N

N

Hydrogen Evolution Mediated by Cobalt
Diimine-Dioxime Complexes: Insights into the Role of
the Ligand Acid/Base Functionalities.

Dongyue Sun, Aparna Karippara Harshan, Jacques Pécaut, Sharon

Hammes-Schiffer, Cyrille Costentin, Vincent Artero

» To cite this version:

Dongyue Sun, Aparna Karippara Harshan, Jacques Pécaut, Sharon Hammes-Schiffer, Cyrille Cos-
tentin, et al.. Hydrogen Evolution Mediated by Cobalt Diimine-Dioxime Complexes: Insights into
the Role of the Ligand Acid/Base Functionalities.. ChemElectroChem, 2021, 8 (14), pp.2671-2679.
10.1002/celc.202100413 . hal-03320907

HAL Id: hal-03320907
https://hal.science/hal-03320907v1

Submitted on 22 Aug 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03320907v1
https://hal.archives-ouvertes.fr

Author Manuscript

Title: Hydrogen Evolution Mediated by Cobalt Diimine-Dioxime Complexes: Insights into
the Role of the Ligand Acid/Base Functionalities.

Authors: Dongyue Sun; Arpana Karippara Harshan; Jacques Pécaut; Sharon Hammes-
Schiffer; Cyrille Costentin; Vincent Artero

This is the author manuscript accepted for publication. It has not been through the
copyediting, typesetting, pagination and proofreading process, which may lead to differences
between this version and the Version of Record.

To be cited as: 10.1002/celc.202100413

Link to VoR: https://doi.org/10.1002/celc.202100413



Hydrogen Evolution Mediated by Cobalt Diimine-
Dioxime Complexes: Insights into the Role of the

Ligand Acid/Base Functionalities.

Dongyue Sun,! Arpana Karippara Harshan,? Jacques Pécaut,®> Sharon Hammes-Schiffer,* Cyrille

Costentin*>® and Vincent Artero*!

1DrD. Sun, Dr V. Artero
Univ. Grenoble Alpes, CNRS, CEA, IRIG, Laboratoire de Chimie et Biologie des Métaux, 17 rue

des Martyrs, F-38054 Grenoble, Cedex, France; vincent.artero@cea.fr

2Dr A. Karippara Harshan
Department of Chemistry, Pennsylvania State University, University Park, Pennsylvania 16802
United States.

3 DrJ. Pécaut
Univ. Grenoble Alpes, CNRS, CEA, IRIG, SYMMES, 17 rue des Martyrs, F-38054 Grenoble,

Cedex, France.

4 Prof. S. Hammes-Schiffer

Department of Chemistry, Yale University, New Haven, Connecticut 06520 United States.

®Prof. C. Costentin
Univ Grenoble Alpes, CNRS, DCM, 38000 Grenoble, France; cyrille.costentin@univ-grenoble-

alpes.fr

% Prof. C. Costentin

Université de Paris, 75013 Paris, France.

To the memory of Prof. Jean-Michel Savéant

This article is protected by copyright. All rights reserved

Author Manuscript


mailto:vincent.artero@cea.fr
mailto:cyrille.costentin@univ-grenoble-alpes.fr
mailto:cyrille.costentin@univ-grenoble-alpes.fr

ABSTRACT

The benchmarking of the performance for H; evolution of cobalt diimine-dioxime catalysts is
provided based on a comprehensive study of their catalytic mechanism. The latter follows an
ECE’CC pathway with intermediate formation of a Co(ll)-hydride intermediate and second
protonation possibly at a basic site of the ligand, acting as a proton relay. This suggests an
intramolecular coupling between the hydride and protonated ligand as the proton concentration-

independent rate-determining step controlling the turnover frequency for Hz evolution.
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Table of Contents text:

Cobalt diimine-dioxime complexes are versatile catalysts for H. evolution but the benchmarking
of their performances was still lacking. This article fills this gap based on the report of their
catalytic response under canonical conditions allowing, thanks to a newly developed analytical
treatment, a comprehensive description of the mechanism at play with a proton-independent rate-
determining step. The authors also demonstrate that not every basic site installed in the second

coordination sphere can act as proton relay in catalysis.
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INTRODUCTION

Hydrogen as an energy carrier is a promising alternative to fossil fuels provided it is produced
using renewable energy via electrolysis. A related key challenge is the finding of new efficient
and robust catalysts based on Earth-abundant elements for the reduction of protons into Ho.
Among molecular catalysts, bis-glyoximato cobalt complexes (cobaloximes) appear as one of the
most active series when considering turnover frequencies and overpotential requirements.™!
Cobalt diimine-dioxime complexes (Figure 1) with a tetradentate equatorial ligand similarly
displayed good performances in terms of overpotential requirements,’?! are even more stable
against hydrolysis?®! and can be easily derivatized,® which allowed their recent incorporation
into nanostructured cathode materials based on carbon nanotubest* 4 or dye-sensitized
photocathode architectures.®! While studies have been dedicated to understanding the tolerance
to O or the stability of this series of catalysts during Hz evolution,I”! little information is
available to benchmark their catalytic performances or to understand their catalytic mechanisms.
Both complexes [Co((DO)2BF2)pnBr2] (1, Figure 1) and [Co(DO)(DOH)pnBr2] (2)
((DOH)(DOH)pn = N2N?’-propanediylbis(2,3-butandione 2-imine 3-oxime) were previously
reported as stable and efficient molecular catalysts for hydrogen evolution.?® However, at that
time, the tools for a detailed mechanistic analysis obtained from information extracted from a
thorough analysis of cyclic voltammograms (CVs) were not fully available. It is now the case

thanks to the work of Prof. Jean-Michel Savéant to which this paper is dedicated.[®]

