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Abstract

Potential inversion refers to the situation where a protein cofactor or a synthetic molecule can be
oxidized or reduced twice in a cooperative manner, that is the second electron transfer (ET) is easier
than the first. This property is very important regarding the catalytic mechanism of enzymes that
bifurcate electrons and the properties of bidirectional redox molecular catalysts that function in
either direction of the reaction with no overpotential. Cyclic voltammetry is the most common
technique for characterizing the thermodynamics and kinetics of ET to or from these molecules.
However, a gap in the literature is the absence of analytical predictions to help interpret the values of
the voltammetric peak potentials when potential inversion occurs ; the cyclic voltammograms are
therefore often analyzed by simulating the data, with no discussion of the possibility of overfitting
and often no estimation of the error on the determined parameters. Here we formulate the theory
for the voltammetry of freely-diffusing or surface-confined two-electron redox species in the
experimentally relevant irreversible limit where the peak separation depends on scan rate. We
explain why the model is intrinsically underdetermined, and we illustrate this conclusion by the
analysis of the voltammetry of a Ni complex with redox-active iminosemiquinone ligands. Being able
to characterize the thermodynamics of two-electron transfer reactions will be crucial for designing
more efficient catalysts.

Redox molecules that undergo cooperative
two-electron electron transfers are key to

i 0 the development of the multielectron
el catalysts needed for efficient small molecule
-10 activation and electron storage. We revisit
0 oS the voltammetric characterization of these

E (V vs Ag/AgCl) systems, by proposing a theoretical

framework and a data analysis method,
which we apply to an experimental case. We explain why obtaining a set of parameters
that gives a good fit of the voltammograms is not enough to reliably estimate potential
inversion.
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Correction: the X-axis of the TOC figure and figures 6A, 7A, S9A and S11A was incorrectly labeled "E
(V vs SHE)" instead of "E (V vs Ag/AgCl)" in the initial version of this manuscript. It is corrected here.

Introduction

Many molecules can undergo multiple electron transfers. The particular case of two-electron redox
processes is frequent in biology, because many biological redox reactions involve two electrons, and
are catalyzed by enzymes that use two-electron redox sites ; the enzyme-catalyzed one-, four-, six- or
eight-electron transformations of nitrite to nitric oxide, dioxygen to water, and nitrite or dinitrogen to
ammonium, respectively, are important exceptions. The design of solar-fuels catalysts for the
two-electron reduction of CO, or for the production or oxidation of H, has also attracted much
attention in the last decade. In all cases, controlling the thermodynamics of electron or hole
accumulation is needed to understand and optimize the properties of these catalysts.

As a result of electrostatics, any extra addition or removal of an electron to a molecule should be
more difficult than the previous electron transfer. If we note with subscripts 1 and 2 the 1st and 2nd
reductions that take a fully oxidized molecule (O) to the intermediate (I) and reduced (R) states,

O+1le” =1 E} (1)

[+1le- =R EY (2)

AE° = EY — EY (3)
we expect that Coulombic repulsions should make the reduction potential of the 2nd reduction
lower than that of the 1st (that is, AE°= E°, - E°, > 0). However, various effects may destabilize the
intermediate redox state, and AE® may be negative if one or both of the redox steps are coupled to
structural changes or chemical reactions which compensate for the electrostatics.? Here we use the
expression "potential inversion" to refer to the situation where AE°is either slightly positive or
negative, so that the intermediate redox state is unstable. If AE° is sufficiently negative, the redox
reaction is essentially a cooperative two-electron transfer.

According to the notation defined by eqgs 1-3 and used throughout this paper, the more negative AE°,
the larger the extent of potential inversion, irrespective of the initial redox state of the system and
the direction of the reaction (reduction during the downward sweep, oxidation in the upward
sweep). However, this notation is arbitrary: in other papers in the literature, the subscripts in £°, and
E°, refer to the 1% and 2™ oxidations of the two-electron reduced species, in which case the more
positive AE°, the greater the potential inversion.

A fundamental biological process where potential inversion is usually considered crucial is electron
bifurcation, as occurs in mitochondrial cytochrome bc; and other enzymes where a quinone or a
flavin cofactor transfers electrons to two different acceptors, the first one at high potential and the
other at low potential. The thermodynamics and kinetics of the electron transfers are apparently
finely tuned to prevent short-circuit,’® although a recent, alternative view on electron bifurcation
suggests that potential inversion may not be a requirement.” Regarding the design of bidirectional
redox catalysts of two-electron redox reactions, engineering potential inversion is required in certain
catalytic mechanisms to make the system energetically efficient. Indeed, if reductive and oxidative
catalysis depend on the formation of the fully oxidized and reduced forms of the catalyst,
respectively, decreasing E°, - E%, brings the oxidative and reductive catalytic waves closer to one
another, to the point that catalysis may become fast in response to even a small difference between
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the electrode potential and the equilibrium potential.®™ For example, the catalytic cycle of
CO,/formate conversion in acetonitrile by [Pt(depe),]** (depe=1,2-bis(diethylphosphino)ethane)
includes a cooperative two-electron transfer step.**™

Investigations of the determinants of potential inversion involve the measurements of the two
reduction potentials of the molecule of interest, and how these potentials are modified by various
effects such as coupled proton-transfer, ligand binding/release, ion pairing, solvation etc.'?

Among the techniques that allow AE° to be measured, some rely on the equilibration of mixtures of
O, I and R. For example, the change in Nernst potential when the ratio [0]/[R] is varied by fractional
electrolysis can be analyzed to estimate AE° (ref **). In equilibrium redox titrations, which are very
common in the characterization of protein cofactors, the concentration of | is measured using a
spectroscopic technique as a function of the equilibrium potential, to determine E°; and £ (fig 1A)."
Alternatively, in characterizations of small, synthetic molecules, a straightforward method consists in
equilibrating a mixture of O and R (each in concentration C,), and measuring the resulting
equilibrium concentration of I, which is related to AEby eq. 4 :

[1]/Co = (1 +2 exp_FAEO/QRT> - )

This approach relies on the possibility to use a spectroscopic method to detect small amounts of the
intermediate redox state,'®"’ but the latter is all the more small as AE° is negative (cf eq. 4 and fig
1B).

1 A 1 B Figure 1. Measurement of potential
o .° 9 inversion from the results of experiments
= 0S5 € 0.5 e where the redox species equilibrate:
= o potentiometric titrations (A,B) and
0 ol °° voltammetry under Nernstian conditions,
E 0.1[D b with a diffusing (C,D) or adsorbed (E,F)
E ~ ' . species. We note E°_ = (E°, + E%,)/2. The
% E 0.05 ¢ data have been calculated with AE° ranging
S d pooe from 0.1 to -0.1 V (from green to red).
!"5 0 Panel A: concentration of | as a function of
L E g F . the equilibrium electrode potential E. Panel
< 0.5 < o B: maximal concentration of | against AE°
w0 -cgs 0.1 ° (eq 4, see also table 11.1 in ref ?).
'cg -0.5 = poec Panel C: reversible cyclic voltammograms
e 0 of a freely-diffusing two-electron species
-0.2 0 0.2 -0.1 0 0.1 (in the limit of infinitely slow scan rate), i is
E-E%, (V) AE° (V)

the current, A the electrode surface, C the
total concentration of redox species in
solution, D its diffusion coefficient, v the
scan rate. Panel D: the corresponding peak separation as a function of AE° (see also ref '8 or the Sl
of ref *°). Panel E: reversible cyclic voltammograms of an adsorbed two-electron species (in the
limit of infinitely slow scan rate), " is the surface coverage.?”® Panel F: the corresponding peak
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width at half height as a function of AE° (see also fig 10 in ref %).

Dynamic electrochemistry was often used to measure the two reduction potentials of small
molecules. In voltammetric experiments, either the redox species is adsorbed onto an electrode or it
freely diffuses in the solution that bathes the electrode, and the electrode potential (E) is swept up
and down at a certain scan rate (v, in units of V/s). The redox processes are detected as current peaks
(we count the reductive current as negative). Two-electron systems often give just one anodic and
one cathodic peaks, revealing the two-electron oxidation and reduction of the molecule, respectively.

If it can be assumed that the system equilibrates with the electrode (e.g. if the scan rate is slow and
the electron transfer rate fast), the peak potentials are independent of scan rate and the
voltammogram is termed 'reversible' or 'Nernstian'. Two pairs of peaks are observed if AE%is large
and positive, and a single pair of peaks is observed if AE®is small or negative (S fig 1). If AE® is not
too negative, the extent of potential inversion can be estimated by using working curves which relate
AE° to either peak separation AEP (if the species diffuse in solution, fig 1D) or to peak width (if the
species is adsorbed onto the electrode, fig 1F). The peak widths of a signal obtained by differential
pulse voltammetry of a species diffusing in solution, also under Nernstian conditions, give the same
information.”

