
Soluble and stable symmetric tetrazines as anolytes in 
redox flow batteries.

Journal: Journal of Materials Chemistry A

Manuscript ID TA-ART-06-2022-004515.R1

Article Type: Paper

Date Submitted by the 
Author: 27-Jul-2022

Complete List of Authors: de la Garza, Gloria; University of Michigan, Gloria De la Garza;  
Kaur, Aman Preet; University of Kentucky, Department of Chemistry; 
University of Kentucky,  Department of Materials and Chemical 
Engineering
Shkrob, Ilya; Argonne National Laboratory, Chemical Sciences and 
Engineering
Robertson, Lily ; Argonne National Laboratory, Chemical Sciences and 
Engineering Division; University of Illinois at Urbana-Champaign,  School 
of Chemical Sciences
Odom, Susan; University of Kentucky, Chemistry
McNeil, Anne Jennifer; University of Michigan, Chemistry

 

Journal of Materials Chemistry A



  

 

ARTICLE 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

 

Soluble and stable symmetric tetrazines as anolytes in redox flow 
batteries. 

Gloria D. De La Garza,a,b Aman Preet Kaur,b,c Ilya A. Shkrob, b,d Lily A. Robertson,b,d Susan A. Odom,b,c,e 
and Anne J. McNeil *a,b,f 

Nonaqueous redox flow batteries are a promising technology for grid-scale energy storage, however, their commercial 

success relies on identifying redox active materials that exhibit extreme potentials, high solubilities in all states of charge, 

and long cycling stabilities. Meeting these requirements has been particularly challenging for molecules capable of storing 

negative charge. Within this context, tetrazines remain unexplored despite their unique structural properties that enable 

them to meet some of these challenges. Herein, we prepared symmetric s-tetrazines substituted with methyl, methoxy, and 

thiomethyl substituents and evaluated their electrochemical properties, solubility, and cycling stability. These studies 

revealed that highly soluble 3,6-dimethoxy-s-tetrazine undergoes a reversible one-electron reduction to generate a stable 

(t1/2 > 1240 h) radical anion. When implemented in a lab-scale symmetric flow cell (0.125 M), it exhibited a relatively slow 

capacity fade of 8% over 50 cycles (17 h). Given their high solubility and cycling stability, we believe that s-tetrazine 

derivatives should be further explored for non-aqueous redox flow batteries.

Introduction 

Replacing carbon pollution-generating energy sources with 

renewable energy sources is essential to reduce our greenhouse 

gas emissions and meet our targets.1 However, the intermittent 

nature of solar and wind energy production due to seasonal and 

daily cycles poses a major challenge.2 Consequently, large-scale 

energy storage technologies are needed to prevent 

interruptions caused by these cycles.3 In this context, redox flow 

batteries (RFB) have emerged as a promising energy storage 

technology because, unlike traditional batteries, the power and 

capacity can be scaled independently by changing the electrode 

surface area (power) and/or the volume and concentration of 

electroactive species (capacity).4,5,6 As a result, RFBs can be 

tailored to variously sized applications, including integration 

into the electrical grid and homes. 

 

Redox flow batteries store charge within redox-active 

molecules via oxidation and reduction reactions. Most 

commercial RFBs use inorganic species7 such as vanadium,8,9 

iron–chromium,10 or zinc–cerium salts,11 which are dissolved in 

aqueous electrolytes. However, these systems face several 

limitations, including low operating voltages (1.1–1.6 V),4 high-

cost materials,12,13 and corrosive supporting electrolytes (e.g., 5 

M H2SO4).7 For these reasons, redox flow batteries using 

nonaqueous solvents and redox-active organic molecules are 

being explored.14,15,16,17 Non-aqueous redox flow batteries 

(NRFBs) have a wider window of electrochemical stability (up to 

5 V in acetonitrile), enabling access to larger battery voltages. In 

addition, redox-active organic molecules can be synthetically 

tuned to achieve high energy densities, solubilities, and 

stabilities. Moreover, organic molecules are composed of earth-

abundant elements, leading to inexpensive12 and potentially 

sustainably sourced charge-storage materials.  