Herein we thus show that a combination of analysis of CVs in both total catalysis and
canonical conditions, together with insights from theoretical calculations, allow us to propose a
mechanism for the H, evolution reaction (HER) in organic solvent with 1 and 2 as molecular
catalysts. We show that the H> formation step is kinetically important for both catalysts and that
this step likely involves the ligand as a proton relay. In the case of 2 the oxime bridge in the
tetradentate diimine-dioxime ligand is proposed to exist in two protonated states. The first
protonation impacts the standard catalytic potential, but quantitative analysis show that this firstly
added proton is not involved in catalysis due to a kinetically limiting reprotonation rate,

contrasting here with the second protonation state.
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Figure 1. Structures of [Co((DO).BF2)pnBr2] (1, left) and [Co(DO)(DOH)pnBr2] (2, right)

RESULTS AND DISCUSSION
Synthesis

Cobalt diimine-dioxime complexes 1 and 2 were synthesized using protocols optimized from
the literature (see the supporting information). X-ray quality crystals of 1:2/3 CH2Cl, could be
obtained from dichloromethane solution. The X-ray structure of 1 (Figure S5) reveals an
octahedral environment around the cobalt ion with two axial halide ligands located trans to each
other.

Cyclic Voltammetry

The cyclic voltammogram of 2 in CH3CN (with 0.1 M nBusNBF4) displays two chemically
reversible systems at —0.57 V (electrochemically quasi-reversible, AEp =169 mV) and -1.11V

(electrochemically reversible AE ) = 61 mV) vs Fc*/Fc, corresponding to the Co""" and Co'"!

redox processes, respectively, based on previous literature.?°l A third ligand-centered process is

observed at -2.1 V (AEIO =70 mV) vs Fc*/Fc (Figure S6). From the peak current of the nernstian
- 0 e . 5 am2 o1
second redox event, |ID _0.446FSC%‘t /DZFv/ RT , a diffusion coefficient D2 of 1.4 10~ cm*.s

is determined for 2.[81 Cgat is the concentration of the complex, S is the electrode surface area,

Vv is the scan rate, T is the temperature, F is the Faraday constant, and R is the gas constant. As

previously noted, the presence of the {BF2}" groups shifts all the redox processes ~200 mV
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positively.?’l The cyclic voltammogram of 1 in CHsCN (with 0.1 M nBusNBF) also displays

two chemically reversible systems at —0.38 V (electrochemically quasi-reversible AEp: 142
mV) and —0.84 V (electrochemically reversible AEp: 63 mV) vs Fc*/Fc, corresponding to the

Co"" and Co'"' redox processes, respectively, based on previous literature.”® A third ligand-
centered process is observed at —1.80 V (AEID = 78 mV) vs Fc'/Fc (Figure S6). A diffusion

coefficient D, of 1.1 10° cm?2.s 1 is determined for 1.