However, in most cases published in the literature, and in particular when the potential inversion was
found to be large, the voltammetric signal was 'irreversible’, showing two separated peaks whose
positions depended on scan rate. This occurs when the rate of electron transfer is slow or the scan
rate fast, so that the redox species are not in equilibrium with the electrode potential. The value of
AE® was sometimes directly estimated from the peak separation,? or the value of the inverted
potential directly from the peak position (as e.g. in the interpretation of the square wave
voltammogram in ref %), and indeed it has been claimed that the two peak potentials should be
"close to" the values of E° (see e.g. ref 2, p 406). We shall explain below that this is a misconception.
In other papers, the values of AE° and the electron transfer rate constants were obtained from the
analysis of the "trumpet plots" of peak positions against scan rate'*?>?®, Most often, the same
parameters were determined by simulating either one cyclic voltammogram (CV) or a set of CVs
recorded at different scan rates with the simple two-electron model that we shall use herein.? Fitting
this minimal model to the data requires adjusting a number of parameters: 2 E°%, 2 rates of electron
transfer (k,), 2 transfer coefficients (Q), at least one diffusion coefficient and the product of electrode
surface times concentration. The unicity of the set of "best" parameters that comes out of the fitting
procedures was rarely discussed. Very early on, Bard et al. questioned the "exact quantitative
significance" of the parameters obtained from this type of simulations.?”’” Kraiya et al. showed that
AE® is well determined by the fitting procedure on condition that all other parameters are fixed,?®
but, in contrast, Hu et al.?®*° (in particular table 1 in ref *) and Bellec et al.”® reported some
correlation between distinct values of AE° and of the electron transfer rate that provided a good fit
of their voltammetric data, suggesting that these values are actually ill-defined. A systematic
discussion of the accuracy of the data analysis was not possible, due to the absence of analytical
predictions of the peak positions and peak shapes.

Here we describe the theory of two electron transfers in cyclic voltammetry for freely-diffusing or
adsorbed two-electron species. We focus on the irreversible limit where the peak separation is large
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and dependent on scan rate, which is experimentally relevant when potential inversion occurs ; we
give the expressions of the peak positions and peak separations as a function of the parameters of
the model, and we use these conclusions to explain why the fits are underdetermined to some
extent. Our findings are supported by an analysis of the voltammetry of a Ni complex, which we
synthesized and characterized using both voltammetry and spectroscopy. We propose a new method
for analyzing the voltammograms that gives the range of AE° values that is consistent with a
particular data set.

Peak positions in the cyclic voltammograms of two-electron
redox species

Regarding the voltammetry of a two electron species, if the half reduced state | is stable over a large
range of potential, the voltammetry consists of two independent one-electron pairs of peaks (Sl fig
S1), as described in many textbooks.*"*

Hereafter, we shall only describe the voltammetry when the potentials are "inverted" (E% < £°,) and |
is unstable, which has not been clearly addressed in the literature: in particular, the equations that
give the separation of the voltammetric peaks as a function of the parameter (E°, scan rate etc.) for
systems that undergo cooperative two-electron transfers (E°; < %) have not been given. We focus on
the most common situation where the redox molecule diffuses in solution to/from the electrode ;
the equivalent equations for a molecule that is adsorbed onto an electrode are given in Sl section
S12.

We shall use the simplest and most common mechanism for a two-electron redox process, with the
assumptions that have been used in most of the electrochemical literature on potential inversion.

Namely, we assume that the redox process is essentially a series of two one-electron transfers, and
that the kinetics of the ET follows Butler-Volmer kinetics:*%%
k{Cd kéCd
O=2I=2R
ke kg (5)
o; F
k;ed = kOi exp | — . (E — EZO)

kfx = ko; exp (T(E - E?)) )

We note E the electrode potential.

If a; =a, and k,; = kg, the relative thermodynamics of the two steps defines their relative rates: the
more favorable the electron transfer, the greater its rate constant. There are cases where this

approximation fails: ref 3

reports an experimental case where the two values of k, are very different,
leading to unusually complex two-electron voltammetry with multiple peaks on each sweep, unlike

the kind of data that we consider herein.

We assume that O and R are stable: the redox processes are not followed by any irreversible
reaction. They may be coupled to reversible reactions, such as protonation and conformational
changes ; we assume that these reactions are fast on the time scale of the voltammetry, hence they

Hessin et al. 5/22


https://doi.org/10.1021/acs.inorgchem.2c04365
https://paperpile.com/c/sGr5mc/3qO95+ftgYk
https://paperpile.com/c/sGr5mc/ftgYk+7lQSV
https://www.codecogs.com/eqnedit.php?latex=%7B%5Crm%20O%7D%20%5Coverset%7Bk_1%5E%7B%5Crm%20red%7D%7D%7B%5Cunderset%7Bk_1%5E%7B%5Crm%20ox%7D%7D%7B%5Crightleftarrows%7D%7D%20%7B%5Crm%20I%7D%20%5Coverset%7Bk_2%5E%7B%5Crm%20red%7D%7D%7B%5Cunderset%7Bk_2%5E%7B%5Crm%20ox%7D%7D%7B%5Crightleftarrows%7D%7D%20%7B%5Crm%20R%7D#0
https://www.codecogs.com/eqnedit.php?latex=k%5E%7B%5Crm%20red%7D_i%3Dk_%7B0i%7D%20%5Cexp%5Cleft(%20-%5Cfrac%7B%5Calpha_i%20F%7D%7BRT%7D(E-E%5E0_i)%20%5Cright)%20#0
https://www.codecogs.com/eqnedit.php?latex=k%5E%7B%5Crm%20ox%7D_i%3Dk_%7B0i%7D%20%5Cexp%5Cleft(%20%5Cfrac%7B(1-%5Calpha_i)%20F%7D%7BRT%7D(E-E%5E0_i)%20%5Cright)%20#0
https://paperpile.com/c/sGr5mc/SEhR5

do not need to be explicitly taken into account. Indeed, Laviron and coworkers have showed that
redox reactions that are coupled to fast, reversible non-redox reactions such as proton transfers
behave like pure electron transfer reactions, but in egs. 6 and 7, the potentials E° and prefactors k,
take apparent values that are affected by the thermodynamics of the fast coupled reactions.* The
work in refs ***’, for example, shows that explicitly taking into account the kinetics of the coupled
reactions is not necessary if the simpler two-electron model gives a good fit of the data. Finally, in
this theoretical section, we shall neglect the homogeneous disproportionation/comproportionation

reaction.3®3°

Each of the above hypotheses could be questioned on a case-by-case basis (and indeed, in the
experimental part, we shall test whether or not the disproportionation reaction makes a difference
to our conclusions), but the fact that simple assumptions allow one to reproduce voltammetric data
acquired over a range of scan rates is usually a sufficient validation of the hypotheses.

Under these assumptions, in the "reversible" (or "Nernstian") limit, which is reached at infinitely slow
scan rate, a single pair of peaks appears at E°,, = (E°,+£%,)/2 if E°,<E°, (red in fig 2A). The peak
separation is independent of scan rate and equals 30 mV, and the average of the anodic and cathodic
peak positions equals the value of the two-electron reduction potential £°_ = (E%+E°,)/2.3%°

As the scan rate is increased above a certain limit the separation between the anodic and cathodic
peaks increases. We shall note AEP this peak separation, AEP=EP*-EP (superscript "p" for "peak", "a"
or "c" for "anodic" or "cathodic"). The faster the scan rate, the larger AE®. In the "irreversible limit",
the peak separation is large, so that the anodic and cathodic peaks do not overlap.

Figure 2A shows a series of cyclic voltammograms, started by a reductive sweep, calculated using
digital simulations for increasing values of the ratio V/k,’ (from red, the reversible limit, to blue). Note
the increase in peak separation at faster scan rates, and the dissymmetry of the signal: the initial
reductive peak is larger than the reoxidation peak. This is because when the peak separation is
greater, a larger fraction of the reduced species formed on the reductive sweep diffuses away from
the electrode and cannot be reoxidized. This is clearly observed in experiments (e.g. see below).

Figure 2 : Voltammetric signatures of a diffusing

1

£ A redox molecule that undergoes cooperative

§ 0 e two-electron transfer. Panel A shows

g E% voltammograms calculated assuming E%-E°% =-0.5V,

= _1 ko, = ko3, O, = 0Q,=0.5, and V/k,? increasing from red
105 > (reversible limit) to blue. We note E°, = (E°+E°,)/2.

- Panel B shows the corresponding "trumpet plot" ;

io 10° the circles indicate the peak positions obtained from

é 10-5 the numerical simulations shown in panel A, and the

° L0 “ lines predict the peak positions according to egs 8

Yy o 5 (purple) and 9 (green). Sl fig S2 is identical except
E-E% (V) that it was calculated with a,=a,= 0.6, to show an

example of a dissymmetrical trumpet plot.

The rest of this section focuses on the irreversible limit where the peak separation is large and
depends on scan rate.
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We show below that the positions of the 2 peaks observed for irreversible two-electron reactions
with E°; < E°, are simply obtained from the equations derived by Nicholson and Shain for
one-electron redox transformations*. Figure 2 compares the predicted peak positions and those
obtained from numerical simulations of the redox system (lines and dots in fig 2B, respectively).

During the reductive sweep, the irreversible reduction of O to | occurs at at

RT
— <0.780 tlny/ Doale/kglRT>

EP = EY —
&1 (8)

(cf the purple line in fig 2B). It is followed by the reduction of | to R, and we expect this second step

to be fast because of the very favorable thermodynamics : E,” << E°,, therefore k,™*>> k," at low

potential. This fast, irreversible, follow-up reduction doubles the magnitude of the cathodic peak,

but it changes neither its position nor its shape, because the O-to-l step is rate-determining.

Therefore the second reduction (I to R) does not appear as a second peak on the reductive sweep.

On the return sweep, a unique anodic, irreversible peak is seen when R is reoxidized to |, at

RT
——{0.780 +1 Do(1 — Fv/k3 RT
(1—042)F ( ﬂ\/ o az)Fv/ 01 )(9)

This ET is followed by the very favorable and very fast oxidation of I to O, so that a single oxidative

EP = E3 +

peak is observed.