 

To date, many organic molecules have been evaluated as 

anolytes (negative charge carriers) and catholytes (positive 

charge carriers) in NRFBs.14,15,16,17  Among the anolytes, N-

heterocyclic aromatic compounds have been prominent due to 

their reversible reductions, including viologens,18,19,20,21,22,23 N-

substituted phthalimides,24,25,26,27,28,29,30 2,1,3-

benzothiadiazoles,31,32,33,34 pyridiniums,35,36,37,38,39,40 and 

bipyrimidines.41 Despite these successes, the structural variety 

within these anolytes is limited due to the stringent 

requirements posed by the application (i.e., combining low 

redox potentials and high solubility while being exceptionally 

stable in all states of charge). Therefore, a new addition to this 

short list should advance the state of art. 

 

Our key insight herein is recognizing that 1,2,4,5-tetrazines (s-

tetrazines, Tz) might be an even better anolyte based on their 

(i) exceptional chemical stability, (ii) high solubility, and (iii) low 
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molar mass. With respect to chemical stability, some anolytes 

with low reduction potentials yield unstable radical anions 

because they are strong bases and deprotonate the solvent 

and/or react with protic impurities, resulting in gradual capacity 

fade.32,42 We hypothesized that s-tetrazines might be less basic 

due to the delocalized charge distribution across all four 

nitrogen atoms. With respect to solubility, low molecular 

weight anolytes are often not sufficiently soluble in polar 

solvents used in flow batteries due to favourable π-stacking,43 

which results in aggregation and precipitation. Therefore, large, 

bulky moieties are often added to improve anolyte solubility but 

due to their high molecular weight they cannot attain the high 

concentrations required for NRFBs to become competitive with 

other energy storage devices. Other creative approaches to 

solve this problem include adding ionic moieties to attenuate π-

stacking through electrostatic repulsion or introducing H-

bonding interactions to outcompete π-stacking.33 A most 

unusual property of s-tetrazines is that due to π-orbital 

symmetry, π-stacking of the neutral molecule is not favourable 

based on crystal structure data.44,45,46 As a result, we predicted 

that s-tetrazines would exhibit high solubility in polar solvents 

even as low molar mass materials. In addition to these 

considerations, s-tetrazines are easy to access synthetically and 

have potential end-of-life reuse by other industries, making 

them an appealing choice for NRFBs.  

 

 s-Tetrazines (< 120–200 Da) are already known for their 

reversible electrochemical reductions and used in diverse 

applications,47 including as electro(fluoro)chromic 

materials,48,49  photocatalysts,50,51,52,53,54 and components for 

solid-state batteries.55,56 Here we explore their potential for 

redox flow batteries. More specifically, we evaluate three 

symmetrically substituted derivatives with methyl (Tz–Me), 

methoxy (Tz–OMe), and thiomethyl (Tz–SMe) groups (Chart 1). 

Among these derivatives, Tz–OMe demonstrated both high 

solubility in the neutral state and long cycling stability. 

Moreover, a high intrinsic capacity (charge stored per gram of 

material) can be reached given its low molar mass. Due to these 

favourable properties, our studies suggest that s-tetrazine 

derivatives deserve more attention in the energy storage 

community. 

 

Chart 1. Tetrazine scaffolds explored in this work. 

 

Results and discussion 

Syntheses and (spectro)electrochemical characterization. s-

Tetrazines can be purchased (Tz–SMe) or synthesized in a one-

pot procedure from commercial reagents in low (Tz–Me, 29%)57 

to high (Tz–OMe, 92%)58 isolated yields (ESI pp. S4–S5). The low 

isolated yield in the Tz–Me synthesis is attributed to unintended 

sublimation of the product during solvent removal. In contrast, 

Tz–OMe does not easily sublime and can be purified by column 

chromatography. Compound identities and purities were 

supported by high-resolution mass spectrometry, 1H and 13C 

nuclear magnetic resonance spectroscopies, and elemental 

analyses (ESI pp. S4–S8).  

