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Materials and Methods

General Information. Unless otherwise noted, all manipulations were carried out using standard Schlenk
or glovebox techniques under a N, atmosphere. NMR spectra were obtained on a Bruker Avance 500 MHz
spectrometer. 'H chemical shifts are reported in ppm relative to trimethylsilane, with the residual solvent
peak used as an internal reference.

Anhydrous solvents, acetonitrile (Fisher Scientific), dimethylformamide (Fisher Scientific),
tetrahydrofuran (Fisher Scientific)) were passed through a Pure Process Technologies solvent purification
system (SPS) before use. Solvents were brought into the glovebox directly from the SPS using a J Young
round bottom flask.

Supporting electrolytes were purchased from the following vendors and dried under high vacuum for 48 h
at 90-120 °C before being transferred to glovebox. Tetrabutylammonium hexafluorophosphate 98%
(TBAPFs), Lithium Bis(trifluoromethanesulfonyl)imide 98.0+% (LiTFSI) was obtained from Tokyo
Chemical Industry America, Inc. Tetra-n-butylammonium tetrafluoroborate 99% (TBABF,) and Potassium
hexafluorophosphate 99% (KPFs) was obtained from Thermo Scientific Chemicals.

Anolyte compounds were purchased from the following vendors, dried under high vacuum for 24 hours
and transferred to the glovebox. Benzil 99%, 9,10-phenanthrenequinone (PQ) 99%, were obtained from
Tokyo Chemical Industry America, Inc. Acenaphthylene-1,2-dione (ANQ) 95% and 2,2’-Thenil 98% were
obtained from Thermo Scientific Chemicals. Furil 98% and 1,2-Di-3-thienyl-1,2-ethanedione (3,3’-Thenil)
98% were obtained from Combi-Blocks, Inc. Benzo[1,2-b:4,3-b'[dithiophene-4,5-dione (2,2°-BDTP) 95%
and Benzo[1,2-b:6,5-b'|dithiophene-4,5-dione (4,4’-BDTP) 97% were obtained from Ambeed, Inc.

Solubility. Solubility in DMF was determined by mass measurements. A saturated solution of the
compound was prepared in DMF. The solution was then filtered to remove any undissolved material, and
an aliquot was dispensed into tared vials. The solvent was evaporated under high vacuum, and the vial
containing the dried dissolved solid was re-weighed. The dissolved mass was determined from the
difference between the tared vial and the new vial weight containing dried solid. The concentration of the
compound was calculated using the dissolved mass and the volume of the solvent placed into the vial.

Electrochemistry Experimental Methods

Cyclic Voltammetry. Cyclic Voltammetry was performed in a nitrogen filled MBraun glovebox or in air
with a nitrogen balloon purging the system. All measurements were recorded using a Biologic VSP
multichannel potentiostat/galvanostat. A three-electrode set-up was employed, including a 3.0 mm diameter
glassy carbon working electrode (BASi, MF-2012), a platinum wire as the counter and a silver/silver nitrate
fritted reference electrode (BASi, MW-1085). The glassy carbon electrode was polished in between each
data collection on a microcloth pad and when needed, more abrasive pads and 0.05 um alumina were used
(BASi, MF-2060). When this was done, working electrode was dried under vacuum before using to remove
any residual water. 5 mM of ROM was used with an electrolyte concentration of 500 mM, scan rate was
400 mV/s unless stated otherwise. CVs were all reported as V vs. Fc/Fc'.
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Diffusion Coefficient Calculations. The diffusion coefficient was determined by employing the Randles-
Sevcik method. CV’s were taken at scan rates of 50 mV to 800 mV and the anodic and cathodic peak
currents were recorded. These peak currents were then plotted vs. the square root of the scan rate which
produced two linear relationships, one corresponding to reduction and the other the oxidation. Slopes
were determined and used to calculate the diffusion coefficients based on the Randles-Sevcik Equation
(Eq. 1).!
nFvD
—  (Eq. 1)
Equation terms: i, is the peak current (A), n is the number of electrons transferred, F is Faraday’s
constant, A is the area of the electrode (cm?), C is the concentration of redox active species (mol/cm®), v
is the scan rate (V/s), D is the diffusion coefficient (cm?/s), R is the gas constant (JK! mol™), and T is the
temperature (K).