Note that the average of the peak potentials equates the two-electron reduction potential
E°, = (E°+E%)/2 only if Dy =Dy, a; = 1-0, and ky; = k.

The values of E* (eq 8) and E™ (eq 9) are plotted as purple and green lines in the "trumpet plots" in
fig 2B, and match the positions of the peaks measured in simulations (dots in fig 2B).

The peaks shift upon increasing the scan rate:
d EP/d logo(v) = —=2.3RT /200 F (10)
d EP*/d logyo(v) = 2.3RT/2(1 — a2) F (1)

The two slopes of the trumpet plot are around 60 mV/decade if a, and a, = 0.5.

The scan rate above which the irreversible anodic and cathodic peaks separate is calculated from eqs

8 and 9. Assuming for the sake of simplicity that D, = Dy, k,, = k,; and a;= a,= 0.5, we obtain

k(Q)RT (aF
exp

o (B — E9) — 2 0.78) )

The system is in the irreversible limit (and eqs 8-14 are valid) only when v > v,

Vsplit =

Equation 12 has a major implication regarding the positions of the peaks with respect to the
thermodynamic potentials E° and the meaning of the peak separation. For a one-electron system, the
position of the reductive peak position is

pre — o - L <0.780 + In 4 /DaFy/kgRT)
aF (13)

and peak separation is observed if v > k,’RT/DaF ; this implies that the reductive peak is at lower
potential than E°. In contrast, for a two-electron system with inverted potentials, peak splitting may
be observed even if v < k,’RT/DaF, because the exponential term in eq 12 is much smaller than one.
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Therefore, the logarithmic terms in eqs 8 and 9 may be positive or negative. As a consequence, the
cathodic peak occurs at a potential that may be either greater or lower than E°;, depending on scan
rate: see e.g. in fig 2B how the position of the cathodic peak (purple line) compares with the value of

E,.

The peak separation AE® = E - E*° (obtained from eqs 8 and 9 in the irreversible limit assuming
0, =0, = 0.5 and and ky, = ky,) has a large thermodynamic contribution E°, - E°,, in addition to the
scan-rate dependent kinetic contribution :

RT DaFv
AEP = EY—E) +—(2x0.78+1
20 ToF ( X OIS TRy
thermodynamics ~~ d
kinetics (14)

The sign of the kinetic contribution may be positive or negative, and therefore the peak separation
can be greater or lower than AE° it is not a proxy of the potential inversion:

AEP # —AE° (15)

This combination of thermodynamic and kinetic contributions (1st and 2nd terms in the right hand
side of eq 14, respectively) causes the indetermination of the fits that is described in the next
section.

Implications regarding the fitting of the voltammograms
when potential inversion occurs

The previous section shows that by examining peak positions alone, or how peak positions depend
on scan rate, the extent of potential inversion and the values of k, cannot be unambiguously
measured. This is because a large inversion (negative AE’) or slow interfacial electron transfer
kinetics (small ko) have the same effect on peak separation and cannot be distinguished (eq 14). The
method for measuring AE’ by voltammetry often consists in fitting the two-electron model to a
voltammogram, instead of just looking at peak positions, or to a series of voltammograms recorded
at different scan rates. Below we use this method on an experimental example to demonstrate that
the indetermination remains even if the complete waveshape is considered, and we propose a
systematic method that gives the range of values of AE° that is consistent with a particular data set.

The strategy that we shall use several times in the sections below consists in running series of
constrained fits, and comparing the quality of the fits by looking at the value of the residuals (the
residuals are the differences between the best fits and the data, the better the fits the smaller the
residuals ; ref ** is an introduction to fitting, which may be useful to readers who are not familiar with
the concept). Our fits are 'constrained' because we adjust certain parameters of the model, while
others (e.g. AE°, the values of @, the disproportionation rate constant) are forced to take certain
values ; this contrasts with the more common method that consists in running a single fit that returns
the best value of all parameters. Comparing the quality of all the constrained fits allows us to define
ranges of parameter values (not just parameter values) that are consistent with the data. In the 2D
maps below (figs 8 and 9) we use a color code from green to red to indicate that the best fits are
good or bad. If forcing a parameter to take any value within a large window of possible values makes
no difference to the final quality of the fit, we conclude that this window gives the limits of the
values of the parameter that are acceptable.
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Synthesis and characterization of a model complex [Ni(BQ),(Cl),] (1*-2CI)
with inverted potentials

Aminophenols are mono-aza-analogues of catechols and well-established redox-active structures.*?
Complexed to 3d metals such as Cu and Ni, these ligands form stable complexes in their
iminosemiquinone (SQ) and benzoquinone (BQ) redox states. The resulting complexes perform
electron transfer by favoring ligand-based redox changes from SQ to BQ, thus circumventing
metal-based redox activity.”® In this series, it has been shown that Ni(SQ), 1, a Ni" complex derived
from 2-anilino-4,6-di-tert-butylphenol, exhibits a 2-electron voltammetric wave when it is oxidized
from Ni(SQ), (1) to Ni(BQ),** (1°*) in TBAPF4 (TBA: tetrabutyl ammonium [(n-Bu),N]*), which suggests
that the two reduction potentials of this complex are inverted, making it a good model system in this
work.

We investigated by UV-vis spectroscopy the oxidation of 1 with increasing amounts of ferrocenium
chloride (Fc-Cl), a 1-electron oxidant. The UV-vis spectra show the conversion of 1 (879 nm) into the
doubly oxidized species [Ni(BQ),(Cl),] (1**-2CI') (448 nm) (fig 3). Complex 1**-2Cl" can be prepared
from 1 in 37% overall yield by oxidation with silver triflate (AgOTf) followed by anion metathesis with
n-tetrabutylammonium chloride (nBu,NCl) (fig 3). The structure of 1>*-2CI'was confirmed by
crystallographic analysis as an octahedral complex with two chlorides ligated at the axial positions (SI
section S5); representative bond lengths, angles and crystallographic parameters are included in

SI Table S1. The UV-vis spectra of complex 1 and 1%*-2CI'shown in fig S3 are in agreement with the
consumption of 1 for the benefit of 12*-2CI" in fig 4.

The isosbestic point at 573 nm in fig 4 indicates that the reaction does not involve the formation of a
stable singly reduced intermediate and that a 2e- transfer is favored. The examination by EPR of an
equimolar mixture of 1 and 1%*-2CI' (1 mM) confirmed this observation, as no signal was detected at
room temperature, which implies that the singly reduced 1" form is formed only in very small
amounts, below the 1 uM detection limit (Sl section S4). By using eq 4, we conclude that

AE°<-140 mV.

,@: ey ik Bu  eOT(2 eau) /@Bu:o, , JIII-‘Nih . Figure 3. Synt.hesis and X-ray
N 2 el G ey AR crystallographic structure of
1 GGl or 10mn 12+.20F [Ni(BQ),(Cl),] (1**-2€T), the
= 8% doubly oxidized species from
Ni(sQ), 1
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Voltammetry of [Ni(BQ),(Cl),] (1**-2CI")

Figure 5 shows a series of cyclic voltammograms for the reduction and reoxidation of [Ni(BQ),(Cl),]
(1%*-2CI). All experiments described herein were performed on a stationary glassy-carbon electrode
and using ohmic drop compensation. Panel B shows that the magnitude of the voltammetric peaks
increases in proportion to V2, this is because the complex freely diffuses in the solution that bathes

the electrode.

The data in fig 5 were acquired using TBABF, as supporting electrolyte, but the data in
supplementary Section S9 show that the quantitative conclusions from our analysis are the same
when TBABF, is replaced with TBACI. Experiments in Sl section S10, showing the voltammetry of the
reduced [Ni(SQ),] complex 1 in TBACI starting from the low potential limit, also gave similar results.
These experiments suggest that the oxidative and reductive peaks correspond to the same
two-electron transformation. Moreover, the analysis below shows that the above-described
two-electron model, which is most commonly used in the context of potential inversion, describes
well the shape of the voltammograms and their dependence on scan rate, suggesting that the
reaction kinetics is indeed simple and that using a more complex model is not justified.

Figure 5C shows that the oxidative and reductive peaks shift in proportion to In(v). According to the
above results, the cathodic peak corresponds to the 1st reduction of the complex, at a potential
given by eq 8, and the slope of the cathodic part of the trumpet plot gives a; = 0.5 (eq 10). Similarly,
from the anodic branch and eq 11 we calculate a,=0.3.
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10[ 4 ® Figure 5. Voltammetry of [Ni(BQ),(Cl),]

I (1%*-2CI). Panel A: CVs recorded in the
range 0.1 to 5 V/s (from red to blue), with
12*-2CI' (C=1 mM) in CH,Cl,+ 0.1 M
TBABF,, on a glassy carbon electrode
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?% 0 \ Panel B: the linear change in peak current
# -1 A against square root of scan rate.
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Panel C: trumpet plot of peak positions

EP (V vs Ag/AgCl)

against scan rate on a log scale. The fit of
a straight line to each branch (based on
eqs 10 and 11) gave a;=0.5 and a,=0.3.

