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Materials and Methods 

General  

All chemicals and solvents (ACS or HPLC grade) were commercially available and used as 
received unless otherwise indicated. For all air-sensitive reactions and electrochemical 
experiments, HPLC-grade solvents were obtained as anhydrous and air-free from a PPT Glass 
Contour Solvent Purification System. Gas cylinders were obtained from Praxair (Ar as 5.0; O2 as 
4.0) and passed through activated molecular sieves prior to use. Gas mixing for variable 
concentration experiments was accomplished using a gas proportioning rotameter from Omega 
Engineering. UV-vis absorbance spectra were obtained on a Cary 60 from Agilent. An Anton-Parr 
Multiwave Pro SOLV, NXF-8 microwave reactor was used for microwave syntheses.  

Electrochemistry 

All electroanalytical experiments were performed using a Metrohm Autolab PGSTAT302N 
potentiostat. Glassy carbon working (⌀ = 3 mm) and non-aqueous silver/silver chloride 
pseudoreference electrodes behind PTFE tips were obtained from CH Instruments. The 
pseudoreference electrodes were obtained by depositing chloride on bare silver wire in 10% HCl 
at oxidizing potentials and stored in a 0.1 M tetrabutylammonium hexafluorophosphate/N,N-DMF 
solution in the dark prior to use. The counter electrode was a glassy carbon rod (⌀ = 3 mm). All 
CV experiments were performed in a modified scintillation vial (20 mL volume) as a single-
chamber cell with a cap modified with ports for all electrodes and a sparging needle. 
Tetrabutylammonium hexafluorophosphate (TBAPF6) was purified by recrystallization from 
ethanol and dried in a vacuum oven before being stored in a desiccator. All data were referenced 
to an internal ferrocene standard (ferrocenium/ferrocene reduction potential under stated 
conditions) unless otherwise specified. All voltammograms were corrected for internal resistance. 
Ferrocene was purified by sublimation prior to use. 

Bulk Electrolysis 

Bulk electrolysis experiments were performed in a glass Pine H-cell with two compartments 
separated by a glass frit. A 60 mL stock solution of DMF with 0.1 M TBAPF6 was prepared for 
each bulk electrolysis experiment. Approximately 25 mL of the stock solution was added to each 
half of the H-cell. One side of the H-cell contained the Ni(p-tbudhbpy) 1 catalyst, any additional 
substrate, such as C6F5OH, and a glassy carbon rod working electrode. The other side of the H-
cell contained approximately 0.075 M ferrocene as a sacrificial reductant along with a graphite rod 
counter electrode and a Ag/AgCl pseudoreference electrode. The electrolysis experiment was 
referenced by taking a CV of the side of the H-cell that contained the ferrocene solution. The H-
cell was sealed with two septa that were connected by a piece of PTFE tubing which aided to 
maintain equal pressure between each half of the cell during the electrolysis. Before starting the 
electrolysis experiment, both sides of the H-cell were sparged with the desired gas for 20 minutes 
and the sealed cell was allowed to equilibrate for 30 minutes. The resistance between the two 
halves of the H-cell was measured using the i-interrupt procedure available in the NOVA software 
provided by Metrohm.  



Bulk Electrolysis Product Analysis  

During bulk electrolysis experiments, either 150 or 250 μL GC injections of the headspace were 
periodically taken for the detection and quantification of any gaseous products produced. After 
each bulk electrolysis experiment, the total volume of solution was measured. The total volume of 
the sealed H-cell was also measured to account for the total headspace volume for accurate 
quantification of gaseous products. A calibration curve for H2 (Figure S20) was used to quantify 
gaseous products produced during electrolysis experiments in the same manner as we previously 
reported.1 

Analysis of gas phase products was done by sampling electrolysis headspace through syringe 
injections into an Agilent 7890B GC equipped with a specialty gas split column 5 Å mol 
sieve/Porabond Q column (15 m length; 0.320 mm diameter; 25.0 µm film) and thermal 
conductivity detector with He as a carrier gas. A calibration curve for H2 was made in the H-cell 
with an experimental setup containing identical volumes of DMF in 0.1 M TBAPF6 to those used 
during electrolysis. Known volumes of H2 were injected into the cell with stirring and 250 μL 
injections of the headspace were taken for GC injections after equilibration. The limit of detection 
(LOD) and limit of quantitation (LOQ) for H2 in the GC were determined from seven consecutive 
injections at the lowest observable concentrations of the gaseous product. For H2, the LOD was 
determined to be 4.55 x 10−6 moles and the LOQ was determined to be 1.52 x 10−5 moles.  