i, = 0.4463 X nFAC X

Calculation of Electron Transfer Rate Constant. The Nicholson method was used to estimate the
heterogenous electron transfer rate (Eq. 2-3).%* Cyclic voltammetry were performed at scan rates of 50
mV to 800 mV and the difference of the anodic and cathodic peak potentials were recorded. The peak
separation in mV was used to determine the dimensionless value, V. k was then directly determined from

the slope of the plot, P vs. scan rate v,

(—0.6288+0.0021XAEp )

¥= (1-0.017xAEp) (Eq.2)
_1
_ niDnFv\ 2
Lp_kx(RT) (Eq. 3)

Equation terms: ¥ is the Nicholson dimensionless number, AE,, is the anodic and cathodic peak
separation (V/s), k is the standard rate constant (cm s'), D is the diffusion coefficient (cm?/s), n is the
number of electrons transferred, F is Faraday’s constant, v is the scan rate (V/s), R is the gas constant (JK°
"mol™), and T is the temperature (K).

E1/2 Dc Da kc ka Ipa/lpc
PQ -1.0 5.5 4.0 6.7 5.7 1.00
2,2’-BDTP -1.07 33 2.5 6.6 5.7 0.98
ANQ -1.29 52 3.7 3.9 33 0.97
4,4’-BDTP -1.38
2,2’-thenil -1.31 2.7 1.8 9.8 7.9 0.99
Furil -1.40 4.2 3.2 7.9 6.9 0.95
Benzil -1.54 8.0 6.0 4.8 4.2 1.00
3,3 -thenil —1.55 7.8 5.2 9.9 8.1 0.97

Table S1. Half-wave potentials referenced against Fc/Fc” in 0.5 M TBAPFs, DMF. Cathodic diffusion
coefficient D, (x 10 cm?/s), anodic diffusion coefficient D, (x 10 cm?s), cathodic electron transfer rate
ke (x 107 cm/s), and anodic electron transfer rates k, (x 10~ cm/s). The peak current ratios of the forward
and reverse scan (Ipa/Ipc).

Cyclic Voltammograms
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Figure S1. Cyclic voltammograms of 5 mM benzil in 0.5 M LiTFSI (left) and 0.25 M TBABF; (right) in
DMF.

-0.2 -0.25
= -0.1 1
p: <-0.1 -
= S
= 04 = —
2 5 —
S 01 £0.05 -N/
[&] : o 7

0.2 4= T 0.2 . .

-0.4 -0.9 -1.4 -0.4 -0.9 -1.4
V vs. Fc/Fct V vs. Ag/AgNO,

Figure S2. Cyclic voltammograms of 5 mM PQ in 0.5 M TBAPFs, DMF at a scan rate of (left) 400 mV/s
and (right) at 50, 100, 200, 300, 400, 500, 600, 700, and 800 mV/s referenced against Ag/AgNO:s.
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Figure S3. Cyclic voltammograms of 5 mM benzil in 0.5 M TBAPFgs, DMF at a scan rate of (left) 400
mV/s and (right) at 50, 100, 200, 300, 400, 500, 600, 700, and 800 mV/s referenced against Ag/AgNO:s.
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Figure S4. Cyclic voltammograms of 5 mM ANQ in 0.5 M TBAPFs, DMF at a scan rate of (left) 400
mV/s and (right) at 50, 100, 200, 300, 400, 500, 600, 700, and 800 mV/s referenced against Ag/AgNOs.
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Figure S5. Cyclic voltammograms of 5 mM 2,2°-BDTP in 0.5 M TBAPF¢, DMF at a scan rate of (left)
400 mV/s and (right) at 50, 100, 200, 300, 400, 500, 600, 700, and 800 mV/s referenced against
Ag/AgNO:s.
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Figure S6. Cyclic voltammograms of 5 mM furil in 0.5 M TBAPFs, DMF at a scan rate of (left) 400
mV/s and (right) at 50, 100, 200, 300, 400, 500, 600, 700, and 800 mV/s referenced against Ag/AgNO:s.
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Figure S7. Cyclic voltammograms of 5 mM 2,2’-thenil in 0.5 M TBAPFs, DMF at a scan rate of (left)