Figure 6. Underdetermination of the fitting of the
voltammetry of [Ni(BQ),(Cl),] (1**-2CI') shown in
Figure 5A.
Panel A: the 2 V/s CV of [Ni(BQ),(Cl),] (1**-2CI") (black,
same conditions as in fig 5), overlaid with 5 different
fits out of 500 results (green to red, they are almost
indistinguishable).
Panel B: residuals of the fits shown in Panel A.
0 0.5 Panel C: plot of the geometric mean electron transfer

E (V'vs Ag/AgCl) rate constant (V(ko;ko,)) against the final (best) value
o9 C| of AE°, for the 100 best fits of the CV with initial
2 ° & parameters randomly chosen in the range: (E°,+£%,)/2
°, € [0-0.4V], AE° € [-0.6-0.1V], ky; and ky, € [10%-1
\% cm/s] (on a log scale), AC € [6-9 10°mol/cm],
—4 g a,=0.5,a,=0.3,D=910°cm?/s (see text). The five
15 colored points correspond to the five fits shown in
panel A.

Panel D: relative residuals of the 100 best fits
© B om0 o SEHATRWGP described above.
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The model depends on 8 parameters — E°), E%, koy, kop, Q1 @,, D (the diffusion coefficient, which was
assumed to be the same for all three redox states), and AC (A is the electrode surface, C the
concentration, the product AC(D)”? defines the overall magnitude of the signal) — plus temperature
and scan rate. We used the in-house program QSoas* to search for the best values of the parameters
of the model by fitting the result of digital simulations (see methods) to the experimental data. To
fully explore the parameter space we used a feature of QSoas that randomly selects a large number
(typically, hundreds) of initial "seeds" (a set of initial parameters, each parameter either fixed to a
certain value or randomly chosen within a certain range) and uses an optimization algorithm to
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adjust the parameters until a best agreement between the data and the simulation is found. The
outcome of the procedure is a large number of sets of best parameters, each corresponding to a
certain constraint, a certain seed and a certain final simulation, the quality of which is assessed by
examining the value of the total residual (the distance between the fit and the data).

In a first exploration, we ran 500 fits of one of the CVs in fig 5A (the one recorded at 2 V/s), each
starting from a seed defined by (E°,+£%)/2 € 0to -0.4V, AE° = -0.6 to -0.1V, k,, and k,, = 10%to 1
cm/s (on a log scale), AC = 6 to 9 10° mol/cm, and adjusting these 5 parameters until "best values"
were obtained, keeping the other three parameters fixed: a,= 0.5, a,= 0.3 (deduced from fig 5C),

D =910° cm?/s (determined by DOSY, see methods section S6). Figure 6A shows 5 selected fits out of
the 500, and Panel B shows the 5 corresponding residuals (the differences between the data and
each simulation). The 5 fits are equally good (either judging by the eye, or from the values of the
total residuals in panel D, which are all within 15 % of each other). However, the 5 best values of AE°
range from -125 to -800 mV, showing that this parameter cannot be identified by the fitting
procedure. The best values of k, also vary. Figure 6C shows the linear relation between the value of
AE® and the mean of k% and k°,, for the final parameters of the 100 best fits in this series. The slope
is -194 mV/decade, close to the predicted slope of -120 mV/decade that is expected if a,= a; = 0.5
and ky, = ko, ; indeed, for the various sets of parameters that give the same peak separation, eqs 8
and 9 can be combined to show that the relation between AE® and k, should be

dAE° 23X RT
d log,q ko oF (16)

The exact relation between the best values of AE°, ky,, ko, @3 and @, is further discussed in Sl section
S11.

The value of the diffusion coefficient affects the positions of the peaks (which depend on log(D/k,’),
see e.g. eq 8) and their magnitude (in proportion to AC(D)"?). Since the value of k, cannot be
determined by fitting, the value of the diffusion coefficient should not be let free in the fitting
procedure unless the product AC is fixed to a known value. In all fitting runs discussed in this work,
we fixed the values of D and C, and we let free the value of A.

To find out if certain values of AE®are not consistent with the data, we run a systematic exploration
by fixing 25 values of AE® in the range -0.8 to 0.2 V, and starting the fits from 60 seeds each time. We
discarded the fits for which the product AC(D)Y? is about twice the expected value : they correspond
to a situation where the program calculates two separated one-electron irreversible waves, one of
which is out of the potential window of the CV. The best fits obtained by fixing AE° to any value
greater than -90 mV are bad (judging by the eye, fig 7A, or from the larger value of the total residual
in Panel C). In contrast, an equally good fit is obtained with AE° fixed to any value lower than -90 mV
(fig 7C).
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Figure 7. Fitting a CV of [Ni(BQ),(Cl),] (1**-2CI")
by forcing the value of AE°.
Panel A: good (green), and bad (orange, red) fits
of the 2V/s voltammogram of 1mM
[Ni(BQ),(Cl),] (1**-2CI')(same conditions as in 5)
obtained after forcing AE°=-133 (green), -50
(orange) and +200mV (red).
Panel B: Residuals of the fits in panel A
Panel C: Relative residuals of the best fits of the
2V/s CV in figure 5A, forcing AE%in the range -0.8
30 to 0.2V and adjusting the other parameters
starting for each value of AE°starting from 60
20 0° different seeds defined by (E%+E%)/2 €
[0-0.4V], k,; and ky, € [108-1 cm/s] (on a log
pooooooooooooooo@o scale), AC € [6-9 10° mol/cm], a,=0.5,a,=0.3,
0 C D =9 10° cm?/s. The plot shows that the fits are

-0.5 0 equally good for all values of AE° < -90 mV.

AE° (V)

i (WA)

Ai (pA)

10

residuals (%)
o

To test whether AE® can be measured more accurately by interpreting the dependence of the
voltammetric signature on scan rate, we repeated the latest exploration by simultaneously fitting the
model to three CVs recorded at 1, 2 and 5 V/s, instead of only one. The same weight was given to all
CVs. The results in Sl section S8 show that the conclusion is the same as when only one scan rate is
considered.

Any value of AE° lower than the above determined limit would be consistent with the data, but the
lower AE° the larger the value of k, that is needed to obtain the same peak separation. Assuming an
upper value of k, and using eq 14 gives the lower limit of AE°:

I‘(Q) max RT

For the CV in fig 7 for example, AE°= 640 mV at v = 2V/s, and if we assume k., = 1 cm/s (ref &), we
obtain AE°,,, =-1V.

T DaF
AEY,, = —AFEP + BT (o« 078 410 2V
ol (17)

The effect of dis- and comproportionation

Regarding the particular CV in fig 7A, we examined the effect of including the disproportionation
reaction using the same strategy as above. This reaction

kq
2l =2 0+ R
ke (18)

is bimolecular in both directions, with rate constants k, and k_ that are related by thermodynamics:
kq ( —~FAE° >
/{ZC RT (19)

(note that k, > k. when the potentials are inverted).

We repeated the exploration of the parameter space by forcing AE® between -0.8 V and +0.5 V, and
forcing the disproportionation rate constant k to take values ranging from 10 to 10’ cm®/mol/s,
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calculating the corresponding value of k_ using eq. 19, and discarding the combinations of
parameters that gave k. greater than the diffusion limit (10’ cm?/mol/s at most). Figure 8 shows a
color map of the relative residuals of the 504 resulting best fits (504 = 36 values of AE° times 14
values of k), plotted as a function of AE° (x-axis) and log,,(k,) (y-axis). The color code is from green
(perfect fit) to red (bad fit), as in fig 7C. The top right corner is blanked, because it corresponds to
values of k. that exceed the diffusion limit.

The lower row of this figure (where k, is negligibly small) shows the same results as fig 7C: the fit is
good (green) irrespective of the value of AE® below a certain threshold (around -90 mV). Increasing k,
has no strong effect on this threshold, we only see a slight increase in the range of acceptable AE°
values when reaction 18 is very fast.

Figure 8 Fitting the CV of [Ni(BQ),(Cl),] (1%*-2CI)
in fig 7A by forcing the values of AE° and k, (the
disproportionation bimolecular rate constant, in
units of cm?®/mol/s). The color map shows the
quality of the resulting best fit. The color code
is from green (good fit, with relative residuals
lower than 7%) to orange (relative residuals =
10%) to red (bad fit), as shown on the color
scale on the right. This color scheme is also
used in fig 7C. The "best" CVs calculated for AE°
-0.5 0 0.5 = 0.2V and ky = 1 cm*®/mol/s are reasonably

forced AE° (V) good in terms of relative residuals (thus the
orange zone), but bad in terms of shape (they
show a small oxidative pre-peak resulting from
the oxidation of R to 1) that is not observed in
experiments.

20

15

10

logio(ka)

Generalization

We have focused above on the irreversible case, where the peak separation is large. By discussing the
equations of the peak positions we demonstrated that the value of AE° cannot be determined by
fitting, and on a particular example we found that all values of AE° more negative than -90 mV were
consistent with the shape of the voltammograms in figs 5A. Here we wonder if this -90 mV limit is
general by examining which values of AE° can actually be determined from ideal voltammetric
responses.

Considering the conditions k,= 0, k,; = k,, and either a,= a,= 0.5 (top row in fig 9) or a,=0.5, a,= 0.4
(bottom row in fig 9), we run a number of simulations of the voltammetry of the simple two-electron
kinetic scheme, using values of DaFv/k,’RT equal to 10° (left panels, irreversible limit) and 10™ (right
panels, reversible limit) and 36 different "real" values of AE° ranging from -0.5V to +0.2V. For each
simulation, we run a series of fits, forcing AE° to take one of 36 values between -0.5V to +0.2V.

