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• Alicyclic compounds in which all ring atoms are sp2-hybridized 

• Exocyclic carbon-carbon double bonds

• π-systems of radialenes are considered cross-conjugated

• Parent, unsubstituted [n]radialenes are unstable

• Substituted radialenes can support multielectron transfer 

• Substituted radialenes can be isolated in various oxidation states

Hexasubsituted [3]radialenes remain a2rac4ve catholytes for aqueous and nonaqueous redox flow ba2ery (RFB) applica4ons. Here
we show the latest inves4ga4ons into their modifica4on for these purposes. Specifically, we demonstrate that dilithium salts of
ester-subs4tuted radialenes exhibit enhanced solubility for neutral pH AORFBS. We also report our latest foray into radialene
modifica4on, where sulfone moie4es are explored as high redox poten4al units with favorable solubility. Finally, our explora4on of
radialene dica4ons as two-electron catholytes in NARFBs is outlined.
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Table 1

Fig. 14 Structures of proposed radialene covalent dimers from known precursors.

Radialenes  

Figure 1. Examples of [3]radialene compounds and their electrochemical proper<es 
in aqueous solu<ons.

First Genera+on Radialene Catholytes

• Salts protects and promotes pimers and electrochemical reversibility in aqueous soluEon

• UElizaEon of Li counterion enhance the solubility of radical and di-anion species.

• Sulfone groups can enhance voltage and solubility – stability is sEll an open quesEon

• [3]Radialenes do not funcEon as stable 2e- catholyte for NAQRBFs

• New derivaEves are being prepared to enhance solubility/voltage and miEgate dimerizaEon
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• 0.1 M electroac-ve species
• 25 mA charge/discharge rate
• 5 cm2 ac-ve area

• 2.5 mL/min flow rate
• Serpen-ne flow field
• SGL GFD carbon felt electrode

Fig. 2 (a) Schema<c of all organic RFB. (b) Cyclic voltammogram of a mixture of MV(SO3)2 and Na2C6(CN)4(CO2Me)2. (c) Charge-discharge profile of flow cell with
electrochemical yield and Coulombic efficiency of the flow cell over 50 cycles. 

Dilithium [3]Radialene Catholytes – Enhanced Solubility
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Sulfone Func@onalized [3]Radialenes

Poten&al Two Electron Catholytes for NAQRFBs
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Figure 10. A. Reversible CV of dimide and diester deriva<ves in 
MeCN with TBAPF6

A. B.

Molecular structure of Di-imide

Di-ester Radialene with 2 TBA cations

Figure 8. Single crystal X-ray diffrac<on structures of (a) disulfone and (b) trisulfone
dianions. TBA counterions and hydrogen atoms are omiVed for clarity.

Figure 11. Flow cell cycling studies for (a) one electron cycling and (b) two electrons for 
monoester.  All studies carried out with 5 mM, 10 mL ac<ve material, 0.3 M TBA PF6 in 
MeCN, 20 mL/min flow. 
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Figure 12. Flow cell cycling studies for (a) one electron cycling and (b) two electrons All 
studies carried out with 5 mM, 10 mL ac<ve material, 0.3 M TBA PF6 in MeCN, 20 
mL/min flow. 

Figure 13. Flow cell cycling studies for benzene spacer derivative. CVs after cycling are also shown. All studies 
carried out with 5 mM, 10 mL active material, 0.3 M TBA PF6 in MeCN, 20 mL/min flow. 
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Figure 9. Scan rate dependance study of (A) monosulfone, (B) disulfone, and (C) 
trisulfone both 0.5 mM in water with 0.5 M NaCl as the suppor<ng electrolyte with GCE 
working electrode.
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New Synthe6c Targets
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Li Salts of Tri-ester [3] Radialene 

NC CO2Me

MeO2C

CN CO2Me

CN

Hexa Cyano Mono Ester-Me Mono Sulfone-Me 

   
Buried Volume 59.5% Buried Volume 63.5% Buried Volume 70.2% 
Spin Density 14.4% Spin Density 15.8% Spin Density 14.9% 

Radical Stability Score 102.3 Radical Stability Score 105.6 Radical Stability Score 112.7 
RSS Low 102.3 RSS Low 102.6 RSS Low 102.3 

Dipole Moment (Debye) 0.01 Dipole Moment (Debye) 8.02 Dipole Moment (Debye) 7.17 
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Scheme 1. Ion exchange process for dilithium radialenes

Figure 5. Half cell cycling studies for (A) monoester, (B) diester, and (C) triester [3]radialenes (0.05M) in 0.25 M LiCl at 5mA/cm2. (D) shows the capacity fade over 50 cycles. 
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Figure 6. Current studies for monester dilithium radialene. 

A B

Figure 7. Half cell cycling studies for (A) diester and (B) triester [3]radialenes (0.1M) in 0.25 M LiCl at 
7.5mA/cm2. 
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Dimeriza+on Contributes to Capacity Fade – But pimeriza+on is stabilizing
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Figure 4. (A) Redox chemistry and 
dimerization modes of 3. (B) Cyclic 
voltammograms of triester (0.5 mM 
vs. Ag/AgCl) in H2O and brine. 

Figure 3. (A) Solvent and temperature dimeriza<on equilibria for triester radical anion. (B) UV- vis spectra (0.5 mM in H2O) 
upon addi<on of acetone. (C) VT-EPR spectra of  (1.5 mM) in MeOH. 
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