Upon addition of p-cyanoanilinium tetrafluoroborate acting as a proton source, catalytic
waves corresponding to H. evolution develop at potentials positive to the Co'"' wave as
previously observed (Figure 2).[?°1 In the case of 1 (Figure 2a), at slow scan rate (typically 0.1
V/s) and moderate substrate (p-cyanoanilinium) concentration, the situation is characteristic of a
total catalysis regime,® 81 with the catalytic wave peaking because of limitation of the catalytic
current by substrate diffusion due to its fast consumption in the diffusion-reaction layer. Catalysis
is so fast that only a tiny amount of reduced catalyst is required to consume all the substrate in the
diffusion-reaction layer; hence the catalytic peak is more positive than the standard potential of
the catalyst, and this allows the Co'" wave to be observed. As expected,®? the catalytic peak
potential shifts cathodically with the acid concentration. As detailed later on, peak position in CV
in the total catalysis regime can be used to extract kinetic information but it is not enough to fully
characterize the reaction mechanism. Additional insights can be gathered from the regime
encountered at large excess of substrate. The combination of fast kinetics (compared to the time
scale of CV, i.e. pure kinetics conditions), and large excess of p-cyanoanilinium (compared to the
catalyst) corresponds to the so-called canonical conditions where a steady-state S-shaped CV is
expected.®1 However, the observation of well-defined catalytic plateaus is often blurred by
additional processes occurring at more negative potentials.® It may correspond to the reduction
of substrate not consumed by the catalytic process of interest, be it another catalytic process
involving a more reduced state of the molecular complex, direct proton reduction at the glassy
carbon electrode, or proton reduction by catalytic materials formed at the electrode from the
decomposition of the molecular catalyst.[”- 1% These side reactions thus require adaptation of the
experimental conditions (substrate and catalyst concentrations and scan rate controlling the time
scale of the CV).
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For catalyst 1, which was previously shown to be stable in the presence of p-cyanoanilinium
tetrafluoroborate up to few tens of mM, figure 2b shows that, at 20 mM of acid and 1 mM of
catalyst, raising the scan rate above 40 V.s! leads to the observation of a current becoming
independent of scan rate. Ohmic drop was carefully compensated so as to be confident in the
shape of the rising part of the catalytic wave. It is clearly observed that the catalytic wave is not a
simple S-shaped CV and that additional catalytic phenomena take place at potentials more
negative than ca. —0.85 V vs Fc*/Fc as attested by the change of the pace of the rising current.
These phenomena are obviously not observed at small acid concentration due to acid
consumption corresponding to total catalysis. From the experimental data, we estimate that a first
pseudo-plateau current is obtained at roughly 0.9 mA for a catalyst concentration of 1 mM at a
1.6 mm diameter glassy carbon electrode. This is inferred from the observation of a scan rate
independent inflexion zone in the catalytic wave. In the following we restrict our analysis to this
first catalytic process (figure 2b). The additional current (above this pseudo-plateau) observed at
high scan rate and high acid concentration is attributed to further reduction of the resting state
intermediate triggering faster hydrogen evolution or possible catalysis mediated by electrode
coatings originated from catalyst decomposition. At higher concentrations of acid (30 and 40

mM), it is seen (figure 2c) that the plateau current increases a bit but is not proportional to
[AH] . It is therefore a strong indication that the catalytic process becomes limited by a

chemical step independent of acid concentration.

a b c
12 12
i (MA)
0.8 0.8
0.44 0.4
0.0 0.0
E (V vs. Fc¢'/Fc) E (V vs Fc'/Fc) E (V vs. Fc'/Fc)
00 04 08 -12 -02-0.4-06-0.8-1.0-1.2-1.4 0.2-04-0.6-08-1.0-1.2-1.4

Figure 2. Cyclic voltammetry or linear sweep voltammetry (LSV) of H> evolution catalysis
mediated by 1 in the presence of p-cyanoanilinium (AH) in CH3CN + 0.1 M n-BusNBFs ona 1.6
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mm-diameter glassy carbon electrode. (a) [1] =2 mM, v = 0.1 V.s%; [AH] = 0 (blue), 1 (black), 2
(red), 3 (green), 4 (magenta), 5 (dark yellow), 7.5 (orange), 10 (violet) mM. (b) [1] = 1 mM,
[AH] =0 mM and v = 0.1 V.s! (black); [AH] = 20 mM, v = 0.1 (blue), 1 (red), 10 (green), 20
(yellow), 30 (dark yellow), 40 (magenta), 60 (violet) V.s™*. Thick full line: fitting with equation

(4). Dashed thick line: fitting with equation (4) considering a nernstian electron transfer (kS — ®

), see text. (¢) [1] = 1 mM, [AH] = 30 mM and v = 80 V.s! (blue); [AH] = 40 mM, and v = 60
V.s! (red). LSV have been translated vertically to get a zero current at the foot of the catalytic

wave.

In the case of 2, the behavior in the presence of p-cyanoanilinium tetrafluoroborate is
strikingly different from 1 (Figure 3). At low concentration of acid (up to 4 mM), a peak shaped
catalytic wave is observed, indicative of limitation by substrate diffusion, but the catalytic wave
is so positively shifted (~350 mV) that it appears slightly negative to the Co""" process (Figure
3a). It has been assigned to the protonation of the oximate function in the complex with opening
of the oxime bridge.[?> 1 A canonical behavior is observed with acid concentrations higher than

10 mM and scan rates in the 0.2-1 V.s™* range (Figure 3b).

a b c
25 100 140
i (UA) i (HA)
201 801 1201
1001
60- %0
40 601
20 40
20
01 0 B
. E (V vs. Fc'/Fc) 20 E (V vs. Fc'/Fc) 20 E (V vs. Fc'/Fc)
-0.4 -0.8 12 04 -06 -08 -1.0 -1.2 02 -04 06 -08 -1.0 -1.2

Figure 3. Cyclic voltammetry of H. evolution catalysis mediated by 2 in the presence of p-
cyanoanilinium (AH) in CH3CN + 0.1 M n-BusNBF4 on a 1.6 mm-diameter glassy carbon
electrode. (a) [2] =1 mM, v = 0.1 V.s}, [AH] = 0 (black), 0.25 (blue), 0.5 (red), 1 (green), 1.5
(magenta), 2 (cyan), 3 (orange), 4 (dark yellow) mM. (b) [2] = 0.5 mM; [AH] =0 mM and v =
0.1 V.s! (black), [AH] = 10 mM and v = 1 V.s* (blue), [AH] = 15 mM and v = 0.5 V.s (red);
[AH] =20 mM and v = 0.3 V.s! (green); [AH] =25 mM and v = 0.2 V.s™ (magenta); [AH] = 30
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mM and v = 0.2 V.s* (dark yellow); [AH] = 35 mM and v = 0.2 V.s* (cyan). (c) [AH] = 20 mM,
v =0.2 V.stand [2] = 0.5 (blue), 0.55 (red), 0.6 (green), 0.65 (magenta), 0.7 (dark yellow), 0.75
(cyan), 0.8 (orange), 0.85 (violet) mM.