 

To determine the reduction potential and electrochemical 

reversibility, cyclic voltammetry (CV) was performed in 0.5 M 

TBAPF6 (tetra(n-butyl)ammonium hexafluorophosphate) in 

acetonitrile (Figure 1A). These voltammograms revealed a 

reversible one-electron reduction of the s-tetrazine with half-

wave potentials of –1.40 V (Tz–Me), –1.20 V (Tz–OMe), and –

1.11 V (Tz–SMe) relative to the ferrocene/ferrocenium couple. 

These low reduction potentials are similar to other anolytes 

explored for nonaqueous RFBs14 and can result in a high voltage 

battery (>2 V) when paired with an appropriate catholyte. The 

relatively small differences in potential between the methyl, 

thiomethyl, and methoxy derivatives are consistent with 

previous reports that showed a small impact of the substituent 

identity (for C, O, and S-based substituents) on tetrazine 

reduction potentials.59,60 These results were rationalized based 

on the fact that the lowest unoccupied molecular orbitals 

(LUMO) are primarily localized on the central ring with 

negligible contributions from the substituents.59  
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Figure 1. (A) Cyclic voltammograms of one-electron reduction of 5 mM 

Tz–Me (top), Tz–OMe (middle), and Tz–SMe (bottom) in 0.5 M TBAPF6 

in acetonitrile at a scan rate of 10 mV/s. (B) UV/vis spectra of the neutral 

tetrazines (2.5 mM with 0.5 M TBAPF6 in acetonitrile) before bulk 

electrolysis (BE) reduction (solid line), as the radical anion (dashed line), 

and after bulk electrolysis re-oxidation to form the neutral tetrazine 

(dotted line).  

 

To determine whether the one-electron reduction of these s-

tetrazine derivatives was reversible, the ratios of cathodic and 

anodic peak currents were measured. Redox couples involving 

chemically stable species generally have a peak ratio close to 

one, regardless of the scan rate.61 For all three tetrazines 

studied herein, the peak ratios were found to be approximately 

1 (± 0.1) for all scan rates examined (5–⁠500 mV/s), indicating 

chemically reversible reductions (ESI pgs S17–S18). 

Electrochemical reversibility was also evaluated by calculating 

the peak-to-peak separations, which were both scan-rate 

dependent and broader than the ideal value (59 mV), indicating 

a quasi-reversible electrochemical reduction.  

 

To further investigate reversibility on a longer timescale, 

spectroelectrochemical studies were performed by acquiring 

UV-vis absorption spectra in dilute solutions (Figure 1B, solid 

lines; ESI pp. S27–S28). All three neutral tetrazines exhibited a 

low-energy absorption in the visible region, attributed to an 

n➔π* transition that is weakly dependent on the substituent 

identity. A second, more intense π➔π* absorption is also 

observed, which is more strongly impacted by the substituent 

identity. Upon reduction, significant blue shifts in the 

absorption onsets are observed for all three tetrazines (Figure 

1B, dashed lines). Gratifyingly, upon re-oxidation, the 

absorption profiles of the neutral species were once again 

observed (Figure 1B, dotted lines), suggesting the redox 

processes are reversible for all three derivatives under these 

conditions. 

 

After observing both chemical and electrochemical reversibility 

on these longer timescales, we next sought to determine the 

diffusion coefficient (D) and heterogeneous electron-transfer 

rate constant (k0), which must be fast to access high current 

densities and minimize detrimental overpotentials. The 

Randles–Sevcik equation61 was used to calculate diffusion 

coefficients, which describe the mass transport of the redox-

active species from the bulk solution to the electrode. The 

estimated diffusion coefficients for the neutral tetrazines were 

similar to each other (1.4–1.6  10–5 cm2/s) and on par with 

other anolytes used in redox flow batteries (e.g., 8.4  10–6 

cm2/s for N-methylphthalimide62 and 1.9  10–5 cm2/s for 2,1,3-

benzothiadiazole31). In addition, a linear correlation between 

the current and the square-root of the scan rate was observed, 

further supporting a diffusion-limited chemically reversible 

process (ESI pp. S19–S20).61 Next, the heterogeneous electron-

transfer rate constant, which describes how fast the redox-

active species undergoes a reaction at the electrode surface, 

was calculated using the Nicholson method.63 The electron-

transfer rate constants for the s-tetrazines were again similar to 

each other (estimated to be 3–4  10–3 cm/s; ESI pp. S18–S19), 

and on par with similar anolytes in the literature (e.g., 2.5  10–

3 cm/s for N-methylphthalamide62 and 0.9  10–2 cm/s for 2,1,3-

benzothiadiazole31), supporting their viability in RFBs. 

