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Abstract  8 

Reversible electron transfer is a fundamental process that is essential in redox-active organic molecules and 9 

materials (ROMs) across biological, chemical, and energy technologies. Achieving stable and reversible 10 

redox behavior often requires careful molecular design or coupling electron transfer with a chemical step, 11 

such as proton-coupled electron transfer (PCET). In this study, we investigate a distinct stabilization 12 

mechanism based on conformational change coupled electron transfer (CCET). We show that acyclic 1,2-13 

dicarbonyl compounds exhibit enhanced electrochemical stability by undergoing a conformational shift 14 

from skewed cis-geometries to more stable trans-conformations upon reduction, enabling stability even at 15 

more negative reduction potentials. Mechanistic studies demonstrate that CCET stabilizes the reduced state 16 

by allowing bond rotation that minimizes electron repulsion and delocalizes electron density by retaining a 17 

trans-planar geometry. Unlike PCET, which shifts reduction potentials positively, CCET enhances stability 18 

even at more negative potentials—breaking the conventional trade-off between redox potential and stability.	19 

Charge-discharge cycling of benzil shows 99.8% capacity retention over 500 cycles, demonstrating CCET 20 

as a powerful strategy for developing stable, high-performance ROMs for potential energy storage 21 

applications. 22 

Introduction 23 

The development of redox-active organic molecules (ROM) has seen extensive advancement, especially in 24 

fields of energy storage, electrocatalysis, and photoredox systems.1–9 In these applications, a chemically 25 

reversible electron transfer (ET) is essential and are often achieved by molecular design, such as extended 26 

conjugation, or by coupling ET with a chemical step, as in proton-coupled electron transfer (PCET, Fig. 27 

1a).10-18 While both strategies are well utilized in many important technologies, they often present a trade-28 

off between stability and redox potential—two key parameters in energy and catalytic systems. As such, we 29 

seek to find molecular frameworks capable of reversible ET coupled with mechanistically distinct, stability-30 

inducing structural changes. Inspired by the well-studied reversible azobenzene photoisomerization,19–22 31 

and electrochemically induced cis-trans isomerization in coordination complexes (albeit irreversible) (Fig. 32 

1b),23 we hypothesized that structurally flexible frameworks could achieve stability through 33 

electrochemically induced geometrical transformations. 34 

Most stable ROMs feature rigid, conjugated backbones that offer stability through resonance or conjugation 35 

and do not present conformational flexibility.9,24 For example, anthraquinone (AQ), a cyclic 1,4-dicarbonyl 36 

compound, is one of the most widely studied ROM due to its exceptional stability through conjugation and 37 

PCET in aqueous systems (Fig. 1a).25–27 Interestingly, phenanthrenequinone (PQ), a cyclic 1,2-dicarbonyl 38 

compound, also undergoes reversible ET but showed poor long-term cycling stability.28,29 We hypothesized 39 

that the formation of a trans-radical anion in 1,2-dicarbonyl compounds may minimize electrostatic 40 

repulsion and further enhance electrochemical stability, however, this is impossible with cyclic systems due 41 

to the lack of geometric flexibility around the dicarbonyl C–C bonds. Guided by this idea, we identified 42 

flexible, acyclic 1,2-dicarbonyl compounds as frameworks for a reversible ET accompanied by 43 

conformational change.30–37 Indeed, benzil (Bz), an acyclic 1,2-dicarbonyl, has previously been used as 44 

structural units in macromolecular and polymeric solid electroactive materials for metal-ion batteries or 45 

pseudo capacitors owing to its electrochemical properties.38–42  46 



Here, we investigate the underlying mechanism of conformational change coupled electron transfer (CCET) 47 

in various acyclic 1,2-dicarbonyl compounds, and compare them to their rigid, cyclic analogs. These 48 

mechanistic insights enabled the development of simple, highly stable and soluble ROMs with highly 49 

negative redox potentials. More importantly, in contrast to PCET and molecular stabilization by electronics 50 

and conjugation, CCET in 1,2-dicarbonyl compounds overcomes the traditional trade-off between redox 51 