Again, it is interesting to note that the plateau current does not depend on the
concentration of acid below ~25 mM (Figure 3b). Above 25 mM of acid, the current slightly
increases, which we could relate thanks to rinse test experiments*? to the superimposition of a
H, evolution catalytic process involving deposited cobalt particles.” 2! Discarding this process
allows the determination of a maximal plateau current of 85 WA for a catalyst concentration of
0.5 mM and a 1.6 mm diameter glassy carbon electrode. We note that this plateau current is much
smaller than the one obtained with catalyst 1 in similar conditions, indicating an intrinsically less

efficient catalyst. The half-wave potential, Ep measured at the middle of the catalytic wave

1,12’
remains close to —0.73 V vs Fc*/Fc for all the voltammograms recorded under canonical

conditions (Figure 3b).

Mechanism for H evolution catalyzed by 1 and 2

Deciphering the mechanism of molecular catalysis of electrochemical reactions from CVs
relies on the determination of reaction orders and identification of the kinetically determining
steps. The mechanism for hydrogen production from acids electroreduction with molecular
catalysts in an organic solvent has been studied extensively.l* %3 In most cases, the mechanism
involves a two-electron/two-step process starting with the reductive activation of the catalyst. A
detailed analysis of various catalytic two-electron/two-step sequences was reported in 2014, in
the framework of intermediates at steady-state and in canonical conditions and then in 2017 in the
framework of total catalysis.*¥] The analysis was later refined considering non-steady-state of
intermediates.!*®  Additional mechanisms involving bimolecular coupling have also been
considered.[*3a However, none of the analyzed mechanisms correspond to a situation where the
catalytic current is independent of the substrate (here acid) concentration, a feature observed for 1
and 2 and previously reported by Dempsey et al. for the parent [Co(dmgBF.)2(CH3sCN).] catalyst
(dmg? = dimethylglyoximato dianion).[*¢]
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In addition, analytical treatment is unable to decipher between ECCE and ECEC catalytic
pathways (E denotes a single electron transfer step and C a chemical step, here protonation) in the
case where the second electron transfer occurs at a potential more positive than the first one for a
reductive process as discussed here. An ECEC pathway starting from the Co'" state is nowadays
accepted for cobaloximes.'™ The first EC sequence forms a Co'"'-hydride species, which is then
reduced at a potential more positive to that of the Co'"/Co' couple to generate a Co'-hydride
intermediate. Protonation of the latter by the substrate (acid) forms H> and regenerates the

starting Co' state.

Regarding diimine-dioxime cobalt complexes, similar ECEC mechanisms have been
postulated, namely based on DFT calculations of the catalytic cycle of 2 in 2013.[*Y This study
did however not encompass protonation of the diimine-dioxime ligand at the Co" stage, which
only can account for the large 350 mV shift of the catalytic wave with regards to the Co'"/Co
couple. We therefore extended a previous study!*® in order to compute the standard potentials of
the hydride couples Co""H/Co'"H for 1 and 2. These calculations were calibrated on the standard
potential of the Co'/Co' couple of 2, and considered hexacoordinated Co" or Co''H,
pentacoordinated (square pyramidal) Co' and Co''H species (acetonitrile ligands are completing
the indicated coordination sphere). Table 1 summarizes the standard potentials for the different
couples under consideration. LH indicates protonation of the oxime bridge of the diimine-

dioxime ligand.

Table 1. Experimental and calculated values of standard potentials.

E° (V vs Fc'/Fc) | EY(Co/Co')*® | E%(Co"LH/Co'LH)*® | E°(Co™H/Co"™H)P | E9(CoHLH/Co™HLH)?

1 —0.83 (-0.84) -0.46 -0.68 Not determined ©

2 ENTEERT)) ~0.73 ~1.05 ~0.60°

a. Values from Table 1 of ref. [81. Values in parentheses are experimental. Reference used was E°(Co'") = -1.11 V
for 2. Therefore, in the case of 2, the calculated value matches experiment by construction.

b. Reduction accompanied by the loss of an axial ligand.

c. The protonation of the ligand is not relevant.

These calculations confirm that the hydride species Co''H are easier to reduce than the
corresponding Co" complex, thus indicating that ECEC pathways could be preferred. Such a
sequence was thus considered for complex 1 with which catalysis takes place at the level of the
Co''/Co' couple (figure 2). However, to account for the independence of the plateau current in
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canonical conditions from acid concentration, we propose, as in the case of the parent
[Co(dmgBF2)2(CH3CN)2] catalyst, that an additional step is involved to close the catalytic loop
corresponding to release of H». Therefore we introduce another intermediate in the catalytic
cycle, namely Co'"H,HL preceding H: release (scheme 1). At this stage, we do not speculate on

the structure of this intermediate, i.e on the location of this additional proton.