 

Stability during cycling. Given the electrochemical reversibility 

observed in the CV studies above, we began by evaluating all 

three s-tetrazines in galvanostatic charge-discharge cycling to 

assess their long-term stability under dilute conditions (5 mM). 

Cycling was performed between the reduced and neutral 

anolyte in an H-cell (Figure 2A) and the discharge capacity was 

monitored as a function of time. In addition, the charge-

discharge profiles were monitored to ensure the cycling was 

going through the intended tetrazine redox couple (Tz/Tz•–) and 

not through degradation products.  

 

Here we observed significant variations in stability as a function 

of substituent identity (Figure 2B). For example, the Tz–Me 

showed the largest capacity loss (97% over 1.4 h), followed by 

Tz–SMe (32% over 13 h). In contrast, Tz–OMe exhibited a 

negligible capacity loss (3% over 26 h). Cyclic voltammograms 

acquired before and after these cycling experiments were 

consistent with the capacity fades observed during cycling, with 

Page 3 of 8 Journal of Materials Chemistry A



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

80% loss in peak current for Tz–Me, a 40% loss for Tz–SMe, and 

a 4% loss for the Tz–OMe (ESI Figures S18–S20). These large 

losses in current are indicative of chemical decomposition 

and/or precipitation.64 In contrast, the negligible capacity fade 

and current loss for Tz–OMe suggests that it may be a promising 

anolyte for RFBs.  

 

 

Figure 2. (A) Symmetric H-cell cycling between reduced (Tz–●) and neutral (Tz) 
species. In each case, the percent loss is calculated relative to the first cycle. 
(B–D) Plots of the theoretical discharge capacity versus time for galvanostatic 
charge-discharge cycling experiments. (B) Screening 5 mM s-tetrazine 
derivatives Tz–OMe (blue), Tz–SMe (black), Tz–Me (red) in 0.5 M TBAPF6 in 
acetonitrile. (C) Screening electrolytes for 5mM Tz–OMe with 0.5 M TBAPF6 
(dark blue), TBATFSI (medium blue), TBABF4 (blue), and KPF6 (light blue) in 
acetonitrile. (D) Screening solvents for 5 mM Tz–OMe in acetonitrile (ACN, 
dark blue), dimethylacetamide (DMA, medium blue), dimethylformamide 
(DMF, light blue) with 0.5 M TBAPF6.  

Because supporting electrolyte and solvent can have a large 

impact on cycling stability, in part due to undesired reactivity 

with radical anions, we next sought to optimize the electrolyte 

and solvent combination for all three tetrazines. To accomplish 

this goal, the tetrazines were subjected to galvanostatic charge-

discharge cycling under different conditions (ESI pp. S24–S29). 

First, four different supporting electrolytes were evaluated 

(Figure 2C and ESI Figures S21–S30). Three electrolytes had the 

same cation (TBA+) but different anions (hexafluorophosphate 

(–PF6), tetrafluoroborate (BF4
–) and bis-

trifluoromethanesulfonimide (TFSI–)). The fourth electrolyte 

had the same anion (PF6
–) but a different cation (K+ versus TBA+). 

For Tz–Me, all electrolytes led to the same rapid decay profile. 

Similarly, significant capacity fade (14–32%) was also observed 

for Tz–SMe, regardless of the electrolyte. In contrast, for Tz–

OMe, both TBAPF6 and TBATFSI exhibited only small losses per 

cycle (3–6%). The TBAPF6 outperformed the other electrolytes 

and was chosen for all future studies based on the smallest 

capacity fade after 100 cycles (26 h).  

 

Next, two additional solvents with different dynamic viscosities 

(μ) and relative dielectric permittivities (ε) were evaluated (ESI 

pp. S24–S29). Lower solvent viscosities often lead to higher ion 

conductivities (positive impact) whereas lower relative 

permittivities lead to lower solubilities of supporting electrolyte 

and redox-active species (negative impact). Bulk electrolysis 

cycling of all three tetrazines in acetonitrile (μ = 0.34 cP, ε = 

35.9), N,N-dimethylformamide (DMF, μ = 0.80 cP, ε = 36.7), and 

N,N-dimethylacetamide (DMA, μ = 5.2 cP, ε = 176) was 

performed (Figure 2D).65 The Tz–Me derivative again gave a 

rapid decay profile, regardless of the solvent used. In contrast, 

the Tz–SMe derivative displayed more stable charge-discharge 

cycling in DMA and DMF, albeit with lower material utilization, 

potentially due to their higher resistance. For Tz–OMe, 

acetonitrile was the best performing solvent and was therefore 

used in all subsequent experiments. Because Tz–OMe gave the 

most stable charge-discharge cycling, it was subsequently used 

for all further studies. 