potential and stability. 52 

 53 

Figure 1. Coupled electron transfer reactions and isomerization. (a) Proton-coupled electron transfer (PCET) in 54 

anthraquinone (AQ). (b) Examples of geometrical cis-trans isomerization in azobenzene and of coordination 55 

complexes (c) This work, conformational change coupled electron transfer (CCET) using acyclic 1,2-dicarbonyls 56 

compounds compared to geometrically constrained electron transfer. 57 

Results and Discussion 58 

We began our investigation by characterizing PQ and Bz using cyclic voltammetry (CV) in 0.5 M 59 

TBAPF₆/DMF (Fig. 2a). Redox potentials and reversibility were compared between cyclic (PQ) and acyclic 60 

(Bz) 1,2-dicarbonyl structures. PQ displayed a redox potential of –1.0 V vs. Fc/Fc⁺, while Bz exhibited a 61 

more negative potential of –1.54 V vs. Fc/Fc⁺, consistent with the expectation that the less conjugated Bz 62 

is harder to reduce. Despite this, both compounds showed high electrochemical reversibility, with cathodic-63 

to-anodic peak current ratios (ipa/ipc) above 0.95 (Table S1). Notably, Bz exhibits reversible reduction at a 64 

lower potential without extended conjugation, suggesting an alternative stabilization mechanism. The 65 

Randles-Sevcik analysis derived from scan-rate dependent CVs display linear and symmetric plots, 66 

indicating a reversible, diffusion-controlled single-electron transfer process (Fig. 2a). These results imply 67 

that stabilization mechanism is intrinsically coupled to the electron transfer step, yet and not directly 68 

observable under standard CV conditions. Other acyclic structures had redox potentials more negative than 69 

the corresponding cyclic analogs as can be seen in 2,2’-thenil and 3,3’-thenil. Furil, an acyclic 1,2-70 

dicarbonyl structure with furans had a redox potential of –1.40 V. Moreover, the diffusion coefficients of 71 

all tested compounds had values comparable to ROMs commonly used as anolytes in redox flow batteries 72 

(RFBs) (Table S1). 73 

O

O

+ 2e–, 2H+

– 2e–, 2H+

OH

OH

Anthraquinone (AQ)

c This work: conformational change coupled electron transfer (CCET)

b  Isomerization in molecular compoundsa  Proton coupled electron transfer (PCET)

Ph
N

N
Ph

Ph

N N

Ph

hv1

hv2

Azobenzenes

M

L
L

M

L

L
e–

e–

Coordination compounds

reversible PCET

trade-off between stabilization and redox potential

CCET stabilization at more negative redox potentials
breaking the convential stabilization–redox potential relationship

O

O O O

cis–radical anion
geometrically constrained

lower stability

acyclic 1,2-dicarbonyl
E1/2 ~ –1.54 Va

30x more soluble (up to 4.5 M)

cyclic 1,2-dicarbonyl
E1/2 ~ –1.0 Va

poor solubility (<0.05 to 0.13 M)

reversible ETreversible CCET
OO

+ e–

– e–

OO + e–

– e–

trans-planar radical anion
geometrically flexible

high stability

vs



 74 

Figure 2. Electrochemical properties of various cyclic and acyclic 1,2-dicarbonyl compunds. (a)  Single electron 75 

reduction schemes and CVs of 5 mM PQ and Bz scanned at scan rates from 50 to 800 mV/s referenced against 76 

ferrocene. Randles-Sevcik plots of peak current vs. square root of scan rate. (b) Structures, solubilities, redox potentials 77 

V vs. Fc/Fc+, and cyclic voltammograms (CV) in 0.5 M TBAPF6 DMF of 5 mM phenanthrenequinone (PQ), 78 

benzo[1,2-b:4,3-b’]dithiophene-4,5-dione (2,2’-BDTP), acenaphthenequinone (ANQ), benzo[2,1-b:3,4-79 

b’]dithiophene-4,5-dione (4,4’-BDTP), 2,2’-thenil, furil, benzil, and 3,3’-thenil.  80 

