
Mechanism-Guided Kinetic Analysis of Electrocatalytic Proton
Reduction Mediated by a Cobalt Catalyst Bearing a Pendant Basic
Site
Jaruwan Amtawong, Charlotte L. Montgomery, Gabriella P. Bein, Austin L. Raithel, Thomas W. Hamann,
Chun-Hsing Chen, and Jillian L. Dempsey*

Cite This: J. Am. Chem. Soc. 2024, 146, 3742−3754 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Cobalt polypyridyl complexes stand out as efficient
catalysts for electrochemical proton reduction, but investigations
into their operating mechanisms, with broad-reaching implications
in catalyst design, have been limited. Herein, we investigate the
catalytic activity of a cobalt(II) polypyridyl complex bearing a
pendant pyridyl base with a series of organic acids spanning 20 pKa
units in acetonitrile. Structural analysis, as well as electrochemical
studies, reveals that the Co(III) hydride intermediate is formed
through reduction of the Co(II) catalyst followed by direct metal
protonation in the initial EC step despite the presence of the
pendant base, which is commonly thought of as a more kinetically
accessible protonation site. Protonation of the pendant base occurs after the Co(III) hydride intermediate is further reduced in the
overall ECEC pathway. Additionally, when the acid used is sufficiently strong, the Co(II) catalyst can be protonated, and the Co(III)
hydride can react directly with acid to release H2. With thorough mechanistic understanding, the appropriate electroanalytical
methods were identified to extract rate constants for the elementary steps over a range of conditions. Thermodynamic square
schemes relating catalytic intermediates proposed in the three electrocatalytic HER mechanisms were constructed. These findings
reveal a full description of the HER electrocatalysis mediated by this molecular system and provide insights into strategies to improve
synthetic fuel-forming catalysts operative through metal hydride intermediates.

■ INTRODUCTION
Enabling efficient hydrogen production through the hydrogen
evolution reaction (HER) is a promising pathway toward
realizing a carbon-neutral economy.1−4 Over the past decade, a
number of synthetic catalysts that mediate electrochemical
HER have emerged to advance this endeavor.5−7 Cobalt
polypyridyl complexes stand out as effective earth-abundant
HER catalysts owing to their synthetic tunability and ability to
stabilize key intermediates.8,9 In particular, the strong field N-
based ligands are capable of supporting low-valent cobalt
centers and hydride intermediates required to shuttle electrons
and protons during catalysis. After Chang and co-workers
developed a cobalt-based HER catalyst supported by the
tetradentate ligand 2-bis(2-pyridyl)(methoxy)methyl-6-pyri-
dylpyridine (PY4) (Scheme 1a),10 much effort has been
directed toward optimizing the performance of this class of
catalysts by systematically varying the ligand design.11−19 This
includes varying the donor ability of the ligand substituents,
changing ligand denticity, and incorporating redox active sites
and pendant basic moieties.
The highly modular nature of homogeneous catalysts allows

for the exploration of mechanisms by which HER is mediated
and identification of how the ligand structure and electronic

properties impact the operative mechanisms. In this context,
ligand acid−base functionality has been heavily explored to
improve kinetics of proton transfer in forming metal hydride
intermediates. For instance, Nocera and co-workers developed
cobalt “hangman” porphyrin complexes (Scheme 1b), where
they demonstrated that installation of acid−base functional
groups in close proximity to the metal center enhances the rate
constant for proton transfer to the metal centers, leading to
faster HER catalysis.20,21 Conversely, proton transfer kinetics
involving metal hydride complexes is known to be slow in the
absence of a kinetically accessible basic site.22 The sluggish
kinetics has been attributed to the large structural and
electronic changes associated with direct metal pronation. In
the study of a cobalt polypyridyl catalyst [Co(bapbpy)Cl]+

(bapbpy = 6,6′-bis(2-aminopyridyl)-2,2′-bipyridine) bearing

Received: September 20, 2023
Revised: January 17, 2024
Accepted: January 18, 2024
Published: February 5, 2024

Articlepubs.acs.org/JACS

© 2024 American Chemical Society
3742

https://doi.org/10.1021/jacs.3c10408
J. Am. Chem. Soc. 2024, 146, 3742−3754

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
N

O
R

TH
 C

A
R

O
LI

N
A

 o
n 

O
ct

ob
er

 1
6,

 2
02

4 
at

 2
0:

42
:2

7 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaruwan+Amtawong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Charlotte+L.+Montgomery"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gabriella+P.+Bein"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Austin+L.+Raithel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+W.+Hamann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Hsing+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chun-Hsing+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jillian+L.+Dempsey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.3c10408&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10408?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10408?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10408?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10408?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c10408?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/146/6?ref=pdf
https://pubs.acs.org/toc/jacsat/146/6?ref=pdf
https://pubs.acs.org/toc/jacsat/146/6?ref=pdf
https://pubs.acs.org/toc/jacsat/146/6?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.3c10408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


pendant amine groups (Scheme 1c), varying the acid strength
and applied potential enables access to different HER
mechanisms involving protonation at the pendant basic
sites.14 However, direct protonation at the reduced Co(I)
center to generate a Co(III) hydride intermediate was not
accessible. DFT calculations indicate that the bapbpy ligand is
highly flexible, which suggests a large intrinsic barrier to
directly protonate the metal center. Although these efforts
demonstrate unique mechanistic pathways for HER facilitated
by pendant bases, the hypothesis that structural and electronic
properties of the ligand dictate the protonation site has been
largely untested. Studies of a cobalt polypyridyl catalyst with a
pendant base supported by a ligand with limited structural and
electronic changes may facilitate the efficient formation of
metal hydride intermediates through direct metal protonation.
Although cobalt polypyridyl catalysts have shown promise

for mediating HER, little is understood about their reaction
pathways. This makes it difficult to extract kinetic information
or map thermochemical properties of the catalytic intermedi-
ates. This challenge is in part due to the complexity of the
catalytic cycle, especially when ligand protonation sites are
involved. Additionally, kinetic information is generally depend-
ent on the catalytic mechanism and can vary dramatically
under different reaction conditions. Therefore, it is essential to
have a deep understanding of the mechanism to correctly
quantify and interpret kinetic and thermodynamic data. A
notable example is the HER catalyst [Ni(P2

PhN2
Ph)-

(CH3CN)]2+ (P2
PhN2

Ph = 1,3,5,7-tetraphenyl-1,5-diaza-3,7-
diphosphacyclooctane) that exhibits two distinct mechanisms
depending on the strength and concentration of the proton
source.23,24 Consequently, different kinetic analyses were
carefully chosen to determine rate constants for the elementary
steps associated with each mechanism. The determination of
these parameters has directly informed the design of improved
catalysts by providing a thorough understanding of how to
control electron and proton mobility during catalysis.
Hamann and co-workers recently reported a series of cobalt

complexes supported by polypyridyl ligands bearing a pendant
pyridyl base and their applications as redox shuttles in dye-
sensitized solar cells ([CoIIpy]2+ and substituted derivatives
(Scheme 1d).25 Interestingly, these [CoIIpy]2+ complexes

undergo a reversible structural rearrangement from five-
coordinate Co(II) to six-coordinate Co(III) complexes,
wherein the pendant pyridine is coordinated to the cobalt
center. Despite the intramolecular rearrangement, the strong-
field polypyridyl ligands promote a low-spin Co(II) config-
uration, which reduces the inner-sphere reorganization energy
in the Co(III/II) electron transfer process. The structural
rigidity and limited electronic changes caused by the strong-
field multidentate ligands, combined with the pendant pyridyl
base, present an opportunity to explore unique reactivity
pathways achievable through this molecular system.
Herein, we describe for the first time the ability of