Scheme 1. Proposed mechanisms for HER catalysed by 1.

> ColL  +¢ Co'L E
k

ColL +H"—:ls ColllHL C

CoMHL + ¢ CoHL E
k

ColHL + Hf—2»s COo"HHL

1 k3,1 I
CooHHL —» Co'L +H, C

As for 2, interestingly, the computed valuel*®! of the Co"LH/Co'LH couple of 2 matches
the observed mid-wave potential of catalysis in the canonical conditions. Therefore, in the case of
2, it is reasonable to propose that protonation of the oxime bridge of the diimine-dioxime ligand
occurs so that the catalysis is pinned at the potential of the Co''LH/Co'LH couple. Protonation of
the ligand can take place at the level of Co'"' or Co', hence a square scheme is considered
(Scheme 2). Once Co'LH is formed it can react with an acid molecule to form the hydride
Co""HLH readily reduced according to the calculated standard potential (table 1). From Co"HLH
two different pathways can be considered, depending on the role played by the proton initially
installed on the ligand. If this proton on the ligand acts as a relay, Hz is formed from an
intramolecular proton transfer from the ligand to the hydride and then (or concertedly) released,
leading to Co"'L.* This is then followed by reprotonation of the relay (Scheme 2, blue pathway).
Alternatively, Co"HLH reacts with an exogenous acid molecule to form a doubly protonated
species (Co'"H,HLH) from which H; is formed and released while the ligand remains protonated,
hence regenerating Co''LH (Scheme 2, red pathway). Deciphering whether one or the other

pathway is followed requires a quantitative kinetic analysis. Note that, as in the case of catalyst 1

10
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(scheme 1), at this stage, we do not speculate on the structure of the doubly protonated hydride,
(Co""H,HLH), i.e. the location of the third proton.

Scheme 2. Possible mechanisms for HER catalysed by 2.

Kan
Co'L + Hf === Co"'LH
K e
k 9
— Co'L + H' Co''LH
—»Co'lLH + ¢ Co'LH E
. k1,2
Co'LH + H"— Co"HLH C
CoMHLH +e¢ Co'HLH E

k
CoHLH + H — 22 o Co'HHLH C

k32
Co"™H,HLH —» Co'LH + H, C

o

Co'L + H, C
|

k
Co'HLH — s

Quantitative analysis of the Hz evolution mechanism

Considering the mechanistic framework depicted in schemes 1 and 2 and inferred from a
combination of experimental observations, previous studies on cobaloxime-type catalysts and
theoretical calculations, we propose a quantitative analysis of the catalytic processes. We first
consider complex 1 whose behavior is similar to the previously studied parent
[Co(dmgBF2)2(CH3CN):] catalyst.[*®! As shown in figure 2a, a total catalysis regime is observed
at small concentration of acid, the peak current being proportional to acid concentration. From

the catalytic peak current, the only information that can be retrieved is the substrate (p-

cyanoanilinium) diffusion coefficient D, as ip =0.609FSC2H JDFv/RT 4 Jeading to D=1.2

10° cm? st Importantly, the peak current in total catalysis is independent from the catalyst
characteristics. Kinetic information on catalysis can however be obtained from the peak potential.

As shown in the Supporting Information (SI), total catalysis in the framework of an ECECC or

11

This article is protected by copyright. All rights reserved

Author Manuscript



ECE’CC mechanism (where E’ corresponds to the second electron transfer being homogeneous

rather than at the electrode, i.e., Co'""HL being reduced by Co'L with a second order rate constant

k,) leads to a peak potential Ep shifting cathodically by 30 mV per decade of scan rate, i.e.

8Eplalogv:—RTIn10/2F . This is indeed observed experimentally (Figure S1), thus

confirming the total catalysis regime. As justified a posteriori, we consider that the ECE’CC

mechanism is dominant over the ECECC process in the experimental conditions of figure 2a, i.e.

keC((:)at /kl,lch >>1. It is thus shown (see Sl) that the peak potential expression is:

D C
=3 _0409g RT, [ RT D 24,Ce”

1
2F | Fv D cg, @)

where Egat is the standard potential of catalyst 1. Taking the values determined for the diffusion

coefficients and standard potential and the experimental values of the peak potential, we obtain
that k, , is on the order of 1.2 10 M1s, Noting that the homogeneous reduction of Co''HL by

Co'L is a downhill process, the corresponding rate constant ke is assumed to be at the diffusion

limit, ie. k, =~k ~10'° Ms?, therefore the condition k C0 /k11CO >>1 is fulfilled. The

observation that the plateau current at large concentration of acid and high rate constants
becomes only slightly dependent on the substrate (acid) concentration indicates that the first

chemical step (rate constant k, 1) is not the rate determining step in canonical conditions. The

expression of the plateau current in the framework of the ECE’CC mechanism is (see Sl):