Using benzil as a model compound, we performed various spectroscopic techniques to determine the 81 

conformation of the electrochemically generated reduced species and observe CCET. Bz was reduced with 82 

constant current bulk electrolysis in 0.5 M TBAPF6/DMF that generated a dark blue solution (Fig. 3a). A 83 

single radical species was detected with electron paramagnetic resonance (EPR) spectroscopy (Fig. 3a). 84 

Simulations of the hyperfine splitting constants for the phenyl ring hydrogens ortho, meta, and para to a 85 

carbonyl are equivalent to those on the other ring (Fig. S38). This suggests the unpaired electron is 86 

delocalized throughout the structure, indicating greater planarity from the initially skewed structure.  87 

Fourier-transform infrared (FT-IR) and Raman spectroscopy studies of Bz provide substantial information 88 

into its molecular geometry. Several literature sources have examined this topic, supporting a cis-skewed 89 

geometry in the neutral state and a trans-planar geometry in the triplet state.30,33,43–48 Here, FT-IR and Raman 90 

data were collected for neutral Bz and the electrochemically generated radical anion to determine whether 91 

the trans-planar geometry is conserved under our conditions. The FT-IR spectrum of neutral Bz aligns well 92 

with literature values (Table S3), with the C=O stretching vibrations serving as key indicators of 93 

conformation. Upon reduction, we observed a significant downshift in the C=O stretching band from 1670 94 

cm⁻¹ to 1390 cm⁻¹ which is consistent with previously reported triplet-state or radical-anion forms.43,48,49 95 

This shift suggests increased delocalization and planarity in the reduced species. The radical anion also 96 

exhibits primarily sharp singlet absorption bands as may be expected of an increase in symmetry. Group 97 
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theory analysis supports this conclusion, as two C=O stretching modes (A, B) would be expected to be IR-98 

active in the case of neutral Bz with C2 symmetry while only one is IR-active in the case of a trans-planar 99 

molecule with C2h symmetry (Bu) (Table S7). Thus, the presence of both an antisymmetric and symmetric 100 

C=O stretch in the neutral FT-IR spectrum and only one antisymmetric C=O stretch in the radical anion 101 

supports the hypothesis that the Bz adopts a trans-planar geometry upon reduction. 102 

 103 

 104 

Figure 3. (a) Bulk electrolysis for the generation of electrochemically reduced Bz radical anion and EPR spectrum 105 

(blue) and simulated spectrum (black). (b) FT-IR spectrum of 20 mM Bz neutral (black) and radical anion (blue) in 106 

0.1 M TBAPF6, DMSO-d6. (c) Raman spectrum of 20 mM Bz neutral (black) and radical anion (blue) in 0.1 M 107 

TBAPF6, DMSO-d6.  108 

Raman spectrum collected for neutral Bz shows two C=O bands at 1591 and 1673 cm⁻¹, corresponding to 109 

symmetric and antisymmetric stretches, respectively, in agreement with literature, supporting the 110 

conclusion that neutral Bz is cis-skewed in the electrolyte used (Fig. 3c, Table S5).44,46,46,49 In contrast, the 111 

trans-planar C2h radical anion is expected to display only the symmetric Ag mode. Consistent with this, the 112 

radical anion spectrum shows a decrease in cis-associated bands and the appearance of a weak band at 1517 113 

cm⁻¹ (Fig. 3c, Table S6). Upon brief exposure to air, the 1517 cm⁻¹ band disappears and the cis-associated 114 

features re-emerge (Fig. S46), confirming reversible interconversion between trans and cis forms.44,50–52 115 

Taken together, EPR, FT-IR, and Raman data confirm the formation of a trans-planar Bz radical anion 116 

upon reduction. These spectroscopic observations validate a conformation change electron transfer (CCET) 117 

mechanism, wherein Bz undergoes a geometric transformation from cis-skewed to trans-planar, enhancing 118 

planarity and electron delocalization in the reduced state. 119 
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 120 