Calculation of Overpotential 

The calculation of overpotential for Ni(p-tbudhbpy) 1 was performed according to reported 
methods.2, 3 The following equation was used for the determination of the reaction standard 
potential in V with respect to the Fc+/Fc couple:  

𝐸!"/!$ = −0.662	𝑉 − 0.059(𝑝𝐾%)     Eq (1) 

The pKa for pentafluorophenol (C6F5OH) in acetonitrile (MeCN) is reported as 20.1.4 It was 
adjusted to approximate the pKa of C6F5OH in DMF, which was 9.6, using a linear scaling 
relationship reported by Leito and coworkers.4 

𝑝𝐾%(𝐷𝑀𝐹) = 𝑝𝐾%(𝑀𝑒𝐶𝑁) ∗ 0.95 − 9.5 = 9.6                       Eq (2) 

This is then substituted into Equation 1 to yield:  

𝐸!"/!$(𝐹&𝐶'OH) = −1.23	𝑉	𝑣𝑠	𝐹𝑐"/𝐹𝑐                  Eq (3) 

The Ecat/2 determined experimentally for Ni(p-tbudhbpy) 1 is −2.40 V vs Fc+/Fc for proton reduction 
(1.0 mM Ni(p-tbudhbpy) 1 and 0.033 M C6F5OH under Ar saturation); the overpotential is:  

𝜂 = A𝐸(%)/$ − 𝐸!"/!$A = 1.17	𝑉                           Eq (4) 

 

 

 



Computational Methods  

DFT calculations were performed on the Rivanna High-Performance Computing Cluster at the 
University of Virginia using the Gaussian 16 program, Rev B.01.5 The hybrid functional B3LYP6-

9 and the 6-31+G(d,p) basis set for all atoms10-12 were used for all calculations. Unrestricted 
geometry optimizations were carried out without geometry constraints and dispersion effects were 
accounted for by using Grimme’s D3 parameter set with Becke-Johnson (BJ) damping.13 Bulk 
solvent effects (N,N-dimethylformamide = DMF) were included at the optimization stage with the 
SMD continuum model.14 The stationary points and their nature as minima or saddle points (TS) 
were characterized by vibrational analysis, which also produced enthalpy (H), entropy (S) and 
Gibbs energy (G) data at 298.15 K. The minima connected by a given transition state were 
determined by Intrinsic Reaction Coordinate (IRC) calculations or by perturbing the transition 
states along the TS coordinate and optimizing to the nearest minimum. For the lowest energy spin 
states of each species, free energies were corrected to account for concentration effects and for 
errors associated with the harmonic oscillator approximation. Thus, according to Truhlars’s quasi-
harmonic approximation, all vibrational frequencies below 100 cm-1 were set to this value.15 All 
anharmonic and concentration corrections were calculated with the Goodvibes code.16 
Concentrations of DMF was set to 12.92 M, C6F5OH to 50 mM, and all other species, including 
metal complexes, to 1.00 mM. Energies were then refined by performing single point 
optimizations with the 6-311+G(2d,p) basis set. The stability of these wavefunctions was verified 
at the triple-zeta level of theory.  

