. 2012, 2012 (9), 1717-1722. 

[60] Bancerz, M.; Georges, M. K., Effects of N1 and N5 alkyl substituents on the stability of 6-oxoverdazyl 
radicals. Tetrahedron Lett. 2012, 53 (50), 6846-6848. 

[61] Neugebauer, F. A.;  Trischmann, H.; Jenne, M., Bisverdazyls N1,N1′-Linked by Aromatic Systems. 
Angewandte Chemie International Edition 1967, 6 (4), 362-363. 

[62] Santos, C. d. C.;  Pimenta, T. C.;  Thomasini, R. L.;  Verly, R. M.;  Franco, D. L.; Ferreira, L. F., 
Electropolymerization of phenol and aniline derivatives: Synthesis, characterization and application as 
electrochemical transducers. J. Electroanal. Chem. 2019, 846, 113163. 

[63] Kortekaas, L.;  Lancia, F.;  Steen, J. D.; Browne, W. R., Reversible Charge Trapping in Bis-Carbazole-
Diimide Redox Polymers with Complete Luminescence Quenching Enabling Nondestructive Read-Out by 
Resonance Raman Spectroscopy. Journal of Physical Chemistry C 2017, 121 (27), 14688-14702. 

[64] Kloth, R.;  Vasilyev, D. V.;  Mayrhofer, K. J. J.; Katsounaros, I., Electroreductive 5-Hydroxymethylfurfural 
Dimerization on Carbon Electrodes. ChemSusChem 2021, 14 (23), 5245-5253. 

[65] Frisch, M. J.;  Trucks, G. W.;  Schlegel, H. B.;  Scuseria, G. E.;  Robb, M. A.;  Cheeseman, J. R.;  Scalmani, 
G.;  Barone, V.;  Petersson, G. A.;  Nakatsuji, H.;  Li, X.;  Caricato, M.;  Marenich, A. V.;  Bloino, J.;  Janesko, 
B. G.;  Gomperts, R.;  Mennucci, B.;  Hratchian, H. P.;  Ortiz, J. V.;  Izmaylov, A. F.;  Sonnenberg, J. L.;  
Williams;  Ding, F.;  Lipparini, F.;  Egidi, F.;  Goings, J.;  Peng, B.;  Petrone, A.;  Henderson, T.;  Ranasinghe, 
D.;  Zakrzewski, V. G.;  Gao, J.;  Rega, N.;  Zheng, G.;  Liang, W.;  Hada, M.;  Ehara, M.;  Toyota, K.;  
Fukuda, R.;  Hasegawa, J.;  Ishida, M.;  Nakajima, T.;  Honda, Y.;  Kitao, O.;  Nakai, H.;  Vreven, T.;  
Throssell, K.;  Montgomery Jr., J. A.;  Peralta, J. E.;  Ogliaro, F.;  Bearpark, M. J.;  Heyd, J. J.;  Brothers, 
E. N.;  Kudin, K. N.;  Staroverov, V. N.;  Keith, T. A.;  Kobayashi, R.;  Normand, J.;  Raghavachari, K.;  
Rendell, A. P.;  Burant, J. C.;  Iyengar, S. S.;  Tomasi, J.;  Cossi, M.;  Millam, J. M.;  Klene, M.;  Adamo, C.;  
Cammi, R.;  Ochterski, J. W.;  Martin, R. L.;  Morokuma, K.;  Farkas, O.;  Foresman, J. B.; Fox, D. J. 
Gaussian 16 Rev. C.01, Wallingford, CT, 2016. 

[66] Becke, A. D., Density‐functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98 
(7), 5648-5652. 



Bipolar Verdazyl Radicals For Symmetric Batteries 

57 

[67] Stephens, P. J.;  Devlin, F. J.;  Chabalowski, C. F.; Frisch, M. J., Ab Initio Calculation of Vibrational 
Absorption and Circular Dichroism Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994, 
98 (45), 11623-11627. 

[68] Weigend, F.; Ahlrichs, R., Balanced basis sets of split valence, triple zeta valence and quadruple zeta 
valence quality for H to Rn: Design and assessment of accuracy. PCCP 2005, 7 (18), 3297-3305. 

[69] Marenich, A. V.;  Cramer, C. J.; Truhlar, D. G., Universal Solvation Model Based on Solute Electron Density 
and on a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface 
Tensions. J. Phys. Chem. B 2009, 113 (18), 6378-6396. 

[70] Sharma, P.;  Bhat, S. V.;  Prabhath, M. R. R.;  Molino, A.;  Nauha, E.;  Wilson, D. J. D.; Moses, J. E., 
Synthesis of 1,2,4-Triazol-3-imines via Selective Stepwise Cycloaddition of Nitrile Imines with Organo-
cyanamides. Org. Lett. 2018, 20 (14), 4263-4266. 

[71] Bruker., APEX3, SAINT and SADABS. Bruker AXS Inc., Madison, Wisconsin, USA. 2016. 
[72] Sheldrick, G. M., A short history of SHELX. Acta Crystallogr. Sect. A: Found. Crystallogr. 2008, 64 (1), 112-

122. 
[73] Sheldrick, G. M., Crystal structure refinement with SHELXL. Acta Crystallographica Section C: Structural 

Chemistry 2015, 71 (1), 3-8. 




	Chapter 2