Figure 4. Computational studies. (a). DFT calculated energy diagram with optimized geometries for the one-electron 121 

reduction of Bz and PQ and their corresponding dicarbonyl dihedral angles, θ˚. (b) Frontier orbitals of Bz with cis-122 

skewed and trans-planar geometries and of PQ. (c) Computationally optimized dihedral angles of neutral and radical 123 

anions and their relative energies. 124 

DFT calculations were conducted to evaluate how CCET influences radical anion stability and redox 125 

potentials. The neutral geometry of benzil (Bz) adopts a cis-skewed conformation with a dicarbonyl 126 

dihedral angle (θ˚) of 91.2°, consistent with crystallographic data.35 Upon reduction, the radical anion 127 

relaxes to a trans-planar geometry (θ˚ = 179.9°), in agreement with spectroscopic analysis (Fig. 4a). Energy 128 

scans across dihedral angles show that the cis-skewed radical anion is 6.38 kcal/mol higher in energy than 129 

the trans-planar form (Fig. 4c), indicating that bond rotation upon reduction is strongly favored. In contrast, 130 

no such conformational change is observed for the rigid cyclic phenanthrenequinone (PQ). Mulliken charge 131 

analyses show that the negative charge in both Bz and PQ radical anions is predominantly localized on the 132 

carbonyl oxygens (72% for Bz, 70% for PQ), with the unpaired electron also delocalized across the 133 

dicarbonyl system (Figs. S64, S68). This results in a highly electron-dense region in the cis-conformation, 134 

suggesting that intramolecular repulsion contributes to its instability. Thus, CCET enables rotation to a 135 

trans-conformation that minimizes electron repulsion at redox-active sites. 136 

Repulsion and degree of conjugation was found to influence the redox system based on frontier orbital 137 

analysis (Fig. 4b). PQ, with extended conjugation, has a lower LUMO than Bz, consistent with its more 138 

positive redox potential (Fig. 4b). Additionally, the LUMO of cis-Bz is higher than that of trans-Bz, 139 

indicating that the skewed geometry hinders reduction. The SOMO energy of cis-Bz radical anion is 1.25 140 

eV higher than PQ, while trans-Bz is only 0.14 eV higher, emphasizing the stabilizing effect of 141 

conformational reorganization even at more negative reduction potentials. Optimized geometries of other 142 

acyclic 1,2-dicarbonyls show a consistent trend: neutral species favor cis-skewed conformations, while their 143 

radical anions stabilize in trans-planar geometries (Figs. 4c, S47). Energy scans confirm that, like Bz, all 144 
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tested compounds exhibit increasing instability as the dihedral angle approaches cis (Fig. 4c S48–S50), 145 

further supporting CCET as a general stabilization mechanism. 146 

High solubility is critical to prevent passivation of electrodes in redox catalysis and to maximize energy 147 

density in redox flow batteries (RFBs). Notably, acyclic 1,2-dicarbonyl structures had solubilities ranging 148 

from 0.5 to 4.5 M in DMF and are over thirty times greater than their cyclic counter parts (<0.05 to 0.13 149 

M). Highly conjugated and planar organic structures often suffer from low solubility in polar organic 150 

solvents.53,54 The reduced symmetry and structural flexibility in the acyclic structures could contribute to 151 

enhanced solubility.  152 

 153 

Figure 5. Static H-cell charge-discharge cycling studies of various 1,2-dicarbonyl compunds. (a) Static asymmetric 154 

H-cell cycling of 5 mM Bz in DMF and MeCN with different supporting electrolytes, number of cycles with 99% 155 

capacity retention, redox potentials (V vs. Fc/Fc+). (b) Optimized geometries of Bz radical anion coordinated with Li+ 156 

and K+ counterion. (c) Static asymmetric H-cell cycling in 0.5 M TBAPF6, DMF with 1.1 equivalent ferrocene 157 

catholyte in the counter side, 5 mM ANQ, PQ, and Bz in the working side (left) and 5 mM 2,2’-BDTP, 4,4’-BDTP, 158 

2,2’-thenil, and 3,3’-thenil in the working side (right). (d) CVs of Bz and PQ taken before and after 100 cycles. (e) 159 