Figure 9 shows color maps of the relative residuals of the 5184 resulting best fits

(5184 =2 X 2 X 36 X 36: 2 values of v/k,’, times 2 pairs of values of a, and a,, times 36 "real"
values of AE°, times 36 "forced" values of AE°), plotted as a function of "AE° fitted" and "AE° real".
The color code is from green (perfect fit) to red (bad fit), as in fig 7C and 8. Any vertical section of
these graphs has the same meaning as fig 7C, except that the four CVs that were fitted were the
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results of simulations, rather than the result of experiment. Note that since the CVs fitted in fig 9 are
not the same as those in fig 7, the results of the analysis need not be the same.
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Figure 9. The range of values of AE° that can be reliably determined by fitting the EE model to a
voltammogram. Each plot is a color map of the quality of the best fit obtained by forcing a certain
value of AE° to a voltammogram calculated using a certain "real" value of AE°. The CVs were
calculated for DaFv/k,’RT equal to 10° (left panels, irreversible situation) and 10 (right panels,
reversible situation), with k,; = ko, and a; = a,= 0.5 (top), or ky; = ko, and a; = 0.5, a,= 0.4 (bottom).
See in fig 2B the shapes of the corresponding CVs. The color code is from green (good fit, with
relative residuals lower than 7%) to orange (relative residuals = 10%) to red (bad fit), as shown on
the color scale on the right. This color scale is also used in fig 7C and 8.

Unsurprisingly, we observe that when AE° is positive (when the potentials are not inverted, rightmost
part of each panel), the good fits are on the diagonal corresponding to "AE° fitted" = "AE° real" ; this
means that the real value of AE® is well determined by the fit. In contrast, when AE° is negative, any
negative value of AE® is consistent with the data (hence the green, squarish region in the bottom left
corner of each panel).

These considerations do not take into account any non-ideality (resulting from high frequency noise,
irregular background current, insufficient ohmic drop compensation, heterogeneity etc.) that would
distort real data. They set a theoretical limit to the negative values of AE° that can be measured but
there is no assurance that this precision can be achieved in the analysis of experimental results.
Judging from the data in figs 6 and 7, relative deviations of 8 to 10 % correspond visually to very good
fits. Using 10% as a threshold (orange in fig 9), we conclude that in the worst case, when the ET is
irreversible and a, = a,= 0.5, it is not even possible to discriminate between values of AE® lower than
+100 mV (fig 9A). The case in which the values of a are different is slightly more favorable (the green
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region is smaller in panel C than in panel A). If the two values of k, and a are very different from one
another, it may happen that at a very fast scan rate, our assumption that the 2nd ET is faster than the
1st becomes wrong ; in that case the voltammetry may become more complex, showing more than
one peak on each sweep, and, provided the data is of sufficient quality, it maybe possible to analyze
it to obtain reliable values of all the parameters (see e.g. ref 3).

The above analyses shows that in all situations, values of AE° below a certain limit cannot be
discriminated against by fitting, but this limit is not universal: its value depends on the other
parameters (the values of k, and a) and on the quality of the data (or, equivalently, the fit quality that
is considered acceptable).

Discussion

Here we summarize the rules that guide the interpretation of the voltammetry of a two-electron
system in the most common case where the voltammograms show only one cathodic and one anodic
peak (as in fig 2A) and we explain the implications that have been underlooked in the literature
regarding the fitting of voltammograms and the estimation of the extent of potential inversion.

The reversible case (in the limit of slow scan rate) is well known (fig 1C, or red in fig 2A). A
two-electron pair of peaks at E°,, = (E°,+E%,)/2 is expected, with a peak separation AE” = EP-EP° that is
scan rate independent. If the potential difference is small, e.g. -80 mV < AE°< 80 mV, AE° may be
obtained from AEP using a working curve, as in fig 1D. Any deviation from an ideal behavior — the
broadening of the signal that would result from slow electron transfer or a dispersion of E° values, or
a baseline imperfection — is likely to affect the accuracy of the measurement. Moreover, the ideal
shape of the signal becomes fully independent of AE° as AE° decreases, and very negative values of
AE° (AE° < -80 mV) cannot be measured.

At scan rates faster than those defined by eq 12, the voltammetry is irreversible: the oxidative and
reductive peaks split as the scan rate increases (as observed in fig 5C and Sl figs S8C, S10C), which
clearly implies that these peak potentials cannot be equated to the value of any thermodynamic
parameter. The peak potentials are given by eqs 8 and 9. These equations do not imply that the peak
potentials are close to the E° values, because the magnitude of the second term in the right-hand
sides of these equations may be large. Furthermore, the sign of these terms may be positive or
negative, and an important conclusion here is therefore that the cathodic peak potential may be
lower or greater than E°;, and the anodic peak potential lower or greater than E°,. There is no range
of scan rates where the peak potentials equal the values of the one-electron reduction potential E°,
and only by chance can E™ or E* be close to E°; or E°,, just like a broken watch gives the right time
twice a day.

Equation 14 gives the peak separation AE° = EP?- E* for a freely-diffusing two-electron species in the
irreversible limit. It is the sum of a thermodynamic contribution E% - E°;, which may be large, and a
kinetic contribution, which depends on scan rate and may be positive or negative.

A first, obvious consequence is that the peak separation is not a proxy nor an upper or lower limit of

E°% - E° (= -AF%).
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Second, eq 12 explains the general observation that for systems that show potential inversion, the
low scan rate reversible limit is hard to reach. Equation 12 gives the order of magnitude of the scan
rate V,,;; above which the peaks separate and shows that for a given value of k;, the more negative
AE° the smaller this scan rate. Reaching reversibility therefore requires very slow scan rates.* It has
been considered that when potential inversion occurs, the measured values of k, are small because
the high reorganization energy related to the structural changes that are coupled to the redox
process slows electron transfer'®?%3%4647 |n contrast, our analysis shows that the large peak
separation that is often observed at moderate scan rates when potential inversion occurs should not
be interpreted as evidence that k, is particularly small, because this peak separation includes a large
thermodynamic contribution (eq 14). Moreover, the values of k, can be underestimated by the fitting
procedure.

Indeed, the fact that both kinetics and thermodynamics contribute to peak splitting has a very strong
implication regarding the fitting of the CVs. The parameters that are adjusted in the fitting procedure
are necessarily undetermined to some extent because a very negative AE° and fast electron transfer
may give the same peak splitting as a more positive AE° combined with slower ET (eq 16). This
explains the correlations between the "best" values of k, and AE°that have been observed before
(see e.g. table 1 in ref *°), and it is clearly illustrated by our systematic analysis of the voltammetry of
a Ni complex (fig 6). Our conclusion about the indetermination of k, and AE° also stands firm when
the analysis consists in fitting a model to a complete voltammogram (therefore taking into account
the shape, not just the peak positions), or a set of voltammograms recorded at different scan rates.

To interpret the data in fig 5 (and Sl figs S8 and $10), we used the numerical solution of the common
two-electron model ("EE"). In contrast to all previous investigations, instead of searching for and
reporting a single set of parameters (E%s, k,'s, D's, d's, etc) that provides a good fit of either one CV
or a set of CVs recorded at different scan rates, we used a program that allowed us to fully explore
the parameter space, and we wondered whether a single or several sets of parameters actually
provide a good fit of the data. Our results clearly show that there is not a unique solution to the
fitting problem, irrespective of the number of CVs recorded at different scan rates and
simultaneously analyzed. For example the five fits in fig 6 are equally good (judging from the
difference between the fit and the data in panel B or the total residues in panel D), but the
corresponding 5 best values of AE° range from -125 to -800 mV, and the k, values from 10 to

10 cm/s (panel C). Each data point in panels B and C corresponds to one of these good fits. The
perfect correlation between the "best" values of k, and AE° (fig 6C) is predicted by eq 16 and results
from the additive contributions of thermodynamics and kinetics in the equations that give the peak
positions (see also Sl section S11). A single best value of AE® is necessarily found by the fitting
procedure if all the other parameters are kept constants, as illustrated in ref %, but a different result
would have been obtained if a different kinetics had been assumed.

There is no unique set of parameters (k,, AE°, etc.) that provides a good fit of the CVs, but we
proposed a new method that can be used to determine the range of AE° values that is consistent
with a particular data set (either a unique CV, fig 7, or a set of CVs recorded at different scan rates, Sl
fig S7). It consists in repeatedly fixing AE° to a certain value, searching for a set of parameters that
provide a best fit of the data, and examining how the goodness of this best fit changes as a function
of AE°. We found that good fits are only obtained when AE° is below a certain threshold, which we
interpret as the upper limit of AE°. Analyzing either one CV or multiple CVs recorded at different scan
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rates gives the same results. A lower limit of the value of AE° can also be estimated from eq 17 if a
maximal value of k, is assumed.

The results in fig 7 illustrate the determination of the upper value of AE® of -90mV for the
[Ni(BQ),(Cl),] (1**-2€T"). This value of AE° is hundreds of mV more positive than minus the peak
separation observed in the voltammetry at any scan rate. That potential inversion occurs in the case
of that complex is clear from the UV-Vis titration in fig 4, which shows a two-electron conversion with
an isosbestic point, but this type of experiment cannot be easily interpreted to estimate the value of
AE°. We also used EPR to quantify the amount of intermediate form produced by the partial
comproportionation of an equimolar mixture of the oxidized and reduced forms of the complex. No
intermediate could be detected, from which, using eq 4, we conclude that AE° < -140 mV ; this result
is consistent with (but more restrictive than) the interpretation of the voltammetry.