 

Solubility measurements. The solubility of the redox active 

species impacts the RFB capacity because more charge can be 

stored in the same volume when the solubility is higher. 

Solubilities exceeding 1 M (in all charge states) are targeted to 

be competitive with the commercial vanadium RFBs.14 

Therefore, the solubility of Tz–OMe was measured using 1H 

NMR spectroscopy of saturated solutions (ESI pp. S9–S16). In 

the neutral state, Tz–OMe exhibits an impressive solubility of 

2.3 M in acetonitrile. For comparison, 2,1,3-benzothiadiazole, 

which is one of the most soluble anolytes known, has a solubility 

of 5.7 M in acetonitrile.31 In contrast, anolytes like N-

methylphthalimide26 have a much lower solubility (0.5 M in 

propylene carbonate).19    Although the Tz–OMe solubility is high 

in acetonitrile, it is important to also measure the solubility with 

the supporting electrolyte used in the redox flow batteries 

present. Typically, the solubility decreases with added 

supporting electrolyte because the solvent’s polarity has 

increased. Indeed, the solubility of Tz–OMe decreases to 0.79 

M with 0.79 M TBAPF6 in acetonitrile, which is again about half 

as soluble as 2,1,3-benzothiadiazole (2.1 M with 2.1 M 

supporting electrolyte in acetonitrile) but still close to the target 

of 1 M.31  

 

As noted above, the solubility of the molecule in each state of 

charge should exceed 1 M. Unfortunately, all attempts at 

measuring the solubility of the Tz–OMe radical anion were 

unsuccessful. For example, treating Tz–OMe with a chemical 

reductant (Na metal) led to a challenging separation and 

isolation. In addition, efforts to isolate the radical anion after 

electrochemical reduction also failed. Future studies may 

explore eutectic mixtures and side-chain modification to further 

improve the solubilities. 

 

Radical anion characterization. Given the negligible losses in 

capacity during galvanostatic charge-discharge cycling over 26 

h (indicating good cycling stability), we next evaluated calendar 

lifetime, which refers to the lifetime of a charged species in the 
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bulk (e.g., in a storage tank).42 To do this, we used electron 

paramagnetic resonance spectroscopy (EPR) to both 

characterize the radical anion and quantitatively determine its 

lifetime (ESI pp. S39–S40). The radical anion was first generated 

electrochemically and then observed using a continuous-wave 

X-band EPR spectrometer. The spectrum of the radical anion is 

a set of nine equidistant lines originating from four magnetically 

equivalent 14N nuclei in the s-tetrazine ring (ESI Figure S46). The 

EPR spectra were then collected at constant time intervals over 

200 h. Around 90 h, oxygen breached into the sample and began 

quenching the radical anion. By fitting the decay before the 

breach, we calculated a half-life of ~1240 h in 0.5 M TBAPF6 in 

acetonitrile, which exceeds that of 2,1,3-benzothiadiazole 

(~852 h) in the same electrolyte/solvent combination. Overall, 

this remarkable stability is competitive with some of the best 

anolytes examined to date.14  

 

Flow battery evaluation. Given the long cycling and calendar 

stability, we next evaluated Tz–OMe in a laboratory-scale flow 

battery. To identify a compatible catholyte, sequential CV scans 

of a 1:1 mole ratio of Tz–OMe and the catholyte were overlaid 

(ESI Figure S34). Because no changes were observed in the peak 

currents nor any evidence of new species, we concluded that all 

four catholytes were compatible with Tz–OMe. From this group, 

1,4-di-tert-butyl-2,5-bis(2-methoxyethoxy)benzene (DBBB) was 

selected for further studies due to its high oxidation potential, 

leading to a battery voltage of 1.87 V (recall that the 

technoeconomic target for RFBs is >2 V), and its commercial 

availability. Next, we tested the performance of the mixed 

electrolyte in a flow battery using a porous membrane 

(Daramic-175, pore size: 175 m), which has high ionic 

conductivity but poor molecular selectivity, resulting in 

crossover of both the electrolyte and redox active species. 