[CoIIpy]2+ to mediate electrochemical HER. Structural
analyses, as well as electrochemical measurements, indicate
minimal structural and electronic changes upon reduction of
[CoIIpy]2+ by one electron. Reactivity studies of the isolated
Co(I) species with a series of organic acids reveal that a
Co(III) hydride species is involved as a viable intermediate for
HER. The mechanisms underlying electrocatalytic HER were
unraveled across a range of acid strengths. Rate constants for
the elementary steps were quantified using a combination of
electrochemical analysis and digital simulations. These results
support the formation of the Co(III) hydride intermediate
through direct metal protonation. Proton transfer to the
pendant pyridyl base occurs after the Co(III) hydride
intermediate is further reduced and/or when the acid used is
sufficiently strong. The detailed understanding of the
mechanisms enables the determination of thermodynamic
and kinetic parameters associated with key intermediates in the
proposed electrocatalytic HER mechanisms.

■ RESULTS AND DISCUSSION
Electrochemical Properties of [CoIIpy]2+. Cyclic vol-

tammograms of [CoIIpy]2+ in acetonitrile exhibit two electro-
chemically reversible one-electron waves at E1/2 = −0.21 and
−1.12 V (all values reported vs Fc+/0 couple) corresponding to
the Co(III/II) and Co(II/I) reductions, respectively (Figure
1). The observed reduction potentials are consistent with
previously reported values measured under similar condi-
tions.25 Scan rate dependence of the peak current yielded
diffusion coefficients of D = 2.8 × 10−6 and 4.3 × 10−6 cm2 s−1

associated with the Co(III/II) and Co(II/I) couples,
respectively (see the Supporting Information). The diffusion
coefficients are within the same order of magnitude as those
reported for other cobalt complexes despite the difference in
overall charges and sizes.20,26,27 The heterogeneous electron
transfer rate constants (kss) were determined using a trumpet
plot analysis and simulated working curves (see the SI for more
details). ks values of 0.024 and 0.17 cm s−1 were quantified for
the Co(III/II) and Co(II/I) couples, respectively. The value of
ks for the Co(III/II) reduction couple is slightly lower than
that reported for a cobaloxime derivat ive , Co-
(dmgBF2)2(CH3CN)2 (dmgBF2 = difluoroboryl-dimethyl-
glyoxime) (ks = 0.054 cm s−1).28 Reduction of Co(III) to
Co(II) generally proceeds with slow electron-transfer kinetics
due to a low-spin to high-spin transition of the ground-state
electron configuration.27,28 However, the Evans method
measurement of [CoIIpy]2+ gives a magnetic moment of μeff
= 1.8 μB, consistent with a low-spin d7 configuration.
Therefore, the relatively slow electron-transfer kinetics may
not primarily involve significant electronic changes. Instead,
the low ks value may be attributed to the previously observed
intramolecular rearrangement of the pendant pyridine, which

Scheme 1. Molecular Structure of Referenced Cobalt-Based
HER Catalysts
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coordinates to the cobalt center in the Co(III) oxidation state
but not in the Co(II) oxidation state.25 Nevertheless, the fast
electron-transfer kinetics of the Co(II/I) couple suggests that
there are fewer electronic and structural changes upon
reduction compared to the Co(III/II) reduction. This
encouraged us to isolate and study the reduced Co(I) species
in the context of metal hydride formation.
Isolation of Reactive Co(I) Intermediate and Struc-

tural Analysis. The relatively fast electron-transfer kinetics of
the Co(II/I) couple and its mild reduction potential suggest a
facile chemical reduction of [CoIIpy]2+. Indeed, the reaction of
[CoIIpy]2+ with 1.1 equiv of KC8 in THF at −78 °C afforded
[CoIpy]+ in 86% yield after 30 min (Scheme 2a). The 1H
NMR spectrum of [CoIpy]+ is well-resolved, which is
consistent with a low-spin d8 configuration (Figure S45).
Analysis of the 1H NMR spectrum reveals that [CoIpy]+ is C1
symmetric, in agreement with the solid-state molecular

structure as determined by single-crystal X-ray diffraction
(Scheme 2b). The Co−N bond lengths span the range of
1.889(3)−2.032(3) Å, whereas the Co−C bond is shorter
(1.764(4) Å) because of the strong covalent bond between Co
and the strongly σ-donating N-heterocyclic carbene ligand.
Notably, the Co−N and Co−C bond lengths increase
systematically with the oxidation state of the cobalt, indicating
that the covalent bonds become weaker upon removing
electrons from the cobalt center (Table S2). Although the
oxidation of [CoIIpy]2+ furnishes a six-coordinate complex,
[CoIIIpy]3+, because of the intramolecular rearrangement,25

the pendant pyridine remains unbound in the five-coordinate
[CoIpy]+ complex. Further analysis of the bond angles around
the cobalt center gives a geometric index of τ = 0.55, indicating
that the geometry of [CoIpy]+ is in between square pyramidal
and trigonal bipyramidal (τ = 0 and τ = 1 describe ideal square
pyramidal and trigonal bipyramidal geometries, respectively)
(Scheme 2b, inset).29 The slightly lower geometric index of
[CoIIpy]2+ (τ = 0.28) is consistent with the geometry of the
complex being closer to square pyramidal than [CoIpy]+ is
(see SI for more details regarding geometry index analyses of
[CoIpy]+ and [CoIIpy]2+). The structure of [CoIpy]+ is slightly
distorted from square pyramidal; this can be attributed to the
geometric strain created by the contraction of bonds around
the cobalt center. The multidentate ligand therefore “pre-
organizes” [CoIpy]+ such that less structural and electronic
changes are expected when forming a six-coordinate metal
hydride complex. This is in contrast to the more commonly
observed transition from trigonal bipyramidal to octahedral
geometry in geometrically flexible reduced metal complexes.22

Stoichiometric Reactions of [CoIpy]+ and [CoIIpy]2+
with Organic Acids. The prediction of minimal electronic
and structural rearrangement of [CoIpy]+ upon protonation
prompted an investigation into the reactivity of [CoIpy]+ with
a series of organic acids with pKa values spanning the range of
9.43−25.44 in acetonitrile. Addition of 10 equiv of 4-
bromoanilinium (pKa = 9.43)30 and 4-methoxypyridinium
(pKa = 14.23) to solutions of [CoIpy]+ in CD3CN resulted in a
very rapid color change from purple to yellow and gas
evolution. The 1H NMR spectra of the reaction mixtures after
1 h show that [CoIIpy]2+ is formed as the primary reaction
product (Figure S4). Headspace analysis of the reaction
between [CoIpy]+ and 4-methoxypyridinium by gas chroma-
tography identified H2 as the primary gaseous component. The

Figure 1. Cyclic voltammogram of 0.2 mM [CoPY5Im][BArF24]2
([CoIIpy]2+) in CH3CN with 0.25 M [Bu4N][PF6] as a supporting
electrolyte recorded at 200 mV/s scan rate. E1/2(CoIII/II) = −0.21 V vs
Fc+/0 and E1/2(CoII/I) = −1.12 V vs Fc+/0. All voltammograms were
recorded under a N2 atmosphere with a 3 mm diameter glassy carbon
working electrode, a 3 mm diameter glassy carbon counter electrode,
and a Ag/AgNO3 reference electrode. All voltammograms were
referenced to Fc+/0 using a ferrocene internal reference. Applied
voltage was corrected for ohmic drop using positive feedback Ru. All
voltammograms are plotted in polarographic convention; arrow shows
starting point and direction of scan.