400 mV/s and (right) at 50, 100, 200, 300, 400, 500, 600, 700, and 800 mV/s referenced against
Ag/AgNO:s.
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Figure S8. Cyclic voltammograms of 5 mM 3,3’-thenil in 0.5 M TBAPFs, DMF at a scan rate of (left)

400 mV/s and (right) at 50, 100, 200, 300, 400, 500, 600, 700, and 800 mV/s referenced against
Ag/AgNO:s.
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Figure S9. Cyclic Voltammograms of the working side pre and post 100 H-cells cycles containing 5 mM

benzil (left) and of the counter side pre and post 100 H-cell cycles containing 5 mM ferrocene in 0.5 M
TBAPF;s referenced against Ag/AgNOs.
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Figure S10. Cyclic Voltammograms of the working side pre and post 390 H-cells cycles containing 5 mM
2,2’-thenil (left) in 0.5 M TBAPF; referenced against Ag/AgNO:s.
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Figure S11. Plot of peak currents vs. v/ used to determine the diffusion coefficients of PQ (left). Plot of
the dimensionless parameter, ¥ vs. v'"”? used to determine the electron transfer rate constants ko with the
Nicholson method of PQ (right).
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Figure S12. Plot of peak currents vs. v/?used to determine the diffusion coefficients of benzil (left). Plot

of the dimensionless

parameter, ¥ vs. v

the Nicholson method of benzil (right).
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Figure S13. Plot of peak currents vs. v'*used to determine the diffusion coefficients of ANQ (left). Plot

of the dimensionless parameter, ¥ vs. v°
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the Nicholson method of ANQ (right).
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Figure S14. Plot of peak currents vs. v/ used to determine the diffusion coefficients of 2,2’-BDTP (left).

Plot of the dimensionless parameter, ¥ vs. v’

with the Nicholson method of 2,2’-BDTP (right).
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Figure S15. Plot of peak currents vs. v/?used to determine the diffusion coefficients of furil (left). Plot of

the dimensionless parameter, ¥ vs. v''“ used to determine the electron transfer rate constants ko with the
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Figure S16. Plot of peak currents vs. v'*used to determine the diffusion coefficients of 2,2’-thenil (left).
Plot of the dimensionless parameter, ¥ vs. v’ used to determine the electron transfer rate constants ko

with the Nicholson method of 2,2’-thenil (right).

Figure S17. Plot of peak currents vs. v/ used to determine the diffusion coefficients of 3,3’-thenil (left).

Plot of the dimensionless parameter, ¥ vs. v’ used to determine the electron transfer rate constants ko

with the Nicholson method of 3,3’-thenil (right).
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Charge/discharge Cycling Experimental Methods

H-cell cycling. Charge/discharge experiments were performed in a N filled glovebox on a Biologic VSP
multichannel potentiostat/galvanostat. Cycling was performed in a custom glass H-cell with a porous
glass frit separator (P5, Adams and Chittenden), reticulated vitreous carbon working and counter
electrodes (100 ppi, Duocell, total 2.8 x 0.6 cm, ~ 2 x 0.6 cm under the solution surface, 0.6 cm thick) and
an Ag/Ag" quasi-reference electrode (BASi) filled with the solvent/electrolyte solution being used. Each
chamber was loaded with 5 mL of solution, with a supporting electrolyte concentration of 500 mM and 5
mM of ROM. The working electrode chamber contained the reference electrode and tested anolytes,
while the counter chamber contained one equivalence of ferrocene, both chambers were stirred during the
full length of the experiment. The constant current constant voltage (CCCV) program was used, a current
of [3mA| was applied via the RVC electrodes. Cycling boundaries of 70% SoC or the set voltage, +/— 0.2
— 0.3V, from Ei» were employed in the CC step. If the CV step was triggered, this continued until 70%
SoC was hit or a near zero current was obtained.