Crossover of active species can lead to self-discharge, 

irreversible reactions, low coulombic efficiency, and/or capacity 

decay. To attenuate the detrimental impacts of active species 

crossover driven by a concentration gradient, a symmetrical 

setup with 50 mM of both the anolyte and catholyte in both 

reservoirs was used (Figure 3A). A charging rate study revealed 

that 30 mA/cm2 charging rate and at 20 mL/min flow rate leads 

to the highest material utilization (ESI Figures S37–S38). Thus, 

the electrolyte solutions were flowed through the cell at 20 

mL/min for galvanostatic charge-discharge cycling with a 

charging rate of 30 mA/cm2 (0.2C) and a voltaic cutoff (–1.2 to 

–2.4 V). A small loss in capacity (8%) was observed over 10 h (50 

cycles; Figures 3B and 3C). Post-run CV analysis showed an 8% 

loss in concentration for Tz–OMe (anolyte) and no loss for DBBB 

(catholyte), respectively, consistent with the capacity losses 

observed during cycling (ESI Figure S40). The post-run CV 

analysis also showed a small irreversible oxidation at 0.1 V 

versus Cp2Fe(0/+) indicative of some degradation during cycling.  

 

Encouraged by these results, we next ran a flow battery with 

higher concentrations of both Tz–OMe and DBBB (0.125 M with 

0.8 M TBAPF6 in acetonitrile). The same porous membrane, flow 

rate, and charging rate was utilized. The galvanostatic charge-

discharge cycling over 17 h (50 cycles) showed a 90% material 

utilization and an 8% capacity fade (ESI Figure S26). These 

results compare favourably to a similar flow battery using 0.5 M 

2,1,3-benzothiadiazole and a structural analogue of DBBB, 

wherein an approximately 25% capacity fade was observed over 

24 h (22 cycles).31 However, the materials utilization was low 

(~30%) in this case, potentially due to viscous solutions. Post-

run CV analysis of the anolyte reservoir revealed a 15% loss in 

peak current for the Tz–OMe, and a 1% loss in the peak current 

for DBBB. This slow capacity fade in a flow battery places Tz–

OMe among the best anolytes in nonaqueous flow batteries, 

however, attempts at higher concentration batteries failed, 

suggesting that solubility may still be a limiting factor. 

 

 

Figure 3.  (A) RFB diagram with 1:1 combination of 125 mM 

anolyte (Tz–OMe) to 125 mM catholyte (DBBB) in 0.8 M TBAPF6 

in acetonitrile. (B) Plot of discharge capacity and coulombic 

efficiency versus time for galvanostatic charge-discharge 

cycling. (C) Plot showing charge-discharge profiles for cycle 1, 

and 50. 

Conclusion 

In this study, we inquired whether the unique structural 

features of s-tetrazines make them suitable as anolytes in 

NRFBs. To this end, three centrosymmetric tetrazine derivatives 

with different substituents (–Me, –OMe, and –SMe) were 

synthesized and evaluated. All three derivatives were 

electrochemically reversible, however, the Tz–OMe derivative 

emerged as the most promising anolyte based on cycling 

stability. Further studies revealed that the radical anion of this 

molecule has a half-life > 103 min, which makes this system 

competitive with the best organic anolytes currently used in the 

field. A laboratory-scale flow battery test using 50 mM Tz–OMe 

and a common catholyte showed a mild capacity fade (13% over 

100 cycles). Further studies with a 2-fold higher concentration 

were similarly stable. Even though Tz–OMe has high solubility 

in acetonitrile, it can be further increased (in future studies) 

through molecular design and/or electrolyte optimization and 
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might eventually reach the high energy density required by 

technoeconomic models. Overall, our results suggest that s-

tetrazine-based molecules are both soluble and stable, making 

them a welcome addition to the select few classes of N-

heterocyclic anolytes. 
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