Scheme 2. Synthesis of [CoIpy]+ and Its Solid-State Molecular Structurea

aSolvents, hydrogen atoms, and tetrakis(3,5-bis(trifluoromethyl)phenyl)borate anion (BArF24−) of the solid-state molecular structure are omitted
for clarity. Thermal ellipsoids are shown at 50% probability. Inset: truncated structure showing the coordination geometry around the cobalt center.
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observed yield is consistent with a 1:0.38 ratio of [CoIpy]+ to
H2. This stoichiometry and the formation of [CoIIpy]2+
suggest a metal hydride species (i.e., [CoIII(H)py]2+) as a
reactive intermediate in a homolytic HER mechanism. In the
homolytic pathway, a bimolecular reaction involving two
[CoIII(H)py]2+ results in the H2 evolution and formation of
[CoIIpy]2+. The rationale for this mechanistic consideration is
explained in greater detail in the SI. Whereas [CoIII(H)py]2+
undergoes a biomolecular reaction in this stoichiometric
reactivity, different pathways may be operative under electro-
chemical conditions, whereby [CoIII(H)py]2+ can be further
reduced.
Treatment of [CoIpy]+ with 10 equiv of 4-dimethylamino-

pyridinium (pKa = 17.95) and benzoic acid (pKa = 21.51) also
yielded H2 and [CoIIpy]2+ but at a significantly slower rate
(full conversion of [CoIpy]+ was observed after 3 h by 1H
NMR spectroscopy, Figure S5). In addition to proton
resonances corresponding to H2 and [CoIIpy]2+, a new set of
peaks slowly grew and disappeared over 24 h. Although
attempts to isolate or characterize this species have not been
successful, this species is likely not [CoIII(H)py]2+ due to the
absence of the characteristic negative 1H NMR chemical shifts
associated with hydride species. Because of this side reaction
observed at longer reaction time, the electrocatalytic experi-
ments were limited to acids with pKa < 17.95 (vide inf ra). No
reaction was observed between [CoIpy]+ and 4-chlorophenol
(pKa = 25.44), which is the weakest acid explored in this study.
Together, these stochiometric experiments suggest that
[CoIpy]+ is competent in proton reduction in the absence of
additional reductant and that [CoIII(H)py]2+ likely formed in
these reactions as a viable intermediate. These observations
also provide an estimate for a pKa value of [CoIII(H)py]2+,
bracketed to be between 21.51 and 25.44 in acetonitrile, which
is comparable to those observed for a family of [CoIII(H)Cp-
(dxpe)(CH3CN)]2+ complexes (dxpe = 1,2-bis(di(aryl/alkyl)-
phosphino)ethane).26,31

The reactivity of [CoIIpy]2+ with organic acids (5.06 < pKa <
11.86) in acetonitrile was also investigated to map out the
acid−base properties of the molecular system. Treatment of
[CoIIpy]2+ with either 1 equiv of 2,6-dichloroanilinium (pKa =
5.06) or 1 equiv of 4-bromoanilinium (pKa = 9.43) resulted in
a partial protonation to form the ligand protonated species,
[CoIIpy(H)]3+, which can be reversibly deprotonated with 4-
methoxypyridine (Figure S6). No reaction was observed when
[CoIIpy]2+ was treated with 4-methoxyanilinium (pKa =
11.86). Given the reversible protonation behavior, the pKa
value of [CoIIpy(H)]3+ was quantified via spectrophotometric
titration with 4-bromoanilinium and 4-cyanoanilinium (pKa =
7) (Figure S7). A pKa value of 6.8 was determined, about half
of that of free pyridinium (pKa = 12.53), which suggests a
strong electronic influence of the cobalt center and the rest of
the ligand on the pendant pyridine.
Electrocatalytic HER Reactivity of [CoIIpy]2+. Given the

accessibility to the proposed hydride intermediate and the
presence of the pendant pyridine ligand, we were interested in
exploring the electrocatalytic HER reactivity mediated by this
molecular system. We investigated the catalytic responses
across a wide range of acids and discovered that the
voltammetric responses varied tremendously. This finding
prompted us to realize that, to analyze the reactivity and
quantify catalysis, we needed to understand how proton-
coupled electron transfer processes manifest in voltammetric
responses and how the reaction pathway is dictated by acid

strength. Below, we discuss our methodology for deciphering
the operative mechanism(s) and quantifying catalytic activity
as a function of acid strength. Specifically, we will extract
mechanistic information from cyclic voltammograms of
catalyst [CoIIpy]2+ recorded with low acid concentrations
(0−2 equiv). With the detailed mechanistic understanding, we
will then discuss kinetic analyses for proton transfer reactions.
Next, cyclic voltammograms of catalyst [CoIIpy]2+ with high
acid concentrations will be analyzed to further identify the
operative mechanisms and quantify catalytic activity. Finally,
digital simulations are used to support the proposed
mechanisms and estimate rate constants for proton transfer
that could not be measured experimentally.

Electrocatalytic HER in the Weak Acid Regime. To
probe the ability of [CoIIpy]2+ to mediate the electrochemical
reduction of protons to hydrogen, the voltammetric responses
of [CoIIpy]2+ were recorded in the presence of organic acids
(14.23 < pKa < 14.47). In this acid regime, [CoIIpy]2+ is not
protonated prior to the electrochemical measurements because
its conjugate acid, [CoIIpy(H)]3+, is a stronger acid with a pKa
value of 6.8 (vide supra). At low acid concentrations (0.2−0.4
mM), the Co(II/I) couple becomes chemically irreversible,
and a new chemically irreversible wave (Epc = −1.39 V) is
observed in the voltammogram (Figure 2a and Figure S8).
Although both waves gain reversibility with increasing scan