The redox potentials were calculated relative to the phenazine (PHNZ) redox couple 
PHNZ/PHNZ0/1− and referenced to the ferrocene (Fc) redox couple Fc+/Fc based on experimental 
values in a manner described previously.17, 18 

  



Synthesis of 2,2'-([2,2'-bipyridine]-6,6'-diyl)bis(4-(tert-butyl)phenol), p-tbudhbpy(H2)  

The preparation of (5-tert-butyl-2-hydroxy-phenyl)boronic acid was carried out in similar fashion 
to the previously reported (3,5-di-tert-butyl-2-hydroxyphenyl)boronic acid.19 Subsequent 
microwave-assisted Suzuki-type cross coupling of 6,6'-dibromo-2,2'-bipyridine with (5-tert-butyl-
2-hydroxy-phenyl)boronic acid was also analogous to our previous  synthetic method.1 To a single 
microwave tube were added 6,6'-dibromo-2,2'-bipyridine (1.20 g, 0.382 mmol), sodium carbonate 
(3.50 g, 4.19 mmol), Pd(PPh3)4 (0.0767 g, 0.0664 mmol), and(5-tert-butyl-2-hydroxy-
phenyl)boronic acid (1.85 g, 0.955 mmol), degassed toluene (50 mL), degassed DI water (10 mL), 
and degassed methanol (12 mL). The microwave was set to run for 120 minutes at 170 °C at the 
highest ramp rate. After the reaction mixture had cooled, the aqueous and organic layers were 
separated. The aqueous layer was extracted with dichloromethane (DCM) (2 x 50 mL) and the 
organic layer was washed with brine (3 x 50 mL). The organic layers were combined, dried over 
MgSO4, and condensed to dryness. The product was loaded onto neutral alumina and purified via 
flash chromatography with the following conditions: 30% DCM in hexanes for 5 min, 40% DCM 
for 15 min, gradual increase to 100% DCM for 5 min and hold for 10 min. Pure, unreacted 6,6'-
dibromo-2,2'-bipyridine eluted first, followed by the p-tbudhbpy(H2) ligand (1.3 g, 75% isolated 
yield). 1H NMR (CD2Cl2, 600 MHz): δ 13.86 (s, 2H, OH), 8.09 (m, 6H, ArH), 7.90 (d, 2H, ArH), 
7.42 (dd, 2H, ArH), 6.99 (d, 2H, ArH), 1.39 (s, 18H, -C(CH3)3), 13C{1H} NMR (CD2Cl2, 600 
MHz): δ 158.50 (ArC), 157.59 (ArC), 152.36 (ArC), 142.05 (ArC), 139.49 (ArC), 129.67 (ArC), 
128.90 (ArC), 123.29 (ArC), 120.20 (ArC), 119.27 (ArC), 118.37 (ArC), 118.28 (ArC), 34.56 
(tbuC), 31.89 (tbuC). Elemental analysis for C30H32O2N2 calculated: C 79.61, H 7.13, N 6.19; 
found C 79.63, H 7.25, N 6.22. 

Synthesis of Ni(p-tbudhbpy) 1 

The p-tbudhbpy ligand (250 mg, 0.552 mmol) was dissolved in ethanol (50 mL) in a round-bottom 
flask. Sodium acetate (0.095 g, 1.2 mmol) and nickel(II) chloride hexahydrate (0.131 g, 0.552 
mmol) were added to the solution and stirred under air at room temperature. The reaction mixture 
was then brought to refluxing conditions (90 °C) for 4 hours. The resulting suspension was filtered 
and washed with diethyl ether to yield a dark orange solid. The solid was further purified by 
suspending it in brine (50 mL) and extracting with dichloromethane (3 x 50 mL). The organic 
fractions were combined, dried with anhydrous magnesium sulfate, and solvent was evaporated 
under reduced pressure to yield 0.264 g of 1 in 93.9% yield. 1H NMR (CD2Cl2, 600 MHz): δ 8.08 
(m, 2H, ArH), 7.95 (m, 2H, ArH), 7.70 (m, 2H, ArH), 7.31 (m, 2H, ArH), 7.01 (m, 2H, ArH), 1.36 
(s, 18H, -C(CH3)3). Elemental analysis for C30H30NiO2N2: calculated: C 70.75, H 5.94, N 5.50; 
found C 70.70, H 6.03, N 5.47. 

  



 

Figure S1. ESI-MS results for p-tbudhbpy(H2) ligand.  