CCCV is considered the standard charging/discharging method for lithium-ion batteries and has been
utilized in other battery reports.*® The CCCV method was utilized instead of a constant current (CC)
method without the potential hold to assess cycling stabilities with greater material utilization. With the
CC method charging and discharging at |0.3mA|, the maximum state of charge reached for benzil was
60% (Figure S38). The static H-cell used contains a porous glass frit to separate the compartments instead
of a membrane, and the solution is stirred with a stir bar instead of constant flow. This set-up, although
minimizing cross-over, leads to greater resistance than in a flow cell. Cycling studies with a flow cell was
attempted. However, the lack of materials for our flow cell with long-term chemical resistance against
non-aqueous conditions, hindered flow cell cycling studies. The CCCV method enabled accessing greater
state of charges, which provided a better comparison of cycling stability across the tested anolytes when a
feasible flow cell set-up was not available. We acknowledge that static H-cell studies are not
representative of cycling under flow conditions, especially for capacity fade through cross-over and
higher concentrations. We have been and will continue to engineer a non-aqueous flow cell system to test
these anolytes in a flow cell.
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Figure S18. H-cell charging and discharging cycles of 5 ml of 5 mM benzil in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S19. H-cell charging and discharging cycles of 5 ml of 5 mM 2,2’-thenil in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S20. H-cell charging and discharging cycles of 5 ml of 5 mM PQ in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S21. H-cell charging and discharging cycles of 5 ml of 5 mM ANQ in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S22. H-cell charging and discharging cycles of 5 ml of 5 mM furil in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S23. H-cell charging and discharging cycles of 5 ml of 5 mM 3,3’-thenil in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S24. H-cell charging and discharging cycles of 5 ml of 5 mM 2,2°-BDTP in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S25. H-cell charging and discharging cycles of 5 ml of 5 mM 4,4’-BDTP in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S26. H-cell charging and discharging cycles of 5 ml of 5 mM benzil in 0.5 M LiTFSI, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S27. H-cell charging and discharging cycles of 5 ml of 5 mM benzil in 0.5 M KPFs, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S28. H-cell charging and discharging cycles of 5 ml of 5 mM benzil in 0.25 M TBABF4, DMF
(theoretical capacity of 0.67 mAh) and coulombic efficiencies.
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Figure S29. Voltage profile of PQ H-cell cycling in 0.5 M TBAPFs, DMF on cycle 1. Constant current
constant voltage (CCCV) is employed to allow for full charge and discharges without large amounts of
overpotential being added to the system.

-0.7
cycle 1

-0.5 1
=
=
ur -0.3 1

'01 L] L] L] L]

0 0.1 0.2 0.3 04 0.5

capacity (mAh)

S14



Figure S30. Voltage profile of ANQ H-cell cycling in 0.5 M TBAPFs, DMF on cycle 1.
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Figure S31. Voltage profile of furil H-cell cycling in 0.5 M TBAPFs, DMF on cycle 1.
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Figure S32. Voltage profile of 2,2’-thenil H-cell cycling in 0.5 M TBAPFs, DMF on cycle 1.
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Figure S33. Voltage profile of 3,3’-thenil H-cell cycling in 0.5 M TBAPFs, DMF on cycle 1.
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Figure S34. Voltage profile of 2,2’-BDTP H-cell cycling in 0.5 M TBAPFs, DMF on cycle 1.
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Figure S35. Voltage profile of 4,4’-BDTP H-cell cycling in 0.5 M TBAPFs, DMF on cycle 1.
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Figure S36. Voltage profile of benzil H-cell cycling in 0.5 M LiTFSI, DMF on cycle 1.
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Figure S37. Voltage profile of benzil H-cell cycling in 0.5 M KPFs, DMF on cycle 1.
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Figure S38. Voltage profile of benzil H-cell cycling in 0.25 M TBABF4, DMF on cycle 1.
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Figure S39. H-cell charging and discharging cycles of 5 ml of 5 mM benzil in 0.5 M TBAPFs, MeCN
(theoretical capacity of 0.67 mAh) (left) and voltage profile at cycle 1 (right).
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Figure S40. Voltage profile of a CC cycling method of 5 ml of 5 mM benzil in 0.5 M TBAPFs, DMF
(theoretical capacity of 0.67 mAh).
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Figure S41. Voltage profile of a CCCV H-cell cycling of 5 mM benzil in 0.5 M TBAPFs, DMF on cycle
1, 245, and 490.