Figure 2. (a) Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in
CH3CN with no acid (black) and with additions of 0.2 mM (blue)
and 0.4 mM (red) 4-methoxypyridinium (pKa = 14.23). The dashed
red trace is the voltammogram of 0.2 mM [CoIIpy]2+ in CH3CN with
0.4 mM (red) 4-methoxypyridinium with a switching potential of
−1.25 V. Voltammograms recorded at 200 mV/s in 0.25 M
[NBu4][PF6]. (b) Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in
CH3CN with 0.2 mM 4-methoxypyridinium recorded at various scan
rates in 0.25 M [NBu4][PF6].
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rate, the magnitude of the current of the second wave
decreases with higher scan rates (Figure 2b and Figure S9).
These voltammetric responses suggest an ECEC type
mechanism in which the fast electron transfer (E1) associated
with the Co(II/I) reduction is followed by an irreversible
chemical reaction with acid (C1) to generate a new chemical
species. Assignment of the first E1C1 step is further supported
by the shift of the Co(II/I) peak position as a function of scan
rate and acid concentration for all acids used, as expected for
an EC reaction under kinetic control (Figures S20 and S21).
The chemical species formed by the initial E1C1 reaction then
undergoes a reduction (E2). This reduction step is evidenced
by the new voltammetric wave observed with Epc = −1.39 V.
The lack of chemical reversibility of this second wave indicates
that the reduced species generated through this E1C1E2 process
is further reactive with protons (C2).
The observation that the waves at −1.12 and −1.39 V regain

reversibility upon increasing scan rate indicates that the
chemical steps C1 and C2 are relatively slow. The reduction of
current in the second wave at faster scan rates can be explained
by the fact that less of the new chemical species is generated
from the first chemical step (C1) as scan rate is increased. Note
that pyridinium and anilinium acids are directly reduced by the
electrode at the potentials slightly more negative than those of
the second wave (−1.2 to −2.0 V),32 and current increases
associated with these direct acid reductions were observed at
fast scan rates (Figure 2b and Figures S13−S19). This
observation supports our hypothesis that the chemical steps
involving protons are relatively slow. At fast scan rates, there is
less time for the reaction between the cobalt species and acid,
thus affording more direct acid reduction. Based on these
collective observations made using 0−2 equiv of acid, we
propose that the electron transfer step (E1) generates [CoIpy]+
and the subsequent chemical step (C1) is likely the
protonation of [CoIpy]+. Subsequent electrochemical and
chemical reactions (E2C2) of the chemical species generated
from this E1C1 process will be discussed later.
To probe the protonation site involved with chemical step

C1, switching potential experiments were employed. The
formation of metal hydride species can occur through two
major pathways: (1) direct protonation of the metal center or
(2) protonation of the pendant base followed by tautomeriza-
tion. To distinguish between the two possible pathways under
electrochemical conditions, cyclic voltammograms were
recorded for [CoIIpy]2+ in the presence of 2 equiv of 4-
methoxypyridinium with a switching potential of −1.25 V
(Figure 2a). At this switching potential, the scan direction is

reversed, and the electrochemically formed species should
undergo an oxidation via a proton-coupled electron transfer
(PCET) reaction to regenerate [CoIIpy]2+. In this experiment,
the Co(II/I) couple remained irreversible at 200 mV/s, which
indicates a kinetically slow PCET oxidation on the electro-
chemical time scale. It is important to note that upon
increasing scan rates, this reduction wave regains chemical
reversibility, and this behavior is attributed to the inherently
slow C1 step (Figure S10). PCET processes involving ligand-
based deprotonation are generally fast, and they have been
previously observed to exhibit electrochemically reversible
redox couples.33,34 In these studies, the fast ligand-based PCET
events have been attributed to the smaller intrinsic barriers
compared to those related to metal-based PCET processes.
The relatively slow PCET reaction observed in this study
suggests that the proton transfer reaction likely involves
(de)protonation at the cobalt center. Rapid protonation at the
pendant pyridine followed by a slow intramolecular proton
transfer to the cobalt center is also a possible explanation, but
the switching potential experiments alone could not distinguish
between the two mechanisms.
To further probe the operative mechanism for the C1

process, which as described above is under kinetic control,
the proton transfer rate constant associated with the chemical
step (kPT1) was determined by monitoring the shift of the peak
potential of the Co(II/I) couple (Epc) with acid concentration
and scan rate (v) using eq 1:35

E E
RT
F

RT
F

k RT
Fv

(0.78)
2

ln
H

pc 1/2
PT1= + [ ]+

(1)

where R, T, and F are the gas constant, temperature, and the
Faraday constant, respectively, and E1/2 is the potential of the
one-electron reversible electrochemical event in the absence of
acid. The Epc was found to shift to more positive potentials
with increasing acid concentration and to more negative
potentials with increasing scan rate, with the characteristic
slope of ∼30 mV dec−1 for an EC reaction (Figures S20 and
S21).35 A rate constant of kPT1 = 1.4 × 104 M−1 s−1 is
quantified for the proton donor 4-methoxypyridinium (pKa =
14.23) and kPT1 = 6.3 × 103 M−1 s−1 for 2-aminopyridinium
(pKa = 14.47). These measurements were also performed using
acids spanning over 4 pKa units (kPT1 ranging from 6.3 × 103 to
4.3 × 107 M−1 s−1), although the results for stronger acids will
be discussed in the subsequent section. All kinetic information
associated with the chemical reactions proposed in the catalytic
cycles are recorded in Table 1. Across 4 pKa units, a linear free
energy relationship (LFER) is observed between log(kPT1) and

Table 1. Rate Constants Associated with Chemical Reactions with Organic Acids

acid regime acid identity
acid pKa

(CH3CN)30
kPT1 for C1
(M−1 s−1)a

kPT2 for C2
(M−1 s−1)b

kPT3 for C3
(M−1 s−1)

kΩ for CH2
(s−1)c

kγ for CH2_2
(M−1 s−1)

weak 2-aminopyridinium 14.47 6.3 × 103 8.2 × 104 4.5 × 102

weak 4-methoxypyridinium 14.23 1.4 × 104 3.1 × 104 4.5 × 102

intermediate 2-methylpyridinium 13.32 1.6 × 105 1.6 × 106d 4.5 × 102

intermediate pyridinium 12.53 3.4 × 106 3.4 × 107d 4.5 × 102

intermediate 4-methoxyanilinium 11.86 8.1 × 106 8.1 × 107d 4.5 × 102

intermediate anilinium 10.62 4.3 × 107 4.3 × 108d 4.5 × 102

strong 2,6-dichloroanilinium 5.06 1 × 1010e 1 × 1010e 1 × 1010f 4.5 × 102 ∼105g

aQuantified from peak shift analysis using eq 1. bDetermined from plateau current analysis and eq 2 unless otherwise noted. cEstimated from an
average limiting current value (ic,max) of 120 μA and eq 3. dArbitrarily set to be an order of magnitude higher than kPT1 for simulation purposes.
eEstimated from the LFER plot to reach diffusion limit. fSet to reach diffusion limit to rapidly establish equilibrium for ligand protonation.
gObtained from digital simulations.
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the pKa of the acids with a slope of −1.0 (Figure 3). The rate
constant increases as the acid pKa is lowered, in agreement

with the previously observed trends for the formation of cobalt
hydride complexes.26,28,31 The pKa-dependent trend suggests a
common mechanism for the protonation of [CoIpy]+ for all
acids used for this analysis regardless of their pKa values.
The LFER analysis reveals the effect of structural and

electronic changes on proton transfer kinetics and operative
mechanisms. The LFER slope of −1.0 is comparable to that
observed for the formation of a putative Co(III) hydride in the
study of the cobaloxime Co(dmgBF2)2(CH3CN)2 (slope =
−0.97).28 However, the kPT1 values for protonating [CoIpy]+
fall below the kPT values observed for the cobaloxime system at
similar driving forces, as demonstrated in the Bro̷nsted plot
(Figure S47). The higher kinetic barrier to protonate [CoIpy]+
may be attributed to the greater geometric rearrangement
during the proton transfer process. Specifically, [CoIpy]+
undergoes a transition from an intermediate structure between
square pyramidal and trigonal bipyramidal (τ = 0.55) to an
octahedral configuration. Conversely, cobaloxime transitions
from an almost ideal square pyramidal geometry (τ = 0.03,
calculated from the solid-state molecular structure of
[CoI(dmgBF2)2py]−)36 to octahedral upon protonation. As
noted above, the reduction of current for the E2 step at fast
scan rates indicates that C1 is slow. Consistently, the proton
transfer rate constants found here are comparatively low across
all acids studied, lending support for direct metal protonation
of [CoIpy]+ to form [CoIII(H)py]2+ (Scheme 3). The
significantly slower proton transfer kinetics compared to
[CoICp(depe)]+ (depe = 1,2-bis(diethylphosphino)ethane),
where protonation occurs at the Cp ligand prior to the

formation of the Co(III) hydride species,31 further supports
the direct metal protonation mechanism (Figure S47).
At high acid concentrations (2−18 mM for 4-methoxypyr-

idinium and 2−20 mM for 2-aminopyridinium), an increase in
cathodic current and a loss of reversibility were observed at the
second wave, indicating catalytic acid reduction (Figures 4).