  



 

 

Figure S2. 1H NMR of p-tbudhbpy(H2) ligand in CD2Cl2; 600 MHz. 



Figure S3. 13C{1H} NMR of p-tbudhbpy(H2) ligand in CD2Cl2; 151 MHz. 

 

 

Figure S4. ESI-MS results for Ni(p-tbudhbpy) 1.  



 

Figure S5. 1H NMR of Ni(p-tbudhbpy) 1 in CD2Cl2; 600 MHz. 

 

Figure S6. (A) UV-vis serial dilution absorbance data obtained from Ni(p-tbudhbpy) 1 in N,N-DMF 
solution. (B) Plot of absorbance versus concentration from data in (A) (λmax = 325 (18600 
M−1cm−1), 408 (15600 M−1cm−1), and 545 nm (2400 M−1cm−1). Conditions: varying concentration; 
quartz cell with 1 cm pathlength.    



 

Figure S7. DPVs of Ni(p-tbudhbpy) 1 under Ar saturation with (red) and without (black) 1 mM 
ferrocene present. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/N,N-DMF; glassy carbon working 
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode, ΔE = 0.025 V, 
modulation time 0.01 s, interval time 0.1 s, scan rate 50.354 mV/s. Referenced to internal ferrocene 
standard. 

 
Figure S8. CVs of Ni(p-tbudhbpy) 1 at variable scan rates in the presence of 0.031 M C6F5OH 
ranging from 0.1 to 2 V/s used to obtain KC6F5OH. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/N,N-
DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; varied scan rate; referenced to internal ferrocene standard.  
 
The equilibrium binding constant for C6F5OH in a 1:1 ratio with complex 1 was electrochemically 
determined as previously reported.1 A scan rate of 2 V/s was necessary to recover reversibility and 
the E1/2 of the first reduction feature from Figure S9 at 2 V/s was used (E1/2 = –1.86 V vs. Fc+/Fc).  
 

𝐾*'+&,! =	
𝑒(.∗∆1) − 1
[𝐶'𝐹&𝑂𝐻]

= 695	𝑀34 

 
Where f = F/RT = 38.94 V–1, ΔE = E1/2,C6F5OH – E1/2 = 0.080 V, and [C6F5OH] = 0.031 M.  
 



 

Figure S9. (A) CVs of Ni(p-tbudhbpy) 1 at variable scan rates ranging from 25 (black) to 5000 (red) 
mV/s, obtained under Ar saturation conditions. (B) Linear Fit of variable scan rate data from (A) 
demonstrating that Ni(p-tbudhbpy) 1 shows a diffusion-limited current response. The data in (B) 
was obtained from the reversible redox feature at −1.84 V vs Fc+/Fc. Conditions: 1.0 mM analyte, 
0.1 M TBAPF6/N,N-DMF; glassy carbon working electrode, glassy carbon counter electrode, 
Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal ferrocene standard. 

Evaluation of homogenous electrochemical processes described by the Randles-Sevcik equation:20 

𝑖5 = 0.446𝑛𝐹𝐴𝐶6 K7+89!
:;

L
<.&

       

Where ip is the peak Faradaic current, n is the number of electrons transferred in the redox process, 
F is Faraday’s constant, A is the electrode surface area, C0 is the concentration of analyte in the 
bulk solution, υ is the scan rate, and D0 is the diffusion coefficient of the analyte.   



Figure S10. Linear fit of variable scan rate data from Figure S9 (A). The data was obtained from 
the oxidation wave of the irreversible redox feature at −1.81 V vs Fc+/Fc. Conditions: 1.0 mM 
analyte, 0.1 M TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, 
Ag/AgCl pseudoreference electrode; varied scan rate; referenced to internal ferrocene standard. 

Evaluation of heterogenous electrochemical processes described by:20 

𝑖5 =
𝑛$𝐹$

4𝑅𝑇 𝑣𝐴𝛤
∗ 

Where ip is the peak Faradaic current, n is the number of electrons transferred in the redox process, 
F is Faraday’s constant, R is the ideal gas constant, T is the temperature, A is the electrode surface 
area, υ is the scan rate, and Γ* represents the surface coverage of the  adsorbed species.  
 