EPR Measurements and Simulations

EPR of benzil radical anion. EPR measurements of the radical anion was prepared by the following
procedure. 2.5 mM benzil was electrochemically reduced in 0.5 M TBAPFs and DMF in an H-cell in a N
filled glovebox. This solution was diluted with DMF to 0.625 mM benzil 0.125 M TBAPFs and
transferred to a round quartz capillary tube (0.60 ID x 0.84 OD, VitroTubes™). CW EPR measurements
were carried out at room temperature with a Bruker EMX X-band spectrometer operating at 9.8 GHz
(EMX; Bruker Biospin, Billerica, MA) and a dielectric cavity (ER 4123D; Bruker Biospin, Billerica,
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MA). A sample of 10.0 pL volume was loaded into a quartz capillary tube with 0.6 mm internal diameter
(CV6084; VitroCom), sealed at one end with critoseal, and then placed in the dielectric cavity for
measurements. CW EPR spectra were acquired by using 2 mW of microwave power, 0.5 gauss
modulation amplitude, 200 gauss sweep width, and 10 scans of signal averaging. EPR simulations were
conducted on EasySpin.”*

exp.

sim.

348 349 350 351 352

Figure S42. EPR spectrum of 0.625 mM benzil radical anion in 0.125 M TBAPFs, DMF. Simulation
parameters: S = 1/2, g = 1.9945, 4 x A("H) = 3.0 MHz, 4 x A("H) = 1.1 MHz, 2 x A(‘"H) = 3.18 MHz.

IR Measurements

Infrared spectroscopy of neutral benzil and radical anion: Fourier-transform infrared
spectroscopy (FT-IR) of the neutral and reduced benzil species was performed with a Thermo
Scientific Nicolet iS50 infrared spectrometer using a liquid-nitrogen cooled MCT/A detector
with CaF, window and KBr beamsplitter. Transmission mode was used with an International
Crystal Laboratories liquid FT-IR cell using CaF, windows and a 200 um Teflon spacer.
Background spectra were collected using aliquots of identical solution used for sample prior to
benzil addition. Background spectra were nominally 100 mM TBAPFg in deuterated DMSO
(Cambridge Isotopes). Sample spectra were collected at a concentration of 20 mM benzil.

The radical anion was generated electrochemically. A three-electrode H-cell with porous glass
frit divider was used in a N> filled glovebox (H20 and Oz both <0.1 ppm), with 20 mM benzil in
d-DMSO in the cathode chamber and 20 mM ferrocene in d-DMSO in the anode chamber. The
reference electrode was a Ag/Ag" quasireference. A constant current of 2 mA was flowed until a
potential of 1.4 V vs Ag/Ag" was obtained (corresponding to the first reduction) at which point
the potential was held constant to prevent over-reduction to the dianion until 1.9 mAh of charge
was passed, corresponding to approximately 73% of theoretical capacity (maximum theoretical
capacity = 2.6 mAh). The catholyte changes from a light yellow-green (neutral benzil) to dark
blue (radical anion) while the anolyte begins as bright orange (ferrocene) and becomes dark
green (ferrocenium). The transmission IR cell was assembled inside the glovebox and sample
was injected into the chamber also inside the glovebox. The IR cell was sealed with Teflon plugs
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and transferred to a sealed plastic bag to prevent O, contamination before being removed from
the glovebox and transported to the FT-IR where spectra were immediately collected.

The electrochemically generated benzil radical anion solution was prepared as stated in the
measurement of the IR spectrum above. 1 ml of the sample solution was sealed in a CaF»
window cell inside an N> glovebox. The Raman measurement conditions were, 266 nm at 7 mW,
UV-enhanced 2400 line/mm grating, 15 msec exposure (90 msec for neutral benzil sample).
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Figure S43. IR spectrum of 20 mM benzil in d-DMSO with peak positions annotated.
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Figure S44. IR spectrum of 20 mM electrochemically generated benzil radical anion with peak positions

annotated.
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Figure S45. Raman infrared spectra of 20 mM benzil, 100 mM TBAPFs in DMSO-ds. Black trace is
neutral molecule, red trace is benzil reduced electrochemically via potential-limited electrolysis.
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Figure S46. Raman infrared spectra of 20 mM benzil, 100 mM TBAPFs in DMSO-ds. Black trace is
neutral molecule, red trace is benzil reduced electrochemically via potential-limited electrolysis, blue
trace is monoanion sample after brief (~10 s) exposure to air.