In an attempt to generalize our conclusions, we examined the results of the fits of simulated (hence
ideal) voltammetric data. From fig 9 we concluded that when k,, = k,, and a,= a,= 0.5, reasonably
good fits cannot be used to discriminate negative value of AE°. If the two values of k, or the two
values of a are so different from one another that the shape of the voltammetry becomes more
complex than that seen in fig 5, e.g. with multiple peaks on each sweep, the parameters of the
system can actually be determined, at the cost of a thorough analysis as exemplified e.g. in ref *.
How different the two k, values must be for this to be possible depends on AE°, a,, a,, the quality of
the data and the range of accessible scan rates. It is therefore not possible to draw a general
conclusion about which negative values of AE° can be reliably measured by fitting the voltammetry.
However, we have demonstrated that in this sort of analysis, it is crucial to fully explore and define
the limits of the continuous range of parameters that gives a good fit of the voltammetry, not just
consider a single set of "best" parameters. This has not been done before, probably in part because
the numerical tools and softwares to achieve this goal were missing.

The pitfalls of non linear fitting should of course be considered in the modeling of any experiment,
but the above theoretical analysis explains why the parameters of the simple two-electron model are
particularly ill-defined ; this has crucial consequences on the estimation of potential inversion from
voltammetric data that have apparently been overlooked before.

Methods

The synthesis and characterization of 12*-2CI" is described in SI. The structure was deposited to the
Cambridge Crystallographic Data Centre (CCDC) under the reference CCDC 2178080.

We used M. Rudolf's "box2" solver,”® in an in-house simulation program, for integrating the diffusion
equations with the electrode boundary conditions. This simulation program was used for the
simulations shown in figs 1C, 2A, S1 and S2A. The same simulation program was connected to the
open source fitting program QSoas (gsoas.org)** to explore the parameter space. The minimization
algorithm used in this work was ODRPACK.* The relative residuals (%) plotted in figs 6D, 7C, 8, 9,
S7D, S9C and S11C are the square root of the weighted average of the square of the difference
between the fit and the data divided by the weighted average of the squares of the data, so that they
represent an average relative deviation. The simulation program is currently being integrated into the
public version of QSoas and will be part of a subsequent release.
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Section S1: the voltammetry of a two electron redox system, crossed vs
uncrossed cases

1 Figure S1. lllustration of the shapes of
E reversible voltammograms of
E diffusive two-electron species, when
aQ 0 the potentials are inverted (blue,
2 AE’<<0) or uncrossed (red, here with
g £°,=0.25V and E%=-0.25V vs £°. )
|
-0.5 0 0.5
E-E%, (V)

Section S2: An example of asymmetric trumpet plot

Figure S2: Voltammetric signatures of

o a diffusing redox molecule that
x© undergoes cooperative two-electron
'-f';- transfer. Same as main text figure 2,
E but calculated with a,=a,=0.6, to
Q show an example of a dissymmetrical
= trumpet plot.
£ 100
=
L 107 <
[ L]
10—10 Py
-0.5 0 0.5
E-E% (V)
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Section S3: syntheses

General information

All reactions were carried out under argon atmosphere using standard Schlenk techniques in oven
dried glassware. Reagent grade dichloromethane (CH,Cl,) and toluene were purified using a solvent
purification system. All starting materials were purchased from commercially available sources (TCl
Chemicals, SigmaAldrich, Alfa Aesar, Acros Organics) and used without any further purification.
High-resolution mass spectrometry (HRMS) was performed by ESI mass spectrometers MicroTOF(l)
and MicroTOF(ll) focus (BRUKER, Germany). UV-Vis data were collected using AGILENT Cary 60
UV-Vis Spectrometer at room temperature. Wavelengths (A) are given in nanometer (nm) and molar
extinction coefficients (g£) are given in M'.cm™. EPR spectra were recorded on an EMXplus
spectrometer (Bruker Biospin GmbH) operating at X-band (9.8 GHz), equipped with a high sensitivity
resonator (4119HS-W1, Bruker) using 1 mW microwave power, 0.4 mT modulation amplitude, a
sweep time of 120 s and 2500 points for a single scan. Powder X-ray diffraction (PXRD) was
performed on Bruker D8 Advance with X-ray source by anticathode of copper giving photons with a
wavelength of 1.54x10° m. The crystals were placed in oil, and a single crystal was selected,
mounted on a glass fiber and placed in a low-temperature N, stream. X-Ray diffraction data collection
were measured by either 4-circles Bruker PHOTON Il diffractometer equipped with two
micro-sources IuS Mo and IuS Diamond Cu and with an Oxford Cryosystem 800 for low temperature
measurements or 4-circles Bruker APEX Il DUO IuS Kappa-CCD diffractometer equipped with two
sources (Mo sealed tube and Cu micro-source) and with an Oxford Cryosystem 700 liquid N, device
for low temperature measurements. The cell parameters were determined in APEX3 software. The
structure was solved using the program SHELXT-2014. The refinement and all further calculations
were carried out using SHELXL-2018. The H-atoms were included in calculated positions and treated
as riding atoms using SHELXL default parameters. The non-H atoms were refined anisotropically,
using weighted full-matrix least-squares on F2. A semi-empirical absorption correction was applied
using SADABS in APEX3. The structure of 1**-2CI" was deposited to the Cambridge Crystallographic
Data Centre (CCDC) under the reference CCDC 2178080.

Synthesis of ferrocenium chloride (Fc-Cl)

1.8 equiv. SO,Cly,

@ CH2C|2, Ar

\ rt, 5 min

Fe » Fe CI
_— 27% o
Fec Fe-Cl

Ferrocenium chloride (Fc-Cl) was synthesized according to a literature procedure.! To a solution of
ferrocene Fc (10.0 g, 53.8 mmol) in CH,CI, (60 mL), SO,CI, (8 mL, 99 mmol) was added dropwise. The
orange reaction mixture turned dark blue, and the blue precipitate was filtered and washed three
times with 25 mL of diethyl ether. 100 mL of diethyl ether were added to the filtrated and the blue

' Adams, J. J.; Arulsamy, N.; Sullivan, B. P.; Roddick, D. M.; Neuberger, A.; Schmehl, R. H. Homoleptic
Tris-Diphosphine Re(l) and Re(ll) Complexes and Re(ll) Photophysics and Photochemistry. Inorg. Chem. 2015, 54
(23),11136-11149. doi: 10.1021/acs.inorgchem.5b01395.
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precipitate was again filtered. The final product Fc-Cl was obtained as a green-blue solid. Yield = 27%
(3.26 g, 14.7 mmol).

Preparation of Ni"(SQ), (complex 1)
Synthesis of the aminophenol ligand

1/ n-heptane

By 2/ 1 equiv. @—NH B
=™ S aul
Bu OH 3/0.1 equiv. NEtg By NH
Ph

5 h, air, reflux, 63%

The aminophenol ligand was synthesized according to a literature procedure.? To a suspension of
catechol (10 g, 44.98 mmol, 1 equiv.) in n-heptane (53 mL), was added 4.1 mL of aniline (44.98 mmol,
1.0 equiv.) then 0.64 mL of NEt; (4.498 mmol, 0.1 equiv.). The dark brown solution was heated to
reflux under air for 5 h. It was then allowed to return to rt and was stored at 4°C overnight. Big
slightly pink-orange crystals were obtained, filtered and dried under vacuum. Yield = 63% (8.43 g,
28.34 mmol). Characterization data for this molecule were similar to those reported in the literature.

Synthesis of Ni"(5Q), (complex 1)

1/ MeOH
By 2/ 1 equiv. NI(NO3)26H2O By ,Ph
f OH 3/ 4 equiv. NEt3 /@O, Y Bu
> ,. HIE —_—
‘Bu NH 2 h, air, reflux, 83% Bu <\ \O: $
PH PH Bu
2 equiv. Complex 1

Complex 1 was synthesized according to a literature procedure.” To a solution of the aminophenol
ligand (2 g, 6.72 mmol, 2 equiv.) in MeOH (88 mL), was added Ni(NO;),.6H,0 (977.7 mg, 3.362 mmol,
1.0 equiv.) then Et;N (1.87 mL, 13.45 mmol, 4 equiv.). The resulting solution was heated to reflux
under air for 1 h. Upon cooling, a dark green precipitate formed. The precipitate was filtered and
washed with MeOH to yield a green powder. Yield= 83% (1.8 g, 2.79 mmol). The complex is stored at
4°C. It can be recrystallized by dissolving it in Et,0 and layering that solution on top of a MeOH
solution (Et,0:MeOH, 3:1) mixture. Characterization data of this complex were similar to those
reported in the literature.