 
Figure S11. Comparison of linear fits of variable scan rate data from Figure S9 at Ep = –1.81 V 
vs. Fc+/Fc from (A) 25-500 mV/s and (B) from 600-5000 mV/s to demonstrate adsorptive process 
above 500 mV/s. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/N,N-DMF; glassy carbon working 
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; 
referenced to internal ferrocene standard.  



Figure S12. (A) CVs of Ni(p-tbudhbpy) 1 at variable scan rates ranging from 25 mV/s (black) to 
1000 mV/s (red), obtained under Ar saturation conditions with 0.033M C6F5OH. (B) Linear fit of 
variable scan rate data from (A). The data in (B) was obtained from the redox feature at −2.33 V 
vs Fc+/Fc. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; referenced 
to internal ferrocene standard.  
  



Figure S13. Plot of TOF versus scan rate for Ni(p-tbudhbpy) 1 with 0.033 M C6F5OH. Calculation 
of TOFmax (adapted21): 

𝑇𝑂𝐹>%? = 0.1992 7"#

7$%&'
+8
:;
P@$%&
@"
Q
$
  

Where np is the number of electrons transferred under Faradaic, or non-catalytic, conditions, ncat 
is the number of electrons transferred under catalytic conditions, F is Faraday’s constant, υ is the 
scan rate, R is the ideal gas constant, and T is the temperature. The values for icat and ip were both 
selected from the peak current at the second wave under catalytic and Faradaic conditions, 
respectively.  
 
Under catalytic conditions, the current density did not increase linearly with the square root of the 
scan rate at the second reduction feature, Ep = −2.33 V vs Fc+/Fc (Figure S12), with the peak 
current plateauing at scan rates above 500 mV/s. Since adsorption was suggested by variable scan 
rate data above 500 mV/s, TOFmax was calculated for each scan rate from 200-500 mV/s as a 
conservative estimate (Table S1).  

 

Table S1. TOFmax at scan rates from 0.2-0.5 V/s of Ni(p-tbudhbpy) 1 calculated using data in Figure 
S12 and Figure S13. 

Scan Rate (V/s) 𝑖(%)
𝑖5

 TOFmax (s−1) 

0.2 16.2 102 

0.3 13.0 98.3 

0.4 11.4 100 

0.5 10.8 112 

 



Figure S14. (A) CVs of C6F5OH at variable concentrations, obtained under Ar saturation with 1.0 
mM Ni(p-tbudhbpy) 1. Conditions: 0.1 M TBAPF6/N,N-DMF; glassy carbon working electrode, 
glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot of data at in (A) −2.24 V vs Fc+/Fc.  

Calculation of rate order adapted from Sathrum and Kubiak, 201122 

𝑖(%) =	𝑛(%)𝐹𝐴[𝑐𝑎𝑡](𝐷𝑘(%)[𝑄]A)4/$ 

Where icat is the catalytic current, ncat is the number of electrons involved in the catalytic process, 
F is Faraday’s constant, A is the electrode area, [cat] is the concentration of the catalyst, D is the 
diffusion coefficient of the catalyst, kcat, is the catalytic rate, [Q] is the substrate concentration, and 
y is the rate order with respect to Q.  

  



Figure S15. (A) CVs of variable Ni(p-tbudhbpy) 1 concentrations with 0.033 M C6F5OH obtained 
under Ar saturation. Conditions: 1.0 mM analyte, 0.1 M TBAPF6/DMF; glassy carbon working 
electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; varied scan rate; 
referenced to internal ferrocene standard. (B) Log-log plot from data obtained from (A) at −2.23 
V vs Fc+/Fc. 

 

 

Figure S16. Control CV data comparing 0.022 M C6F5OH under Ar saturation conditions with 
(red) and without (black) 1.0 mM Ni(p-tbudhbpy) 1. Conditions: 0.1 M TBAPF6/N,N-DMF; glassy 
carbon working electrode, glassy carbon counter electrode, Ag/AgCl pseudoreference electrode; 
100 mV/s scan rate; referenced to internal ferrocene standard. [Ni] = 1.0 mM Ni(p-tbudhbpy) 1. 