Table S3. FT-IR data for neutral benzil with vibration assignments

Wavenumber (em™)  Assignment

1682/1667 | v(C=0 ) antisymmetric/symmetric
1594/1580 | 8a/b (C-C stretch, ring)

1450 | 19b (C-H bend, ring)

1325 | 3 (C-C stretch, ring)
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1290 | v(C-Ph), antisymmetric
1214 | v(C-Ph), symmetric
1176 | 9a (C-H bend, ring)
Assignments based on literature precedent.’'* Spectroscopic notation is v = stretching mode, others are

Wilson's notation with approximate descriptions written out."
Table S4. FT-IR data for benzil radical anion with vibration assignments

Wavenumber (em™)  Assignment
1586 | 8a/b (C-C stretch, ring)
1480 | 19a (C-H bend, ring)
1444 | 19b (C-H bend, ring)
1390 | v(C=0 ) antisymmetric
Assignments based on literature precedent.”''* Spectroscopic notation is v = stretching mode, others are
Wilson s notation with approximate descriptions written out."

Table S5. Raman data for neutral benzil with vibration assignments

Raman shift(cm™) Assignment
1673 | v(C=0 ) antisymmetric
1591 | v(C=0 ) symmetric
1550 | 8a (C-C, ring)
1487 | 19a (C-H bend, ring)
1443 | 19b (C-H bend, ring)
1322 | 3 (C-H bend, ring)
1290 | v C-Ph), symmetric
1176 | 9a (C-H bend, ring)
Assignments based on literature precedent.*'*'*'*'® Spectroscopic notation is v = stretching mode, others

are Wilson's notation with approximate descriptions written out"

Table S6. Raman data for benzil radical anion with vibration assignments

Raman Shift (cm™) Assignment
1673 | v(C=0 ) antisymmetric (cis-skewed)
1591 | v(C=0 ) symmetric (cis-skewed)
1517 | v(C=0 ) symmetric (trans-planar)
1312 | v (C-0O)
1178 | 9a (C-H bend, ring)
Assignments based on literature precedent.®'“'*'*'> Spectroscopic notation is v = stretching mode, others

are Wilson's notation with approximate descriptions written out"

Table S7. Character Table Analysis of benzil IR and Raman active bands

C, — cis-skewed benzil, reducible representation for C=0 stretch

C2 E C2
Tco | 2 0

Irreducible representation
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C, E C functions IR/Raman

active?
Ico |2 0
A | +1 +1 z, X2, y2, z2, xy IR + Raman
B | +1 -1 X, Y, YZ, XZ IR + Raman

Con — trans-planar benzil, reducible representation for C=0 stretch

Cx E Cz(Z) i Ch

Ico | 2 0 0 2

Irreducible representation

Cwm E Ca(2) i Oh func IR/Raman?
I'co | 2 0 0 2
Ag | 1 1 1 1 x%,y’, Raman
7%, Xy
Bu | 1 -1 -1 1 X,y IR
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Computational Calculations

To account for non-covalent interactions, geometry optimization of ion-pair radical anions was performed
with the ORCA computational chemistry package utilizing the B3LYP functional, D3 dispersion
correction and def2-SVP basis set with CPCM solvation in DMF on the Northwestern University Quest
high performance computing facility.'”" Avogadro: an open-source molecular builder and visualization
tool. Version 1.2.0. http://avogadro.cc/ was used for visualizing optimized geometries and electron and
spin densities.”” The energy surface scanning dihedral angles and orbital calculations were conducted with
Rowan Scientific. https://www.rowansci.com using the ®B97X-3¢ method, which utilizes the ®B97X-V
functional with a def2-mTZVPP basis set.*!*

Table S8. Optimized dihedral angles of the neutral and radical anions with TBA"

compound Neutral dihedral Radical anion
angle (6°) dihedral angle (6°)

Benzil + TBA" 91.2 179.9
Benzil + Li" 109.2 10.8
Benzil + K* 12.7
2,2’-thenil + TBA" 137.7 182.3
3,3’-thenill + TBA" 87.6 160.2
Furil + TBA" 140.5 170.1
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Figure S47. Optimized geometries of acylic 1,2-dicarbonyl and PQ neutral structures with TBA™ and
radical anions with TBA™ or Li".
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Figure S48. Reaction coordinates for the electron transfer-coupled conformational change of 2,2°-thenil
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Figure S49. Reaction coordinates for the electron transfer-coupled conformational change of 3,3’-thenil
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Figure S51. Optimized geometery of neutral benzil with TBA™
Benzil neutral with TBA"