Controlled potential electrolysis (CPE) performed using 100
mM 4-methoxypyridinium at −1.48 V vs Fc+/0 and a
reticulated vitreous carbon electrode yielded a Faradaic
efficiency of 85% accounting for H2 in both the headspace
and solution (quantified by gas chromatography). The applied
potential was set to be at E2 to access the reduction of
[CoIII(H)py]2+. This ensures that the charge passed is
primarily a result of the E1C1E2C2 pathway, not the

Figure 3. Logarithm of rate constants for the protonation of [CoIpy]+
(kPT1) as a function of acid pKa in CH3CN.

Scheme 3. Proposed E1C1 Step for the Formation of [CoIII(H)py]2+

Figure 4. (a) Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in
CH3CN with additions of 2−18 mM 4-methoxypyridinium. (b)
Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in CH3CN with
additions of 2−20 mM 2-aminopyridinium. Voltammograms recorded
at 200 mV/s in 0.25 M [NBu4][PF6]. Insets: shifts of Co(II/I)
reduction couple as a function of acid concentration.
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bimolecular reaction of [CoIII(H)py]2+, as observed in the
stochiometric reactivity of [CoIpy]+ with acids (vide supra). To
calculate a catalytic turnover frequency that accounts for the
amount of the catalyst within the reaction−diffusion layer, a 3
mm glassy carbon disc electrode was used in a separate
unstirred CPE experiment. This electrocatalysis corresponds to
an overpotential (η) of 690 mV with a turnover frequency
(TOF) of 2.7 × 102 s−1 (see the SI for more details regarding
CPE experiments). These experiments confirm that our
catalyst [CoIIpy]+ is selective for proton reduction to H2.
Note that trace crossing on the anodic sweep was observed at
high acid concentrations and slow scan rates (Figure 4 and
Figures S26 and S27). This effect will be rationalized below
through the use of digital simulations.
The catalytic waves approach a plateau shape with increasing

acid concentration (>2 mM), and the plateau currents become
scan rate independent (Figures S26 and S27). Notably, as acid
concentrations exceed 6 mM, the current response becomes
independent of acid concentration, reaching a limiting current
value (ic,max) of ca. 140 μA for 4-methoxypyridinium (Figure
4a) and 100 μA for 2-aminoanilinium (Figure 4b). An acid-
independent behavior at high concentrations of strong acids
has been previously observed for Co(dmgBF2)2(CH3CN)2.

28

In this cobaloxime study, the current response reaches a
limiting value that is constant across all acids, and the
concentration of acid required to achieve the limiting current
value decreases as acid strength increases. The authors
hypothesized that this acid-independent behavior corresponds
to the rate-limiting H−H bond formation or release of H2 from
a doubly protonated cobalt species formed in an ECEC
mechanism. Here, the catalytic plateau current using
[CoIIpy]2+ is reached at a similar concentration for both
acids (ca. 8 mM) due to their similarity in acid strength.
However, it should be noted that both acids exhibit direct
proton reduction at potentials overlapping with the catalytic
peaks, which could affect the slight deviation in the observed
limiting currents. Therefore, we propose a similar ECEC
mechanistic scenario; the first E1C1 step forms [CoIII(H)py]2+,
which is further reduced and protonated in the subsequent
E2C2 step to generate doubly protonated species [CoII(H)py-
(H)]2+ (Scheme 4). Release of H2 (CH2) is rate limiting at high
acid concentrations. A related study using a cobalt complex
bearing pendant amines, [Co(bapbpy)Cl]+, as an HER catalyst
also revealed a ligand-protonated Co(II) hydride species as a
key intermediate.14

Despite the acid-independent behavior observed at high acid
concentrations (>6 mM), we were able to determine the

proton transfer rate constant to form [CoII(H)py(H)]2+ (kPT2)
by analyzing the plateau current (ic) as a function of acid
concentration (CA

0 = 2−6 mM) in eq 2:37

i FAC D2
1

c P

k C k C

0
1 1

PT A PT A1
0

2
0

=
+

(2)

where A, CP
0, and D are the electrode surface area, bulk

concentration of the catalyst, and diffusion coefficient
determined from the scan-rate dependence study, respectively.
Note that this equation applies to an ECEC mechanism in
which the electron transfer events occur at the electrode and
the first reduction potential is more positive than the second
reduction potential.37,38 By using the kPT1 values quantified
from the peak-shift analysis, kPT2 values of 3.1 × 104 and 8.2 ×
104 M−1 s−1 were obtained to describe the kinetics for the
formation of [CoII(H)py(H)]2+ using 4-methoxypyridinium
and 2-aminopyridinium, respectively (see the SI for more
details). The values of kPT2 are slightly higher than those of
kPT1 for both acids, which are consistent with a less kinetically
demanding ligand-based protonation in forming [CoII(H)py-
(H)]2+.
Although the catalytic wave partially overlaps with the direct

acid reduction, a first-order rate constant describing the acid-
independent step (kΩ) was estimated by using the average
value for ic,max for the two acids (120 μA) and eq 3:37

i FAC Dk2c P,max
0= (3)

where A, CP
0, and D are the electrode surface area, bulk

concentration of the catalyst, and diffusion coefficient
determined from the scan-rate dependence study in the
absence of proton source, respectively. A rate constant of ca.
4.5 × 102 s−1 was quantified. As noted above, this rate constant
likely describes the rate-limiting H−H bond formation or H2
release that is acid-concentration- and pKa-independent.

28 This
value is more of an estimate because ic,max is likely convoluted
by the current of the direct acid reduction. However, it is
within the same order of magnitude with the TOF determined
from the CPE experiment (TOF = 2.7 × 102 s−1), suggesting
that this rate constant describes the overall kinetics of this
catalysis.
Because the catalytic wave is convoluted by the current

resulting from direct acid reduction at high acid concen-
trations, digital simulations were used to support the proposed
E1C1E2C2 pathway followed by a rate-limiting H−H bond
formation or H2 release under the low acid concentration
regime (0.2−0.4 mM). Gratifyingly, the voltammograms were
reproduced across all scan rates by using the pKa values of 23.5
and 16.4 estimated for [CoIII(H)py]2+ and [CoII(H)py(H)]2+,
respectively. The pKa value of [CoIII(H)py]2+ is taken as the
average of the estimated pKa range (21.51 to 25.44), and that
of [CoII(H)py(H)]2+ is estimated using digital simulations
(Figure S28). The kPT1, kPT2, and kΩ values of 1.4 × 104, 3.1 ×
104, and 4.5 × 102 s−1, respectively, experimentally quantified
for 4-methoxypyridinium were also included as simulation
parameters (see the SI for more details regarding digital
simulations and parameters used). In the simulated voltammo-
grams, the wave at −1.12 V regains chemical reversibility,
whereas the magnitude of current of the subsequent wave at
−1.39 V decreases with increasing scan rate (Figure S29).
These observations are consistent with the experimental
voltammograms.