Preparation of 1**-20Tf
2+
—2+ 2
By Ph 2 equiv. AgOTf By |0H2 Ph
/@O"'Ni"“\ BU toluene, Ar, rt, 15 min . /@,O/ 'Ni"”\N\ Bu
Bu =N7 'O@/ quant. Bu SN7 \O/ﬁ/
PH Bu pf  OHz Bu
1 12+.2

2 Chaudhuri, P.; Verani, C. N.; Bill, E.; Bothe, E.; Weyhermiiller, T.; Wieghardt, K. Electronic Structure of
Bis(o-Iminobenzosemiquinonato)Metal Complexes (Cu, Ni, Pd). The Art of Establishing Physical Oxidation States
in Transition-Metal Complexes Containing Radical Ligands. J. Am. Chem. Soc. 2001, 123 (10), 2213-2223. doi:
10.1021/ja003831d.
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Complex 1 (551 mg, 0.848 mmol, 1.0 equiv.) and AgOTf (435.9 mg, 1.697 mmol, 2.0 equiv.) were
placed in a Schlenk tube (three Ar/vacuum cycles), followed by 100 mL of toluene (anhydrous under
argon). The green solution quickly turned brown-orange and was left to stir for 15 min. The reaction
can be monitored by UV-Visible spectroscopy by following the disappearance of the starting material.
The brown reaction mixture was then filtered and concentrated under reduced pressure to yield
1%*.20Tf quantitatively as a brown solid. The complex is stored at 4°C. Red prismatic monocrystals
were obtained from slow evaporation of CH,Cl, at rt or by layering CH,Cl,/Et,0O at 4°C. H atoms and
two CH,CI, molecules were omitted for clarity.

MW (C,,Hs,FsN,NiO,,S,): 983.70 g/mol.

EPR (CH,Cl,): X-band silent (S=1).

HRMS (ESI): (m/z) calcd for C,oHs,N,NiO, 324.1607, found 324.1628 [M]*".

CHN analysis: calcd for 12*-:20Tf: 51.28 C%, 5.53 H%, 2.85 N%, found 51.14 C%, 5.63 H%, 2.74 N%.
UV-Vis [CH,Cl,; A, nm (€ M™".cm™)]: 493 (6855 M*.cm™).

In(en;‘, . +MS, 0.4-0.4min #23-25
%% Experimental
20

15
1.0 324.6644 325.1623

3241628

05 [\ 325/’6\622 326.1609

Fo CuoHsoN2NIO3, 324.1607

2t Simulated

20
15

2 2
325159
4 4
10 324,662 ”
05 325/1{604

0.0

2+
2+ 2+
3261593 326.6598 327.1580

322 323 324 325 326 327 328 329 330 m/z

Experimental and simulated HRMS spectrum of 12*-20Tf".

Preparation of 1**-2CI

—|2+ 2

gy  OH, Ph 5 equiv. TBACI gy  Cl Ph
/@O"~Nli||.-\N\:$/'Bu CHyCly, Ar, rt, 10 min /@O"»Nlpr“N\I thu
IBU \Nr | \O 37% > tBU \Nv | \o/
Ph/ OH, Bu Ph/ Cl Bu
12+.9 12+2CI-

1%*-20Tf (53.6 mg, 0.054 mmol, 1.0 equiv.,) and TBACI (75.7 mg, 0.272 mmol, 5.0 equiv.) were placed
in a Schlenk tube (three Ar/vacuum cycles), followed by 10 mL of CH,Cl, (anhydrous under argon).
The mixture was left to stir for 10 min. The brown reaction mixture was then filtered and
concentrated under reduced pressure. The solid was washed with water to remove excess TBACI, and
toluene or acetone to remove TBAOTf and yield 13.9 mg of a brown-orange solid. Yield = 37%.
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Orange plates monocrystals were obtained from layering MeOH/Et,0 and kept at 4°C. 1**-2Cl is
stored at 4°C. CAUTION ! The complex gets reduced during the recrystallization process, the reduced
form can be removed by trituration in MeOH.

MW (C,,H;,CI,N,NiO,): 720.45 g/mol.

EPR (CH,Cl,): X-band silent (S=1).

HRMS (ESI): (m/z) calcd for C,4H-,CIN,NiO, 683.2909, found 683.2903 [M]".

CHN analysis: calcd for 12*-2CI-0.2 CH,Cl, 65.48 C%, 6.89 H%, 3.80 N%, found 65.16 C%, 6.97 H%,
3.87 N%.

UV-Vis [CH,Cl,; A, nm (€ M™".cm™)]: 448 (6543 M™*.cm™), 350 (7591 M™.cm™).

Intens. +MS, 0.0-0.2min #2-9
x104] 1+
2.57 H 69 11;s7o 6932858
... Experimental
1.5 1+ 1+
1.0 692.2900 694.2892
‘ 683.2903 1+
685.2865
053 684.2936 -
0.0 6814116 f\ N )\ 6862907 687.2874 65238 695.2920
7 L CaoHsoCIN;NIO,, 683.2909)
+
683.2909
60001 GQj 1
Simulated
4000+ 1+
684.2942 1+ 1
686.2906
2000 6872865 14 1
1+
A C882878 689.2850 690,263
0 - - - - - - -
680 682 684 686 688 690 692 694 miz

Experimental and simulated HRMS spectrum of 12*-2CI".

UV-Vis spectra of the complexes and reactants

——Ni(sQ),

25000 B
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e (M"em™)
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Figure S3. UV-vis absorption spectrum of complex 1 (26 uM) in degassed CH,Cl, (A = 879 nm, € =
13934 M™.cm™; A =289 nm, € = 9145 M*.cm™) and 1**-2CI" (50 uM) in degassed CH,Cl, (A = 448 nm, €
=6543 M™.cm™, A =350 nm, € = 7591 M™*.cm™).
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By Ph 2 equiv. Fc*Cl By | Ph

O, N Bu CH,Cl,, Ar, rt /@O 9 N Bu
I I j 2Ulo, Ar, I
BUQN(NI h e} —_— By ‘Ni \OU

PH Bu ph’ I Bu
1 12+.2CI
o am 448 nm
Complex 1
1.0 ——0.25 equiv. FeCl
a Complex1 ——0.50 equiv.
879 —0.75 equiv.
1 equiv.
—— 1.25 equiv.
0.8 1 1 1.50 equiv.
1.75 equiv.
/3\' 1 2 equiv.
S 06 _k 292
8 AU
(= 1 =N
@®
-g 0.4
n 12-2CI
2 ‘ 346 448
0.2 4
0.0
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Figure S4. In-situ UV-vis absorption spectrophotometric titration of complex 1 (26 puM) with
increasing amounts of F¢-Cl (0 — 2 equiv.) in degassed CH,Cl,.

Section S4 : EPR spectroscopy experiments

For the following experiments, the fully oxidized form 1*-20Tf was synthesized using 1 equiv. of
complex 1 and 1 equiv. of AgOTf instead of 2 equiv. of AgOTf, to make sure that there were no traces
of the oxidant AgOTf left. This reaction yielded 0.5 equiv. of 1*-20Tf, Ag(0), and 0.5 equiv. of
complex 1 remained unreacted. Ag(0) was removed by filtration of the crude product and the
unreacted Ni(SQ), 1 was removed by trituration in MeOH. Complex 12*-2CI" was synthesized using
the above batch of 1**-20Tf and using the protocol described in section 3.

Two solutions of 1 mM of complex 1 and 1 mM of 1**-2CI' containing 0.1 M of TBABF, each were
prepared under Ar and in degassed CH,Cl, using a Schlenk line. The two solutions were then placed
in an anaerobic glovebox and 1 mL of 1 mM of 1 and 1 mL of 1 mM of 1**-2CI" were mixed in another
glassware. The final solution was placed inside a 100 pL capillary (Hirschmann) and was probed by
EPR. No signal was detected at rt.

Bu o N
%N \Ij (I N" g —_— (I N \Q
Bu Ph/N, N' 0.1 MTBABF4 N7

CH,Cly, Ar
1 12+2CI° 1+cr
Unstable

1mM 1mM not detected
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The absence of EPR signals signifies that the concentration of the generated intermediate species
1*-Cl' is below detection by EPR, meaning that the concentration of the generated species is < 1 uM.

Section S5 : X-ray structure of 1%*-2CI

Figure S5. Thermal ellipsoid representation (50% probability) of 12*-2CI".

Table S1. Crystallographic parameters for 12*-2Cl".

Product

Complex 1%*-2CI

Empirical formula

CaoHsoCLN,NIO,

Formula weight 720.43 g/mol
Temperature 120(2) K
Wavelength 0.71073 A
Crystal system monoclinic
Space group P21/c

Unit cell dimensions a=9.1619(3) A a=90°
b=12.4122(4) A B =101.7950(10)°
c=16.6415(6) A | y=90°

Volume 1852.50(11) A®

4 2

Density (calculated) 1.292 Mg/m?

Absorption coefficient | 0.704 mm™

F(000) 764

Crystal size 0.200 mm x 0.150 mm x 0.120 mm

Theta range for data
collection

2.271 to 27.905°

Index ranges

-12<=h<=12; -16<=k<=16; -21<=I<=21

Reflections collected

52445

Independent 4419 [R(int) = 0.0559]
reflections

Reflections observed | 3867

(>2sigma)

Data / restraints [/ |4419/0/220
parameters

Goodness-of-fit on F2 1.089
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Final

R

[1>2sigma(/)]

indices

R1=0.0364 wR2 = 0.0907

R indices (all data)

R1=0.0441 wR2 = 0.0960

Table S2. Bond distances (A) for 1>*-2CI".

Ni-N1 |2.0688(17) |01-c1 | 1.235(2) [c1-c2 [1.511(3) [ c1-ce [1.466(2) [ ce-c5 | 1.350(3)
Ni-O1 2.0455(13) | N1-C2 1.297(2) | C4-C5 1.471(3) | €2-C3 1.440(3) | C3-C4 1.353(3)
Ni-Cl1 | 2.3785(5)

Table S3. Selected angles (2) for 12*-2CI".