 



 

Figure S17. Rinse test CV data comparing a blank CV under Ar saturation conditions (black) with 
a blank CV taken immediately after a CV in a solution of 1.0 mM Ni(p-tbudhbpy) 1 (red). 
Conditions: 0.1 M TBAPF6/N,N-DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard.  

 

Figure S18. Rinse test CV data comparing a CV of Ni(p-tbudhbpy) 1 with 0.04 M C6F5OH (red), a 
blank CV taken immediately after a CV in a solution of 1.0 mM Ni(p-tbudhbpy) 1 with 0.04 M 
C6F5OH (blue), and a blank CV of 0.04 M C6F5OH (black) under Ar saturation conditions. 
Conditions: 0.1 M TBAPF6/N,N-DMF; glassy carbon working electrode, glassy carbon counter 
electrode, Ag/AgCl pseudoreference electrode; 100 mV/s scan rate; referenced to internal 
ferrocene standard. 



 

Figure S19. CV of p-tbudhbpy(H2) ligand under Ar saturation. Conditions: 1.0 mM analyte, 0.1 M 
TBAPF6/DMF; glassy carbon working electrode, glassy carbon counter electrode, Ag/AgCl 
pseudoreference electrode; 100 mV/s scan rate; referenced to internal ferrocene standard.  

 

 

 

Figure S20. Gas chromatogram calibration curve for the quantification of H2 in CPE experiments.  



 

Figure S21. (A) Current versus time trace from bulk electrolysis experiment. (B) Charge passed 
versus time for the bulk electrolysis experiment shown in (A). Conditions were 1.0 mM Ni(p-

tbudhbpy) 1 under an Ar atmosphere with 0.05 M C6F5OH at −1.9 V vs Fc+/Fc in 0.1 M 
TBAPF6/N,N-DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 

Table S2. Results from CPE experiment in Figure S19, black. 

Time (s) Charge (coulombs) moles (e-) Moles of H2 FEH2 
 

TON 

7400 28.3 2.93E-04 1.53E-04 104.25 5.09 

9800 37.4 3.88E-04 2.01E-04 103.92 6.70 

12800 48.3 5.01E-04 2.02E-04 80.81 6.73 

15000 55.7 5.77E-04 2.95E-04 102.11 9.81 

15000 55.7 5.77E-04 2.81E-04 97.45 9.36 

15000 55.7 5.77E-04 2.42E-04 83.79 8.05 

 



 
Figure S22. UV-vis spectra of pre- (black trace) and post-bulk (red trace) solutions after dilution. 
The increase in absorbance is attributed to the crossover of ferrocene and ferrocenium from the 
counter electrode chamber through the glass frit. Conditions: 0.05 mL CPE solution in 2.95 mL 
0.1 M TBAPF6/N,N-DMF; quartz cell with 1 cm pathlength; CPE conditions: 1.0 mM Ni(p-
tbudhbpy), 0.05 M C6F5OH, –1.9 V vs. Fc+/Fc in 0.1 M TBAPF6/N,N-DMF; Ar atmosphere, 
graphite rod working electrode, graphite rod counter electrode, with nonaqueous Ag/AgCl 
pseudoreference electrode; 0.075 M Fc was used as a sacrificial oxidant. 
 

Figure S23. (A) Current versus time trace from rinse test post bulk electrolysis experiment in 
Figure S21. (B) Charge passed versus time for the bulk electrolysis experiment shown in (A). 
Conditions were 0.05 M C6F5OH under an Ar atmosphere at −1.9 V vs Fc+/Fc in 0.1 M 
TBAPF6/N,N-DMF; working electrode was a glassy carbon rod, counter electrode was a graphite 
rod, and the reference was a nonaqueous Ag/AgCl pseudoreference electrode; 0.075 M Fc was 
used as sacrificial oxidant. 

 



Table S3. Results from CPE experiment in Figure S23, black. 