Fsco

ip| —_ cat 1 _ (2)

1 \ﬂﬁi K31
0 0
\ 2k 1Can (\/ 2k, Cp \/ ky4C AH j 1\ K21Can ~Kas

0
Ky1Can % kl,chH

(kz Can ~ 1)( 2k1,1CAH + \/g j \/2k1,1C2H \/E

+

12
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We make the assumption that k, . is larger than or of the same order of magnitude as k_, . This is

in contrast to the parent [Co(dmgBF2)2(CH3CN)2] catalyst, where the second proton transfer is
slower than the first one.[*®! However our assumption is underpinned by the observation that the

half-wave potential is not significantly anodically shifted compared to the catalyst standard

potential. At large acid concentrations, considering k21CAH >> k3,1 and k2,1 >> 2k1,1, equation

(2) simplifies to:
0
o PSPy
pl 5
1 ,/ Can
/ 0 / 0
2k1,1CA (ZklchH \/ )

Application of equation (3), taking the above determined values of K 4 and D1’ the plateau

©)

currents observed at 20, 30, 40 mM of acid (figure 3) lead to an evaluation of Ks s ~1510%s?

Then, considering high scan rate corresponding to pure kinetics conditions and high enough acid
concentrations so that the simplified equation is valid, the rising part of the CVs was simulated
via equation (4), corresponding to the CV with possible interference of electron transfer kinetics

described using the Butler-VVolmer rate law (see Sl):
i
i= = @
0 0
exp[ T (E Ey )} rexp{ (E Eo, )}

1+ +

C
1+ KaCa 1 k11

k
0
\/2k1,1CAHk31+k o \/Zkl,l \/2k11 \/ VZkllCXHkSl

with kg , being the standard rate constant for electron transfer for the Co''L/Co'L couple, «

being the transfer coefficient. We obtain a reasonable fitting of the experimental curve at high

overpotential with equation (4) taking ks ,= 0.4 cm st and a= 0.4, whereas a “fast” electron

transfer cannot account for the rise of the current (figure 2b). We note that such a standard rate

constant is large enough to ensure nernstian behavior of the Co"L/Co'L couple at 0.1 V s in the

13
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absence of catalysis, as observed from the peak potential separation (63 mV); however, when
catalysis is Kkinetically demanding electron transfer kinetics can interfere. In other words, it is
important to recall that in canonical conditions, electron transfer Kkinetics is to be compared to the

catalytic rate constant, here via the dimensionless parameter

0
kS,l 1 kl,chH 1

+
0 0 0
\/D_l \/ 2k; 1 Cany \/2k1,1CAH +\/k3,1 \/2k1,1CAH Ks

compared to the diffusion rate constant via the dimensionless parameter

, Whereas in the absence of catalysis it is

I<S A

FvD, I RT

. Thus, an

apparently electrochemically fast (nernstian) catalyst in the absence of catalysis may not remain

c0
nernstian in catalytic conditions, in particular in pure kinetics conditions where l;l'l—A_':»l and
v

k3,1

Fv/RT
considering both the ECE’CC and ECECC mechanisms in parallel with the parameters

>>1. Finally, to test the consistency of our analysis, we performed digital simulations

determined so far (Figures S2 and S3). These simulations show that the trend of the increase of
the catalytic current upon raising the scan rate and acid concentration observed experimentally is
reproduced except for the additional current at potentials more negative than ca. —-0.85 V vs
Fc*/Fc. This exception is attributed to faster catalysis due to further reduction of the resting state

intermediate in the diffusion-reaction layer, i.e. Co"H,HL as Ky q becomes the dominant rate
limiting constant. It was also confirmed that the value of k, , has little or no influence on the CVs
provided it is larger than k ,. A value of k,  smaller than k , would lead to a smaller plateau

current and a half wave potential more anodic than the catalyst standard potential. Hence our

analysis is fully consistent.

We now consider catalyst 2. Catalysis is triggered at a potential corresponding to the
reduction of the bridge protonated ligand catalyst. Formation of Co'"LH is obtained via the square
scheme shown in Scheme 2. In the presence of a small amount of acid (up to 1 mM), we observe
a small pre-wave at more positive potential than the Co"'L/Co''L wave and a small intensity for
the Co''LH/Co'LH wave. These observations rule out a kinetically fast protonation of Co''L (EC

pathway) as it would imply an anodic shift of the whole one-electron Co"'L/Co''L process, and
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the observation of a one-electron Co"LH/Co'LH wave, of similar intensity as the Co''L/Co''L

wave, at ca. —0.73 V vs. Fc*/Fc in the presence of one equivalent of acid (ImM). A small value of

the rate constant for protonation of Co''L (koz) has thus to be considered. This observation is

surprising as one would have expected a fast protonation for such an O-H...O bridge.
Simulations (see figure S4) show that the protonation rate constant has to be smaller than 200 M~