Extended H-cell cycling with 5 mM Bz. 160 

 161 

Based on the observed redox potential values, CCET-based stability, and high solubility, H-cell 162 

charge/discharge cycling experiments were conducted to evaluate the practical stability of 1,2-dicarbonyl 163 
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compounds as potential anolytes for redox flow battery (RFB). Solvent and electrolyte effects were 164 

optimized using CV and cycling studies with benzil (Bz) as the model compound. Compared to weakly 165 

coordinating TBA⁺-based electrolytes, Li⁺ and K⁺ were expected to better stabilize radical anions via 166 

stronger ion-pairing. While this ion-pairing effect has previously enhanced anolyte stability in NARFBs,55 167 

no cathodic shift in redox potential was observed for Bz in 0.5 M LiTFSI in DMF (Fig. 5a, S1). Moreover, 168 

TBAPF₆ enabled the longest cycling lifetime, whereas LiTFSI and KPF₆ showed capacity fade before 100 169 

cycles (Fig. 5a). To investigate this unexpected trend, DFT calculations were performed for Bz radical 170 

anions paired with Li⁺ and K⁺. Both cations coordinated in a bridged fashion, favoring cis-conformations 171 

(dihedral angles: 10.8° for Li⁺, 12.7° for K⁺) that are less stable than the trans-planar form (Fig. 5b). These 172 

results suggest that despite stronger coordination, Li⁺ and K⁺ destabilize Bz radical anions by enforcing less 173 

favorable geometries—further highlighting the role of weakly coordinating TBAPF₆ in promoting CCET-174 

driven stability. 175 

Lastly, static H-cell cycling in 0.5 M TBAPF₆/DMF confirmed this trend, and results are summarized in 176 

Fig. 5c. Despite having a more negative redox potential, Bz retained 100% of its capacity over 100 cycles, 177 

outperforming PQ (75% fade, 100 cycles) and ANQ (15% fade, 60 cycles). Similar trends were observed 178 

in thiophene-based 1,2-dicarbonyls: 2,2’-thenil showed 0% fade over 390 cycles, surpassing 2,2’-BDTP 179 

(10% fade, 280 cycles), 3,3’-thenil (14% fade, 300 cycles), and 4,4’-BDTP (75% fade, 60 cycles). Although 180 

furil exhibited capacity fade after 125 cycles, it still outperformed PQ, ANQ, and 4,4’-BDTP (Fig. S20). 181 

Moreover, post-cycling CV analyses showed minimal degradation for Bz, in contrast to significant signal 182 

loss for PQ (Fig. 5d).  Overall, these results break the conventional scaling relationship that links greater 183 

radical anion stability to milder redox potentials. Instead, CCET emerges as a key stabilization mechanism, 184 

enabling access to more reducing potentials without compromising cycling performance, a valuable strategy 185 

for the development of next-generation ROMs in energy storage. 186 

Conclusion 187 

We demonstrate a reversible and stable CCET mechanism using simple acyclic 1,2-dicarbonyl compounds 188 

as model system. Through electrochemical, spectroscopic, and computational analyses, we reveal the 189 

presence of conformational change upon electron transfer and its influence on radical anion stability. By 190 

comparing acyclic Bz and cyclic PQ, CCET was shown to stabilize the Bz radical anion by forming the 191 

trans-planar geometry, which minimizes electron repulsion and enables greater delocalization. Whereas 192 

greater stability is often associated with less extreme redox potentials, the presented results demonstrate a 193 

stabilization mechanism that achieves high stability while accessing more negative redox potentials, which 194 

is especially attractive for energy storage applications. Under charge/discharge cycling conditions, the 195 

flexible acyclic 1,2-dicarbonyl compounds demonstrated robust stability (over their rigid cyclic analogs), 196 

enabling the identification of these class of ROMs as simple and low-cost anolytes for potential RFB 197 

applications. On going research in our laboratory is focused on further exploring the practical application 198 

of these compounds in electrocatalysis and energy systems.  199 
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