Time (s) Charge (coulombs) moles (e-) Moles of H2 FEH2 

 
TON 

3734 1.87 1.94E-05 Below limit Below limit Below limit 

7492 3.92 4.06E-05 5.05E-06 24.88 0.17 

10950 5.88 6.09E-05 1.94E-05 63.63 0.65 

10950 5.88 6.09E-05 2.04E-05 67.04 0.68 
 
*Note that in order for the amount of H2 to be detected, the GC injection volume was increased 
from 50 µL to 100 µL. To account for this, the calibration curve was adjusted such that the number 
of moles of H2 corresponding to the GC response is doubled. This produced a new calibration 
curve with a slope of 1.54E-7 ± 7E-9 and y-intercept of −2.25E-5 ± 5E-6. 
 

 
Figure S24. (A) Current versus time trace from control bulk electrolysis. (B) Charge passed versus 
time for the bulk electrolysis experiment shown in (A). Conditions were 0.05 M C6F5OH under an 
Ar atmosphere at –1.9 V vs Fc+/Fc in 0.1 M TBAPF6/N,N-DMF; working electrode was a glassy 
carbon rod, counter electrode was a graphite rod, and the reference was a nonaqueous Ag/AgCl 
pseudoreference electrode; 0.075 M Fc was used as sacrificial oxidant. 
 
 
 
 
 
 
 
 
 
 
 



Table S4. Results from CPE experiment in Figure S24, black. 

Time (s) Charge (coulombs) moles (e-) Moles of H2 FEH2 

 
TON 

4500 1.98 2.05E-05 Below LOQ Below LOQ Below LOQ 

8150 3.69 3.83E-05 Below LOQ Below LOQ Below LOQ 

10230 4.78 4.95E-05 Below LOQ Below LOQ Below LOQ 

10230 4.78 4.95E-05 Below LOQ Below LOQ Below LOQ 

10230 4.78 4.95E-05 Below LOQ Below LOQ Below LOQ 
  



 
Figure S25. A computationally determined structure of one-electron reduced [Ni(p-tbudhbpy)]1– 
(A) and corresponding spin density plot showing localization on the Ni center consistent with a 
change in formal oxidation state from Ni(II) to Ni(I) (B).  
 

 
Figure S26. Structure of one-electron reduced [Ni(p-tbudhbpy)]1– (A) and corresponding KS orbital 
plots showing localization on the Ni center consistent with a change in formal oxidation state from 
Ni(II) to Ni(I) in the SOMO (B) and a bpy-based LUMO (C).  

 

 
Figure S27. A computationally determined structure of two-electron reduced [Ni(p-tbudhbpy)]2– 
(A) and corresponding spin density plot showing localization of the second reduction on the bpy 
fragment of the ligand backbone (B). Compare to Figure S22. 
 

 
Figure S28. Structure of one-electron reduced [Ni(p-tbudhbpy)]1– (A) and corresponding KS orbital 
plots showing localization on the Ni center consistent with a bpy-based SOMO (B) and a Ni-based 
SOMO-1 consistent with a Ni(I) formal oxidation state (C). Compare to Figure S23. 
 

 
 



 
Figure S29. A computationally determined structure of [Ni(p-tbudhbpy)(C6F5OH)2]0 as a stable bis-
C6F5OH adduct with a hydrogen-bonding chain. C = black; H = white; N = blue; O = red; F = 
turquoise; Ni = purple.  

[𝑁𝑖(𝐿) • (𝐶'𝐹&𝑂𝐻)]< + 𝐶'𝐹&𝑂𝐻 ⇌ [𝑁𝑖(𝐿) • (𝐶'𝐹&𝑂𝐻)$]<								∆𝐺 = +0.8	𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
 

 
Figure S30. A computationally determined structure of [Ni(p-tbudhbpy)(C6F5OH)2]0 as a stable bis-
C6F5OH adduct with hydrogen-bonding to both ligand O atoms. C = black; H = white; N = blue; 
O = red; F = turquoise; Ni = purple. 