157 to account for the small intensity of the Co"LH/Co'LH wave in the presence of 1 mM of

acid. From this upper value of the k02 rate constant (200 M~'s%) we can rule out the catalytic

mechanism involving the ligand bridge acting as a proton relay (blue pathway in Scheme 2) as
this step would prevent observation of a catalytic current as high as the one observed with 20 mM

of acid (figure 3b). Indeed the maximal plateau current would be

ipl,max = FSCSat /DZ ,/2k0,ZCXH ~18 PA, which is much smaller than the experimental current

ca. 85 PA. Moreover, if such an EC pathway is the only one at work to produce Co''LH, no
prewave is expected in front of the Co"'L/Co''L wave, contrary to the experimental observation.
We are thus left with a CE process to form Co''LH and a catalytic mechanism with the ligand
bridge not playing the role of a proton relay (red pathway in Scheme 2). The prewave observed in
front of the Co'"'L/Co''L is typical of a CE process kinetically limited by the chemical step or to a
frozen equilibrium.® From the observation that the intensity of the prewave at small acid
concentration is comparable to the intensity of the Co""LH/Co'LH wave, we posit a frozen (or
very slow) equilibrium for protonation of the Co''L. Therefore we can evaluate
E%(Co"'LH/Co"LH) to be ca. —0.4 V vs. Fc*/Fc. Moreover for a ImM:1mM catalyst:AH ratio, the
relative intensities of the Co"'LH reduction wave and of the Co'"'L reduction wave is roughly 0.3,

indicating that the protonation equilibrium constant is ca. K, , = 0.1, keeping in mind that it is a

bimolecular reaction in both directions with no conjugate base in the bulk. The effective

Cef‘f2
concentration of Co'"'LH, ngt, is obtained from K, , = 5 - cat 5 g We then note
(Ccat _Ccat )(CAH _Ccat)

that, based on K, , = 0.1 and the standard potentials E%(Co"'LH/Co"LH) = -0.4 V vs. Fc*/Fc and

E%(Co"'L/Co''L) = -0.57 V vs. Fc*/Fc, we can evaluate the equilibrium constant for protonation of

the oxime bridge on Co''L to be roughly 102. This slightly favourable protonation step has a
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forward rate constant estimated above to be below 200 MZs®. Hence the unfavourable
protonation of the oxime bridge on Co'"'L can be estimated to be slow enough for the equilibrium
to be frozen on the time scale of CV. Protonation of the oxime bridge is associated with breaking
of this bridge. This might be the reason why the reaction is so slow. In the presence of 0.5 mM
catalyst and 10 to 30 mM acid (conditions of figure 3b), the effective concentration of the actual

eff

11
catalyst Co"'LH, CCa

, can be calculated to be ranging from 0.37 to 0.46 mM. Taking the data

reported in figure 3b, we find that the plateau current is approximately proportional to this
effective concentration (Figure 4a). Then in the framework of the mechanism depicted in scheme
2 (red pathway), considering that the second electron transfer is homogeneous and that the acid

concentration independent step is the rate determining step (as the plateau current is independent

of the acid concentration), we have ipI = 2FSC§; D2 /k3,2 from which we obtain k&2 ~220s?

noting that the plateau current is actually proportional to Cgff

at 8 expected for a heterolytic

mechanism. Taking the set of data corresponding to figure 3c, we obtain Ky » ~160 s (Figure

4b). Given the approximations made in the analysis, we can estimate this determination to be
reasonable. Extraction of kinetic data other than from the plateau current is not possible given

that we do not know the standard potential with accuracy. Moreover Ky 5 is small enough for this

step to be rate determining at relatively low acid concentration, making kinetic control by other

steps (k1,2 and k2’2) difficult to observe.

a b
1001- 140
i (1A) iy (12) .
120+ M
80 3 °
100+
60 h 80 J
407 601
401
201
201
eff eff
C_, (mM) C., (mM)

0 T T T T 0 T T T :
00 01 02 03 04 05 00 02 04 06 08
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Figure 4. Catalytic plateau currents as functions of the effective concentration of the actual
catalyst resulting from protonation of 2, ng. (a) Data from CVs shown in figure 3b. (b) Data

from CVs shown in figure 3c.

Benchmarking and discussion
From our quantitative analysis, we observe that both catalysts 1 and 2 reach a maximal

- - - . _ _ [8a]
turnover frequency independent of acid concentration: TOFmaX,1 _k3,1 and TOFmaX,2 _k3’2.

This maximal turnover frequency is roughly one order of magnitude larger with 1 compared to 2,
but the latter has a catalytic standard potential 110 mV more positive than the former. This is
summarized in the catalytic Tafel plots (CTP) represented in figure 5 for both 1 and 2 together
with the parent [Co(dmgBF2)2(CHsCN)] whose standard potential is E°(Co'"/Co') = -0.914 V vs.