O 1.1342907040  0.2294622460 0.5063721225
O 0.1521558627  2.2686751258 -1.5717135963
C 1.4580400562 -0.6711979170 -1.6833090339
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Figure S52. Benzil radical anion with TBA"

Benzil radical anion with TBA™"
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Figure S53. Benzil neutral with Li"

Benzil neutral with Li"
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Figure S54. Benzil radical anion with Li"

Benzil radical anion with Li"
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Figure S55. Benzil radical anion with K"

Benzil radical anion with K*
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Figure S56. 2,2’-thenil neutral with TBA™

2,2°-thenil neutral with TBA™
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Figure S57. 2,2’-thenil radical anion with TBA™

2,2°-thenil radical anion with TBA*
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Figure S58. 3,3 -thenil neutral with TBA™

3,3’-thenil neutral with TBA*
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Figure S59. 3,3 -thenil radical anion with TBA™

3,3’-thenil radical anion with TBA*
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Figure S60. Furil neutral with TBA"

Furil neutral with TBA*
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Figure S61. Furil radical anion with TBA"

Furil radical anion with TBA*
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Figure S62. PQ neutral with TBA"

PQ neutral with TBA*
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Figure S63. PQ radical anion with TBA™

PQ radical anion with TBA*
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4.2030305908
3.9491827385
3.7753241447
5.1303655708
3.5315853999
0.9296609141
0.0682107190
-2.0434369859
-1.0990457058
-0.7605477000
-2.4067001258
-1.3575672095
-2.4268661260
-3.0008799756
0.4443904438
-0.8040323169
2.2024136460
1.1549021267
-0.3156453282
1.3590907168
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-0.1186049991
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Figure S64. Electron (left) and spin (right) densities of benzil radical anions with TBA"
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Figure S65. Electron (left) and spin (right) densities of 2,2’-thenil radical anion with TBA™

Figure S66. Electron (left) and spin (right) densities of 3,3’-thenil radical anion with TBA™

P

Figure S67. Electron (left) and spin (right) densities of furil radical anion with TBA"
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Figure S68. Electron (left) and spin (right) densities of PQ radical anion with TBA"

Table S9. Mulliken charge and spin populations of benzil radical anion

0 O : -0.361065 0.269589
1 0 : -0.361063 0.269588
2 C : 0.001882 -0.044244
3 C : 0.001884 -0.044243
4 C : 0.049594 0.171413
5 C : 0.049596 0.171418
6 C : -0.045174 0.052281
7 C : -0.045189 0.052280
8 C : -0.047787 0.058277
9 C : -0.047774 0.058276
10 C : 0.004171 -0.028823
11 C : 0.004174 -0.028822
12 C : 0.005657 -0.030655
13 C : 0.005664 -0.030654
14 C : -0.005518 0.060292
15 C : -0.005516 0.060291
16 H : -0.031383 -0.003591
17 H : -0.031393 -0.003591
18 H : -0.037278 -0.003717
19 H : -0.037276 -0.003717
20 H : -0.013125 0.001022
21 H : -0.013121 0.001022
22 H : -0.010747 0.001079
23 H : -0.010747 0.001079
24 H : -0.009233 -0.002926
25 H : -0.009231 -0.002925
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Table S10. Mulliken charge and spin populations of PQ radical anion

0 O : -0.349479 0.254516
1 0 : -0.349479 0.254517
2 C : 0.096365 0.061019
3 C : 0.096365 0.061019
4 C : -0.050000 -0.006548
5 C : -0.050002 -0.006548
6 C : 0.011686 0.120626
7 C : 0.011686 0.120626
8 C : -0.087169 -0.035427
9 C : -0.087166 -0.035427
10 C : -0.059650 0.056971
11 C : -0.059647 0.056970
12 C : 0.004022 0.074438
13 C : 0.004020 0.074438
14 C : 0.013238 -0.020022
15 C : 0.013233 -0.020022
16 H : -0.019107 0.001194
17 H : -0.019107 0.001194
18 H : -0.040633 -0.003590
19 H : -0.040632 -0.003590
20 H : -0.010018 -0.003664
21 H : -0.010019 -0.003664
22 H : -0.009253 0.000486
23 H : -0.009253 0.000486
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