Scheme 4. Proposed ECEC Mechanism to Release H2 in the
Weak Acid Regime
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We also attempted to model the voltammograms at high
acid concentrations (>2 mM) by noting that the catalytic
currents may not represent the experimentally observed values
given the overlap with direct acid reduction. Nevertheless, the
catalytic voltammogram of [CoIIpy]2+ in the presence of 10
mM 4-methoxypyridinium was successfully simulated using the
same simulation parameters as those used in the low acid
concentration regime (Figure S30). Notably, the experimen-
tally observed trace crossing was also reproduced, which
allowed us to probe the origin of this behavior. In the
simulations, it was found that the trace crossing disappears
when kPT2 or kΩ is increased to more than 105 and 103 M−1 s−1,
respectively. This observation suggests that the trace crossing
behavior is associated with the slow kinetics of the chemical
steps C2 and CH2, which impedes the subsequent reduction of
[CoIIpy]2+ (E1) upon catalyst turnover. In this situation,
[CoIIpy]2+ is slowly generated such that the subsequent E1
reduction does not occur until after the switching potential,
giving rise to the observed high cathodic current on the reverse
scan. Therefore, the more acid and time given at high acid
concentrations and slow scan rates, respectively, result in
additional cathodic current as more of [CoIIpy]2+ is slowly
generated. By increasing the reaction rate for C2 or CH2, these
chemical reactions reach equilibrium faster, resulting in faster
turnover and formation of [CoIIpy]2+ and therefore less trace
crossing. We also investigated the potential disproportion
reaction between [CoIIpy]2+ and [CoII(H)py]+ to determine
its impact on the observed cathodic current. However, minimal
changes to the trace crossing were observed in the simulations,
irrespective of the disproportion rate constant (ranging from 0
to 107 M−1 s−1), suggesting a negligible effect.
Electrocatalytic HER in the Intermediate Acid

Regime. With increasing acid strength, the voltammetric
responses evolve. This is first evident in voltammograms
recorded at low concentrations (0.2−0.4 mM) with organic
acids with pKa values spanning the range of 10.62−13.32.
Under these conditions, the voltammograms of [CoIIpy]2+
exhibit both a Co(II/I) couple and the irreversible Co(III)
hydride reduction wave similar to those observed in the weak
acid regime (Figure 5a and Figure S11). Additionally, a new
irreversible wave appears in the voltammograms at a potential
intermediate between those of the Co(II/I) couple and the
hydride reduction. Interestingly, the peak positions of the new

wave and the Co(II/I) couple shift more positive as the acid
strength increases (Figure 5b). The cathodic peak potential
shift of the Co(II/I) couple with decreasing acid pKa is
consistent with the E1C1 process under kinetic control because
the rate constant kPT1 exhibits strong dependence on the acid
pKa (see above, Figure 3). Consistent with the weak acid
regime, as the scan rate increases, the Co(II/I) couple
becomes more reversible, whereas the magnitudes of current
of the subsequent waves decrease (Figure 5c and Figure S12).
This is accompanied by an increase in current for the direct
acid reduction at more negative potentials (−1.2 to −1.6 V),
and this effect is more prominent at high acid concentrations
(Figures S22−S25). These results are consistent with the
chemical step C1 to form [CoIII(H)py]2+ being slow and below
the diffusion limit under these conditions.
The voltammograms for [CoIIpy]2+ recorded with high acid

concentrations (2−16 mM) exhibit catalytic waves centered at
potentials positive of the [CoIII(H)py]2+ reduction (Figure 6).
Notably, as the acid strength used increases, the direct acid
reduction becomes more facile, and the potential associated
with this event overlaps more strongly with the catalytic peaks
of the molecular catalyst compared to the weak acid regime
(Figures S15−S18).32 Regardless of these convoluted peaks in
the catalytic region, the proton transfer rate constants (kPT1s)
associated with hydride formation (C1) were readily quantified
using the scan rate-dependent peak shift of the Co(II/I)
reduction couple (Table 1). As discussed in the weak acid
regime, the rate constant kPT1 increases as the acid pKa is
decreased, with a constant LFER slope observed across both
acid regimes (see above, Figure 3). This observation indicates
that the chemical step C1 is responsible for the observed peak
potential shift. These data consequently demonstrate that
initial protonation at the Co(I) center to form [CoIII(H)py]2+
is also operative in this intermediate acid regime.
We considered two possible explanations for the new,

intermediate redox feature observed in the voltammograms
recorded at low acid concentration shown in Figure 5a. First,
we hypothesized that the feature corresponded to the
reduction of a protonated Co(III) hydride species, [CoIII(H)-
py(H)]3+, that could form via an ECCE mechanism; the first
E1C1 step generates [CoIII(H)py]2+, and the subsequent
protonation forms [CoIII(H)py(H)]3+ followed by the
reduction of the hydride intermediate, yielding [CoII(H)py-

Figure 5. (a) Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in CH3CN with no acid (black) and with additions of 0.2 mM (blue) and 0.4 mM
(red) anilinium (pKa = 10.62). Voltammograms recorded at 200 mV/s in 0.25 M [NBu4][PF6]. (b) Cyclic voltammograms of 0.2 mM [CoIIpy]2+
in CH3CN with additions of 0.4 mM anilinium (pKa = 10.62), 4-methoxyanilinium (pKa = 11.86), pyridinium (pKa = 12.53), and 2-
methylpyridinium (pKa = 13.32). Epc for reduction of [CoIIpy]2+ ranging between −1.06 and −1.12 V and that of [CoIII(H)py(H)]3+ ranging
between −1.22 and −1.31 V. Voltammograms recorded at 200 mV/s in 0.25 M [NBu4][PF6]. (c) Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in
CH3CN with 0.4 mM anilinium recorded at various scan rates in 0.25 M [NBu4][PF6].
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(H)]2+. The reduction observed at ca. −1.22 to −1.31 V would
thus correspond to the reduction of [CoIII(H)py(H)]3+.
Second, we hypothesized that this feature is reflective of
total catalysis (zone KT2).39 In zone KT2, we would expect
that the small amount of Co(III) hydride reduced at potentials
positive of E°′([CoIII(H)py]2+/+) is sufficient to react with all
acid in the reaction−diffusion layer as the catalyst turns over.
The intermediate feature at ca. −1.22 to −1.31 V thus
corresponds to catalysis, whereas the second feature at −1.39 V
is the reduction of [CoIII(H)py]2+ without additional acid to
react with and turn over.
Digital simulations were used to test these hypotheses under