Fc*/Fc.l'® 11 CTPs represent the turnover frequency (TOF) as function of the overpotential

0 0 . . L _
n= Etarget E where Etarget is the standard potential of the target reaction, i.e. 2 AH+2e =2

A~ + H2 (AH is p-cyanoanilinium). Based on previous evaluation taking into account

homoconjugation and standard state for AH, we have Etoa _— —0.47 V vs Fc*/Fc. 2 For the

sake of simplicity and with the aim to get a rough comparison of the catalysts, CTPs have been
drawn assuming a hypothetical large concentration of acid, 1 M, so that maximal turnover
frequencies are independent of acid concentration for all three catalysts. In such a framework and

considering an ECE’CC mechanism, it can be shown (see Sl) that the expression of TOF is:

K.
TOF. = 0 o 3i : 0
2k3i F (_77 * (Etarget B Ei )) 2\/ Dcat,i k3i aF (_77 + (Etarget B Ei ))
1+ 0 exp + exp
kli CAH RT kS,i RT

To plot CTPs in Figure 5, we used the determined kSl value, resulting in a rounded shape as

previously described in another context.!”!! We made the assumption that K . is large enough for

catalyst 2 and the parent [Co(dmgBF2)2(CH3CN)2] to prevent interference of electron transfer

kinetics. k, was determined to be 2.0 10° M s™* for the parent [Co(dmgBF2)2(CH3CN)2].' k. ,
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could not be evaluated from CV analysis, but we make the favorable assumption that it is of the

same order of magnitude as K, ,, hence 106 M s 2,

11

It is seen that catalysts 1 and 2 surpass the parent [Co(dmgBF2)2(CH3sCN)] both in term
of maximal activity but also for activity at low overpotential. Catalyst 1 is definitively the more
efficient at large overpotential. At low overpotential catalyst 2 is more efficient than catalyst 1
due to protonation of the oxime bridge lowering the standard potential of the actual catalyst.

However, catalyst 2 is surpassed as the overpotential is increased.
5

log TOF (s™)

0 (V)
0.0 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6

Figure 5. Catalytic Tafel plots. logTOF as a function of the overpotential in conditions of large

excess of substrate (p-cyanoanilinium, 1 M) for catalyst 1 (black), 2 (blue) and
[Co(dmgBF2)2(CH3CN)2] (red).

Finally, our results raise a question regarding the actual meaning of the step characterized

by the rate constant Ky and consequently on the possible role of the ligand as an acid/base

functionality. Several mechanisms can be envisioned. A simple release of H> sitting on the cobalt
was proposed in the case of the parent [Co(dmgBF2).(CHsCN)2] catalyst, in which case the
corresponding rate constant was evaluated as 125 s,161 Although possible, simple Hz release is
not very likely because the rate constant is changing by one order of magnitude by modification
of the ligand. Alternatively, we can propose that this rate constant corresponds to a step involving
formation of H via an intramolecular proton transfer from the ligand to the hydride. This implies
that the preceding step is a protonation of the ligand, either the oxime oxygen (Scheme 3) or the
nitrogen. We note that both protonation of the oxime oxygen or nitrogen is probably
thermodynamically unfavorable,[**1 preventing a definitive conclusion. Importantly, in the case of
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catalyst 2, as shown above, the involved proton for H, formation is not the first one protonating
the oxime bridge. This avoids a mechanistic pathway where a slow protonation of the relay
would limit the overall rate. Indeed, as recently emphasized by J-M. Savéant, the boosting effect
of a proton relay requires a proper relay, i.e., insuring fast protonation and re-protonation during
the catalytic cycle.l??

It appears from our analysis and our mechanistic proposition that the intramolecular
proton transfer from the protonated oxime to the hydride to form H> is much more efficient in
catalyst 1 compared to catalyst 2 and the parent [Co(dmgBF2)2(CH3CN).]. The rationale behind
this observation has yet to be elucidated, but our data show that fine tuning of the ligand can

drastically modify intrinsic reactivity.

Scheme 3. Proposed mechanism for H, formation step.

CONCLUSION

This comprehensive analysis of the catalytic mechanism for H> evolution mediated by cobalt
diimine-dioxime catalysts confirms an ECEC-type pathway going through a Co(ll)-hydride
intermediate, as previously documented for the parent cobaloximes. If the first protonation step is
metal-centered, the second proton is possibly relayed by a basic site present on the ligand, likely
an oxygen or nitrogen atom of the oxime function. “En passant”, we document the first case of a

basic site with a proper pKa value installed on the ligand but unable to act as a proton relay
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because of slow reprotonation rate.[?2 Turnover frequency of cobalt diimine-dioxime catalysts is
finally controlled by H. release which can be proposed to be an intramolecular coupling between
the hydride ligand and the protonated ligand, leading to a catalytic rate that is independent of
proton concentration in the canonical regime. As saturation of the catalytic current with
increasing proton concentration has already been observed[?®! yet not fully analyzed except in the
case of the [Co(dmgBF2)2(CHsCN),] catalyst,*! this feature is likely quite general amongst
catalysts with proton relays./?*! The methodology presented here will allow more comprehensive

analyses to fill this gap in the future.

Supporting Information.
Experimental details. Derivation of equations. Details on theoretical calculations. Digital

simulations. Crystal data information.
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