[𝑁𝑖(𝐿) • (𝐶'𝐹&𝑂𝐻)]< + 𝐶'𝐹&𝑂𝐻 ⇌ [𝑁𝑖(𝐿) • (𝐶'𝐹&𝑂𝐻)$]<								∆𝐺 = −6.3	𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 
 

 
Figure S31. A computationally determined structure of [Ni(p-tbudhbpy)(C6F5OH)2]1– as a stable 
bis-C6F5OH adduct with hydrogen-bonding to both ligand O atoms. C = black; H = white; N = 
blue; O = red; F = turquoise; Ni = purple. 

[𝑁𝑖(𝐿) • (𝐶'𝐹&𝑂𝐻)]3 + 𝐶'𝐹&𝑂𝐻 ⇌ [𝑁𝑖(𝐿) • (𝐶'𝐹&𝑂𝐻)$]3								∆𝐺 = −10.5	𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 



Crystallographic Studies: A single crystal of p-tbudhbpy or Ni(p-tbudhbpy) (1) was coated with 
Paratone oil and mounted on a MiTeGen MicroLoop. The X-ray intensity data for p-tbudhbpy were 
measured on a Bruker D8 Venture Kappa four-circle diffractometer system equipped with an 
Incoatec IμS 3.0 micro-focus sealed X-ray tube (Cu Kα, λ = 1.54178 Å) and a HELIOS MX double 
bounce multilayer mirror monochromator. The X-ray intensity data for Ni(p-tbudhbpy) (1) were 
measured on a Bruker Kappa APEXII CCD system equipped with a fine-focus sealed tube (Mo 
Kα, λ = 0.71073 Å) and a graphite monochromator. The frames were integrated with the Bruker 
SAINT software package23 using a narrow-frame algorithm. Data were corrected for absorption 
effects using the Multi-Scan method (SADABS).23 Each structure was solved and refined using 
the Bruker SHELXTL Software Package24 within APEX3 or APEX423 and OLEX2.25 Non-
hydrogen atoms were refined anisotropically. The O-H hydrogen atoms were located in the 
diffraction map and refined with Uiso = 1.5Uequiv of the parent atom. All other hydrogen atoms were 
placed in geometrically calculated positions with Uiso = 1.2Uequiv of the parent atom (Uiso = 1.5Uequiv 
for methyl).   

Table S5: Crystallographic details for p-tbudhbpy or Ni(p-tbudhbpy) (1)   

 p-tbudhbpy Ni(p-tbudhbpy) (1) 
CCDC number 2155072 2155073 
Formula C30H32N2O2 C31H34N2NiO3 
FW (g/mol) 452.57  541.31  
Temp (K) 100(2)  100(2)  
λ (Å) 1.54178  0.71073  
Size (mm) 0.052 x 0.230 x 0.400  0.026 x 0.066 x 0.736 
Crystal habit colorless plate red needle 
Crystal system monoclinic triclinic 
Space group P 21/c P -1 
a (Å) 17.9785(12)  7.1130(18)  
b(Å) 6.9391(4)  11.635(3)  
c (Å) 9.9776(6)  16.837(4)  
α (°) 90 74.503(11) 
β (°) 105.218(4) 79.845(8) 
γ (°) 90 75.556(7) 
Volume (Å3) 1201.10(13) 1291.3(6) 
Z 2 2 
Density (g/cm3) 1.251  1.392  
µ (mm-1) 0.611  0.787  
F(000) 484 572 
θ range (°) 2.55 to 68.36 1.26 to 26.53 
Index ranges -21 ≤ h ≤ 21 

-7 ≤ k ≤ 8 
-12 ≤ l ≤ 12 

-8 ≤ h ≤ 8 
-14 ≤ k ≤ 14 
-21 ≤ l ≤ 19 

Reflns collected 21161 19569 
Independent reflns 2202 [Rint = 0.0568] 5300 [Rint = 0.1076] 
Data / restraints /parameters 2202 / 0 / 161 5300 / 0 / 344 
GOF on F2 1.057 0.969 
R1 (I>2σ(I)) 0.0430 0.0553 
wR2 (all data) 0.0430 0.1374 
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