low acid concentrations (0.2−0.4 mM). For the ECEC
mechanism, the kPT1 values were taken from the peak shift
analysis, and the kPT2 values were arbitrarily set to be an order
of magnitude higher than kPT1 to take into account the more
facile kinetics of the C2 process than that of C1 (as done
above). The intermediate redox feature of the voltammograms
is readily simulated with the ECEC mechanism presented
above (Figures S31−S38). Concentration profiles of reactants
and intermediates produced from the digital simulation
software indicate that at low acid concentrations, the acid is
depleted prior to complete reduction of [CoIII(H)py]2+ such
that only a fraction of the [CoII(H)py]+ formed can turn over

catalytically, consistent with zone KT2. By contrast, digital
simulations of the ECCE mechanism that would proceed
through a [CoIII(H)py(H)]3+ intermediate are unable to
reproduce the intermediate redox feature with rate constants
for protonating [CoIII(H)py]2+ ranging from 0 to 1010 M−1 s−1.
Together, digital simulations support that HER proceeds
through the same ECEC mechanism that occurs with weaker
acids, and at low acid concentrations, the voltammetric
response corresponds to zone KT2.
Digital simulations were further used to rationalize the

position of the intermediate redox feature observed at low
concentrations of acid (shown for 0.2−0.4 mM), ranging from
ca. −1.22 to −1.31 V. At a constant scan rate, the peak
becomes more positive with stronger acids as shown in Figure
5b. This acid pKa dependent behavior of the peak potential is
also reproduced by digital simulations (Figure S40) and
reflects the larger rate constants and Keq values for the C2 step
observed for stronger acids, which lead to faster catalyst
turnover and more rapid consumption of the acid. This
explains why the intermediate redox feature originating from
zone KT2 is observed in this acid regime and not in the weaker
acid regime, although HER proceeds through the same ECEC
mechanism in both acid regimes.
The voltammograms of [CoIIpy]2+ recorded with high acid

concentrations (>2 mM) exhibit trace crossing analogous to
the weak acid regime (Figures S22 − S25). The trace crossing
was reproduced by simulating the voltammograms of
[CoIIpy]2+ in the presence of 20 mM of anilinium with
simulation parameters used in the low acid concentration
regime (Figure S39). Similar to the weak acid regime, the trace
crossing vanishes when kΩ is increased to more than 103 M−1

s−1. In this case, the trace crossing may primarily originate from
the slow chemical step CH2. The slow release of H2 impedes
the reduction of [CoIIpy]2+ (E1), which gives rise to the
cathodic current in the reverse scan, as demonstrated in the
weak acid regime.

Electrocatalytic HER in the Strong Acid Regime.
Voltammograms for [CoIIpy]2+ recorded with 2,6-dichloroa-
nilinium (pKa = 5.06) (0.2−0.4 mM), the strongest acid
explored in this study, exhibit similar irreversible events as
observed for weak and intermediate acids along with a new
irreversible wave at a slightly more positive potential (Epc =
−0.99 V) (Figure 7a). Furthermore, as acid concentration
increases from 0.8 to 4 mM, catalytic currents are observed to
emerge from the most anodic peaks, exhibiting peak potentials
less than −0.99 V at a scan rate of 200 mV/s (Figure 7b).
These observations suggest a new reaction pathway in addition
to those accessible with weaker acids.
First, we recognize that with 2,6-dichloroanilinium, a

fraction of [CoIIpy]2+ can be protonated to form [CoIIpy-
(H)]3+ (C3), and the new irreversible wave is assigned as the
reduction of this species to generate [CoIpy(H)]2+ (E3). This
assignment is consistent with the pKa value of 6.8 for
[CoIIpy(H)]3+ and the partial protonation reaction of
[CoIIpy]2+ by 2,6-dichloroanilinium prior to reduction as
observed by 1H NMR spectroscopy (vide supra). The partial
protonation of [CoIIpy]2+ at low acid conditions explains why
the reduction events E1, E2, and E3 are observable in the
voltammograms recorded at 0.2 and 0.4 mM 2,6-dichlor-
oanilinium (Figure 7a). The triply charged [CoIIpy(H)]3+ is
easier to reduce than the doubly charged [CoIIpy]2+, which
explains the more positive reduction potential of the former
species (Epc = −0.99 V vs E1/2 = −1.12 V). We hypothesize

Figure 6. (a) Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in
CH3CN with additions of 2−16 mM pyridinium (pKa = 12.53). (b)
Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in CH3CN with
additions of 2−16 mM 2-methylpyridinium (pKa = 13.32).
Voltammograms recorded at 200 mV/s in 0.25 M [NBu4][PF6].
Insets: shifts of Co(II/I) reduction couple as a function of acid
concentration.
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that the reduction of [CoIIpy(H)]3+ to form [CoIpy(H)]2+
(E3) is followed by rapid tautomerization (Ctaut), generating
the hydride species [CoIII(H)py]2+ (Scheme 5)
An increase in cathodic current with increasing acid

concentration indicates catalytic acid reduction associated
with the formation of [CoIII(H)py]2+ (which can be formed by
the E1C1 and C3E3 mechanisms) (Figure 7b). We hypothesize
that direct protonation of the hydride with strong acids can
liberate H2 and [CoIII(py)]3+, which would be rapidly reduced
at these negative potentials to regenerate [CoII(py)]2+,
completing the catalytic cycle (Scheme 6). Note that these
additional pathways are likely not operative in the stochio-
metric reactions between [CoIpy]+ and acids and the CPE
experiments described above as the acids used are not
sufficiently strong to protonate the hydride species [CoIII(H)-
py]2+. However, with 2,6-dichloroanilinium, the hydride

reduction/protonation mechanisms likely operate in parallel
given the observed peaks corresponding to the reductions of
[CoII(py)]2+ and [CoIII(H)py]2+ at more negative potentials.
Note that 2,6-dichloroanilinium is directly reduced at the
electrode, giving rise to the enhanced current at ca. − 1.6 V
(Figure 7b and Figure S19).
To support these mechanistic hypotheses, digital simulations

were carried out to introduce two new mechanistic sequences
that occur in parallel to the E1C1E2C2 mechanism introduced
above: a C3E3 pathway followed by tautomerization (Ctaut) to
form [CoIII(H)py]2+ and a protonation of [CoIII(H)py]2+

(formed by either the C3E3 pathway or the E1C1 pathway)
to release H2 and form [CoIIIpy]3+ (CH2_2) followed by
reduction of [CoIIIpy]3+ (E4). Given the acid strength of 2,6-
dichloroanilinium (pKa = 5.06), kPT1 and kPT2 likely reach the
diffusion limit (up to 1010 M−1 s−1). This assumption is
supported by the kPT1 value of 6.2 × 1013 estimated by
extrapolating the trend of the LFER plot (see above, Figure 3)
and the fact that kPT2 is known to be slightly higher than kPT1.
The Keq value for C3 is set based on the relative pKa values of
[CoIIpy(H)]3+ and 2,6-dichloroanilinium. To achieve rapid
protonation equilibrium, the rate constant for C3 (kPT3) is set
at the diffusion limit, which is 1.0 × 1010 M−1 s−1. The
reduction potential of [CoIIpy(H)]3+ is estimated to be −0.99
V based on the experimentally observed Epc of the new
reduction feature.
With this model, the appearance of a new voltammetric

feature attributed to the [CoIIpy(H)]3+ reduction is success-
fully simulated across acid concentrations of 0.8−4 mM
(Figure S43). Moreover, a catalytic wave centered at ca. −0.99
V is observed. Simulations of the voltammograms observed
experimentally in Figure 7b are achieved when the rate
constant of CH2_2 (kγ) is on the order of 105 M−1 s−1 (Figure
S42). To further probe the origin of the catalytic wave
preceding the [CoIIpy]2+ reduction, the C3E3 process was
removed from the simulations. This allows the hydride species
[CoIII(H)py]2+, generated from the E1C1 process, to engage in
catalysis through the hydride protonation and reduction
pathways. The catalytic wave remained present at approx-
imately −0.99 V even without the C3E3 process (Figure S41).
However, the peak position shifted to a more positive
potential, similar to that observed experimentally with the
C3E3 process included. These results demonstrate that the
observed catalysis involves the protonation of the hydride
intermediate [CoIII(H)py]2+ generated from both the C3E3
and E1C1 pathways. Collectively, these experiments and
simulations support the conclusion that a C3E3 tautomerization
pathway to access [CoIII(H)py]2+ can occur with strong acids
and that [CoIII(H)py]2+ protonation to release H2 can also
occur with strong acids (Scheme 6).