Cl1-Ni1-01 92.96(4) 01-Ni1-N1 | 101.60(6)

CI1-Ni1-N1 | 93.83(5) | O1-Ni1-N1 [ 78.39(6)

Cl1-Ni1-Cl1 180.0 01-Nil1-01 | 180.0
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Section S6 : Determination of the diffusion coefficient

The diffusion coefficient of 1 was determined to be 8.96 x 10™° m?/s using DOSY NMR. The fit was
done using the following equation where I is the observed intensity, I, the reference intensity, D the

diffusion coefficient, y the gyromagnetic ratio of the observed nucleus, g the gradient strength, d the

length of the gradient, A the diffusion time and 7 the time between the bipolar gradient:

I1=1

-Dy* g* 6> (A-6/3-71/2)

0
Dosy/Fit 0 m2/s
o 6] % r 10
M@ Y e
Ue o
0
=
T T T 1T 1T T ‘ T T L B | T ‘ T T T T T ‘ T T T T T 1T T
10.00 5.00 0.00 ppm
Intensity
Dfit j61, 8.96e-10m2/s
108
107_
x163
0.50 100 150 ]

Magnetic field gradient (G/cm)2

Figure S6. DOSY NMR of complex 1 (CDCl;, 600 MHz) and diffusion coefficient fit plot.
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Section S7 : Voltammetry (methods)

All electrochemical experiments were performed under argon flow in a three-electrode cell, and
using ohmic drop compensation. The working electrode was a steady glassy carbon electrode of 0.8
or 3.1 mm? surface area, the counter electrode was a platinum wire and the reference was a Ag/AgCl
(KCI 3 M) electrode separated from the solution by a bridge. The CVs were recorded in extra dry
dichloromethane from Sigma-Aldrich, using a Metrohm PGSTAT100N potentiostat controlled by the
Nova 2.1.4 software. The electrolyte salt, tetrabutylammonium tetrafluoroborate (TBABF,), was
recrystallized and all the glassware was carefully dried before use. Other supporting electrolytes
were purchased from commercial suppliers and used without further purification.

Section S8 : Analysis of the voltammetry of 12*-2CI" at multiple scan rates

i (WA)
i (WA)

0 0.5 0 0.5
E (V vs Ag/AgCl) E (V vs Ag/AgCl)
. 30
2 3 20 o222
3 z o
= g 1Ooooooooooooooooooo
d 0 D
0 0.5 -0.5 0
E (V vs Ag/AgCl) AEC (V)

Figure S7. Simultaneous fit of the CVs recorded with Ni(BQ),Cl, (1**-2CI') in CH,Cl, + TBABF, at three
different scan rates. Panels A-C each show three particular fits obtained by forcing AE°=-133 mV
(green), -50 mV (orange) or 200 mV (red), a,= 0.5, a,= 0.3, D =9 10° cm?/s and adjusting (E%+E%,)/2,
ko1, Koz, and AC. Each panel shows a CV recorded at a certain scan rate (A: 5V/s, B: 2V/s, C: 1V/s).
Panel D shows the total residue as a function of AE°. The quality of the fit is as good as above, the
dependence on scan rate is well reproduced, and, again, we conclude that all values of AE° lower
than about -90 mV are consistent with the voltammetry.
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Section S9 : Voltammetry of 1**-2CI" in CH,Cl,+TBACI

10| A
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Figure S8. Voltammetry of NiBQ,Cl, (1%*-2CI') in 1 mM in CH,Cl, and 0.1 M TBACI.

Panel A: CVs recorded in the range 0.1 to 1V/s (from red to blue).

Panel B: the linear change in peak current against square root of scan rate.

Panel C: trumpet plot of peak positions against scan rate on a log scale. From the fits of a
straight line to each branch of the trumpet plot, we calculated a,=0.26 and a, : 0.56.

T =25°C, glassy carbon, A= 3.1 mm? C=1mM.

<
=
3 = —=
< 0 0.5
E (V vs Ag/AgCl)
30 OOOO
w20 1
(3]
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0
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AE° (V)
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Figure S9. The analysis in fig. 10 is
repeated with the 0.2V/s CV shown
in Fig S6, obtained with the

NiBQ,Cl, complex (12*-2CI') in CH,Cl,+
TBACI.



Section S10 : Voltammetry of 1 in CH,Cl,+TBACI

A B .
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Figure $10. Voltammetry of Ni(SQ), (1) in 1 mM in CH,Cl, and 0.1 M TBACI. Panel A: CVs recorded
in the range 0.1 to 2V/s (from red to blue). Panel B: the linear change in peak current against
square root of scan rate. Note that in this voltammetry of the reduced complex, the anodic peak is
larger than the cathodic peak, in contrast to e.g. the results in fig S7. Panel C: trumpet plot of peak
positions against scan rate on a log scale. From the fits of a straight line to each branch of the
trumpet plot, we calculated a,=0.56 and a, : 0.43. T = 25°C.

Figure S11. The analysis in fig. 10 is
repeated with the 1V/s CV shown
. 5 in Fig S9, obtained with the
3 Ni(5Q), complex (1) in CH,Cl,+
= 0 7 TBACI.
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Section S11: Further discussion of eq 16 and fig 6C

For the various sets of parameters that give the same peak separation AE®, eqs 10 and 11 can be
combined to show that the exact relation between AE® and k,,, ky,, @;and @, should be

RT Doo Fv RT Dr(1 — ag)Fv
F'—EY = _AFP+—"_(0.780 +1 0.780 + In 4| —— =~ ~
e TaF ( TN T RT ) T a)F < i k2, RT

X

Figure S12 shows the best value of AE° plotted against the value of X calculated form the best values
of kqy, kyy, @;and @, for the 100 best fits discussed in relation to figure 6D. The series of data points in
a line of slope unity, offset by -AEP=-0.75V, as predicted by the equation above.

g Figure S12. The best value of AE° plotted
—0.2 .J against the value of X calculated form the best
$§@ values of k,,, ko,, @; and a, for the 100 best fits
o discussed in figure 6D.
S -0.4 o &°
T o
< °
-0.6 ®
-0.8] o
0 0.2 0.4 0.6
X
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https://docs.google.com/document/d/1-n9tTPgv9NduTVLWMRu5hab1i_TFO4Z3qaJER1jYtb4/edit#equ_17
https://www.codecogs.com/eqnedit.php?latex=%20E%5E0_1-E%5E0_2%20%3D%20-%5CDelta%20E%5Ep%20%2B%20%5Cunderbrace%7B%5Cfrac%7BRT%7D%7B%5Calpha_1%20F%7D%5Cleft(%200.780%2B%5Cln%5Csqrt%7B%5Cfrac%7BD_%7B%5Crm%20O%7D%5Calpha_1%20F%20%5Cnu%7D%7Bk_%7B01%7D%5E2RT%7D%7D%5Cright)%20%2B%20%5Cfrac%7BRT%7D%7B(1-%5Calpha_2)%20F%7D%5Cleft(0.780%2B%5Cln%5Csqrt%7B%5Cfrac%7BD_%7B%5Crm%20R%7D(1-%5Calpha_2)%20F%20%5Cnu%7D%7Bk_%7B02%7D%5E2RT%7D%7D%5Cright)%7D_%7BX%7D#0

Section S12: Peak positions for surface-confined two-electron species when
potential inversion occurs

In the case E° < E°, and in the irreversible limit, and assuming that a; =a, and k,, = k,, the peak on
the reductive sweep occurs at
RT a Fv
EP = EY — In —
a P ko RT (eqs1)

This reduction of O to | is followed by the reduction of | to R, and we expect this second step to be

fast because of the very favorable thermodynamics. Therefore the second reduction (I to R) does not
appear as a distinct peak on the reductive sweep.

On the return, anodic sweep, a unique peak is seen when R is reoxidized to I, and it is followed by the
favorable and irreversible oxidation of | to O.

Bv = B RT In (1 —ag)Fv
<1 — ag)F k’ogRT (eq 52)

The requirement that E*° < E* gives the order of magnitude of the scan rate above which the peaks
split. Assuming again that a; = a, and k,; = k,,, we obtain
k,’oRT ( ol 0 0
Vsplit = — = €XP - (E7 — E3)
oF 2RT (eq 53)

which is all the smaller the potentials are crossed, and may be much smaller than k,RT/aF.
The peak separation AE, = £, - £, "% (obtained from egs s1 and s2) has a large thermodynamic

contribution E° - E°;, and a kinetic contribution that depends on scan rate. For example, if we
assume for simplicity that kg, = ko, 0, = @,=0.5, we deduce from eqgs s1 and s2:

2RT . «ofFv
AE,= EJ—E° —1
v= 25 T UF " RRT
thermodynamics
kinetics (eq s4)

The sign of the kinetic contribution may be positive or negative, and therefore the peak separation
can be greater or lower than AE° it is not a proxy of the potential inversion:

Regarding the interpretation of the trumpet plots in the case of cooperative ET, the values of ky; and

k,, cannot be deduced from the value of the scan rate above which the peaks split unless AE%is

known. The slopes of the two branches of the trumpet plot (around 120 mV/decade if a = 0.5) are :
d EP/d logy(v) = 2.3RT/(1 — s)F (eq s7)

Last, in this irreversible limit where peak positions depend on scan rate, the average of the peak
positions equates the average two electron potential £°, = (E%+E°,)/2 only on condition that a; = 1-a,
and ky, = ko, However, in the general case,

(EP* 4 E™)/2 # (E} + E3)/2 (eq s8)
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