Figure 7. (a) Cyclic voltammograms of 0.2 mM [CoIIpy]2+ in
CH3CN with no acid (black) and with additions of 0.2 mM (blue)
and 0.4 mM (red) 2,6-dichloroanilinium (pKa = 5.06). (b) Cyclic
voltammograms of 0.2 mM [CoIIpy]2+ in CH3CN with additions of
0.8−4 mM 2,6-dichloroanilinium. Voltammograms recorded at 200
mV/s in 0.25 M [NBu4][PF6].

Scheme 5. Proposed Mechanism for the Formation of [CoIIIpy(H)]2+ in the Strong Acid Regime
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Thermochemical Parameters Associated with Pro-
posed HER Intermediates. The electrochemical studies as
well as the stochiometric reactivity of [CoIIpy]2+ with a range
of acids spanning 20 pKa units in acetonitrile enable the
construction of thermochemical cycles relating key intermedi-
ates in the catalytic HER mechanisms proposed herein
(Scheme 7). Although some of the chemical steps were not
observed in this study, the thermochemical cycles allow us to
determine their associated thermochemical parameters. For
example, the pKa value associated with the ligand protonation
species [CoIpy(H)]2+ (C4) was calculated to be about 9.0 via
Hess’s law (see the SI). However, note that the reduction step
E3 is irreversible, and therefore, the thermochemical value is
taken from the peak potentials Epc. The reduction potential of
the E2 process was estimated from the E1/2 value of the
voltammogram of 0.2 mM [CoIIpy]2+ with 0.2 mM 4-
methoxypyridinium recorded at a scan rate of 10,000 mV/s,
where the reversibility of the event was recovered (Figure 2b).
Additionally, the pKa value for steps C1 and C2 were taken
from the average value of the estimated pKa range and digital
simulations, respectively, because the reactive nature of these
hydride intermediates prevents the determination of the exact
pKa values. Nevertheless, these thermodynamic cycles help us
understand the energetics of the elementary steps constituting
the catalytic cycles and demonstrate that the choice of acid and
applied potential has a direct impact on the accessible HER
mechanism. Notably, the metal-based protonation to form
[CoIII(H)py]2+ (C1) is found to be both thermodynamically
and kinetically more accessible than the ligand-based
protonation of [CoIpy]+ (C4). The kinetically accessible direct
metal protonation is attributed to the relatively low structural
reorganization to directly protonate the cobalt center, which is
in agreement with our structural analysis of [CoIpy]+.

■ CONCLUDING REMARKS
This report provides detailed mechanistic and kinetic analyses
of the electrocatalytic HER activity of the [CoIIpy]2+ complex
supported by a polypyridyl ligand bearing a pendant pyridyl
base. The reduced species [CoIpy]+ was isolated and
characterized as a five-coordinate, low-spin complex. This
complex is capable of reducing protons to H2 via a homolytic
reaction of a Co(III) hydride intermediate. The structural
rigidity and limited electronic changes upon forming the
hydride intermediate suggest that the intrinsic barrier to
directly protonate the Co(I) center is relatively small.
Consistently, electrochemical measurements under catalytic
conditions support the formation of the Co(III) hydride
intermediate via direct metal protonation despite the presence
of the pendant base, which is typically observed as a more
kinetically accessible protonation site. The metal-based
protonation to generate the hydride intermediate is therefore
both kinetically and thermodynamically more accessible than
the ligand-based protonation. Our findings support the broad
hypothesis that kinetic barriers to direct metal protonation are
correlated with the geometric and electronic rearrangements
required to form metal hydride intermediates. More
importantly, we demonstrate that such barriers can be
minimized by judicious ligand design. This work provides a
strategy for realizing the efficient formation of metal hydride
intermediates in HER catalysis, which may be applicable to
other fuel-forming reactions (e.g., N2 reduction, CO2
reduction) involving metal hydride intermediates.
The reactivity of [CoIIpy]2+ with a series of organic acids in

acetonitrile was investigated under electrochemical conditions.
We found that the choice of proton source impacts on the
accessible electrocatalytic HER mechanisms. When using acids
with pKa values ranging from 10.62 to 14.47, an ECEC
pathway is operative through a Co(III) hydride intermediate

Scheme 6. Proposed Parallel ECEC and CECCE Mechanisms to Release H2 in the Strong Acid Regime

Scheme 7. Thermochemical Cycles Relating Catalytic HER Intermediatesa

aValues in red and blue are pKa and reduction potential, respectively. Italicized reduction potential values are estimated from either Epc or E1/2 at a
fast scan rate. Italicized pKa values are either estimated from digital simulations or averaged from a range of pKa values. The number in parentheses
is calculated using Hess’s law. Chemical species and reactions in gray were not observed in this study.
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generated from the first EC process. In this acid regime, an
acid-independent behavior was observed at high acid
concentrations, which was assigned to the rate-limiting H−H
bond formation or release of H2 from a doubly protonated
cobalt species formed in the second EC step. Although the
voltammetric responses with acid pKa ranging from 10.62 to
13.32 are distinct from weaker acids at low acid concentrations,
we show that these changes arise from total catalysis (zone
KT2), yet the operating mechanism remains unchanged. An
LFER correlating rate constants for the first protonation step
with the acid pKa values was observed across both acid
regimes, supporting the assignment that the formation of the
Co(III) hydride is a common mechanistic step. As the acid pKa
decreases to 5.06 in the strong acid regime, [CoIIpy]2+ is
protonated at the pendant pyridine prior to electron transfer,
following an CE pathway. Furthermore, [CoIII(H)py]2+ can be
protonated directly to evolve H2 with this strong acid. Notably,
the mechanistic assignments allow us to determine appropriate
methods (i.e., current plateau analysis, peak-shift analysis, and
digital simulations) to quantify kinetic parameters associated
with the catalytic elementary steps. The determination of
thermodynamic parameters (i.e., pKa values) of the catalytic
intermediates is also essential, as some of the kinetic
parameters are highly dependent on the reaction driving
forces. The synergy of thermodynamics and kinetics
demonstrated in this work indicates that these parameters
should not be considered separately, especially when
optimizing the performance of electrocatalysts. Together,
these analyses provide a complete description of the catalytic
system and offer opportunities to control and fine-tune the
kinetics of charge transfer through a deep understanding of
each and every elementary step.
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