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ABSTRACT: A large variety of molecular cobalt complexes
are used as electrocatalysts for H, production, but the key
cobalt hydride intermediates are frequently difficult to detect
and characterize due to their high reactivity. We report that a
combination of variable scan rate cyclic voltammetry and foot-
of-the-wave analysis (FOWA) can be used to detect transient
Co™H and Co"H intermediates of electrocatalytic H, pro-
duction by [Co"(P™,N™,)(CH;CN),]** and Co"(dmgBF,),-
(CH4CN),. In both cases, reduction of a transient catalytic
intermediate occurs at a potential that coincides with the Co
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couple. Each reduction displays quasireversible electron-transfer

kinetics, consistent with reduction of a Co'"'H intermediate to Co"H, which is then protonated by acid to generate H,. A bridge-
protonated Co' species was ruled out as a catalytic intermediate for Co"(dmgBF,),(CH;CN), from voltammograms recorded at

1000 psi of H,. Density functional theory was used to calculate Co

"_H and Co"—H bond strengths for both catalysts. Despite

having very different ligands, the cobalt hydrides of both catalysts possess nearly identical heterolytic and homolytic Co—H bond

strengths for the Co™H and Co"™H intermediates.

B INTRODUCTION

Molecular cobalt complexes are widely studied as catalysts
for electrocatalytic and photocatalytic production of H,.'™®
Many cobalt catalysts display desirable catalytic properties,
including low overpotential,” "' solubility in water,'”"*~** and
stability toward O,>*7° Several groups have constructed
hybrid systems for production of H, in which a molecular
cobalt catalyst has been attached to an electrode surface,”” "
covalently linked to a photosensitizer,®>°
Photosystem 1.°"

In light of the popularity of cobalt catalysts for production of
H,, determination of the mechanism is crucial for the rational
design of improved catalysts. Cobalt(III) monohydrides,
Co""H, can be formed by protonation of Co' and are generally
accepted as key intermediates in the catalytic formation of
H,."*" Formation of H, from Co™H has been proposed to
occur by either heterolytic or homolytic cleavage of the
Co™—H bond, or by reduction of Co™H to Co™H, which can
then form H, in a heterolytic or homolytic manner (Scheme 1).
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Determination of the Co™H reduction potential is critical for
identification of the mechanism(s), as this will indicate the
potential at which Co™H becomes a viable catalytic inter-
mediate.

For some cobalt electrocatalysts, Co™H intermediates can be
isolated or generated and characterized in situ.”*"** In these
cases, the reduction of Co™H to Co"H is readily identified by
cyclic voltammetry and occurs at potentials more negative than
the parent Co! couple. In the presence of an acid, the
electrocatalytic wave appears at or slightly positive of the Co'H
reduction wave, indicating that reduction to Co"H is required
for catalysis.

In contrast to the behavior described above, many catalysts
show an electrocatalytic wave near the Co™! couple when
moderate to strong acids are employed, suggesting either a
difference in mechanism or that the potential of the Co™"H
couple coincides with the Co™" couple. This situation is com-
monly encountered for [Co"(P®,N""))(CH,CN),]** (1)"**
and the well-known complex Co'(dmgBF,),(CH,CN),
(2),/77*% as well as related polyimine/polypyridyl cata-
lysts.'>'>17?#%7% The difficulty in studying the mechanism of
these catalysts is epitomized by the debate regarding the H,
production mechanism of 2.7 At present, the most com-
monly accepted mechanism for H, production by 2, proton-
ation of Co"H, is supported by computations*”>° and
transient spectroscopic studies utilizing a very strong photoacid
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(pK, = —26 in acetonitrile);”" however, recent studies from

Norton® and from Peters” have called into question the role
of a Co™H intermediate during H, production.

A need clearly exists for widely applicable methods for
identification and analysis of electrocatalytic mechanisms,
both for Co"(dmgBF,),(CH;CN), as well as other catalysts.
Costentin and Savéant have recently described a series of
diagnostic electrochemical criteria for identification of various
electrocatalytic mechanisms.”*>> While useful as an initial assess-
ment of the mechanism, these criteria do not provide structural
information on catalytic intermediates, and can lead to ambiguous
mechanistic conclusions in cases where the catalytic behavior is
consistent with multiple mechanisms.

Herein we demonstrate that mechanistic information for
[Co"(P*®*,N"™,)(CH,;CN),]*" and Co"(dmgBF,),(CH,CN),
can be obtained under electrocatalytic conditions by using a
combination of scan-rate variation and foot-of-the-wave analysis
(FOWA).*® Using these simple techniques, we have observed
a transient intermediate that displays quasireversible electron-
transfer kinetics for each catalyst, consistent with our prior
studies on Co™"H couples of isolated Co™H complexes.””
Additionally, we report a thermodynamic analysis on Co—H
bond strengths for both [Co"(P*™,N™,)(CH,CN),]*" and
Co"(dmgBF,),(CH;CN),, providing insight into the similar-
ities and differences of these two catalysts.

B RESULTS
Electrochemical Analysis of [Co"(P®Y,NP",)(CH,CN),]%*.

The identification of slow electron-transfer kinetics is first
illustrated by examining the effect of scan rate on the Co™"
couple of [Co"(PP",N™,)(CH,CN),]*". Figure 1A shows
cyclic voltammograms of [Co"(P®*,N™",)(CH;CN);]** in an
acetonitrile solution in which the current has been normalized
to v7"/% to facilitate comparison between voltammograms
recorded at different scan rates. A reversible Co™" couple is
observed at E;;, = —0.87 V vs Cp,Fe*’® (the reference couple
for all potentials in this paper) with a peak-to-peak separation
(AE,) of 66 mV at v = 0.1 V57", close to the ideal AE, = 7 mV
expected for a Nernstian one-electron wave. The Co™™ couple
is quasireversible with an E;;, = +0.33 V and a large AE, =
128 mV. Increasing v from 0.1 to 1.0 V s™" (Figure 1A, dotted
red trace) leads to a negligible increase in AE, of the Co!
couple, while a large increase of 120 mV is observed for the
AE, of the Co™™ couple. A plot of the anodic peak potential
(E,,) for the Co™" wave versus log(v) affords a slope of
+57 mV, while the analogous plot of the cathodic peak potential
(EPC) versus log(v) gives a slope of —57 mV (Figure 1B). These
slopes are much larger than the value of +20—30 mV expected
for a peak variation due solely to a coupled chemical reaction,
which further indicates that the Co™™ couple is influenced by
electron-transfer kinetics.”>>’

Two key electrochemical parameters for electron transfer are
the standard heterogeneous electron-transfer rate constant,
k, (units of cm s™'), and the transfer coeflicient, @, which is a
unitless term describing the symmetry of the energy barrier
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Figure 1. (A) Cyclic voltammograms of [Co"(P"®*,N"h,)
(CH;CN);]** at varying scan rates. The current has been normalized
to /2 to allow ready comparison of voltammograms recorded at
different scan rates. (B) Plots of E,, and E,. of the Co™ couple
versus log(v) over the range of 0.1—1.0 V s™". Conditions: 1 mM [Co]
in 0.2 M NBu,BF, acetonitrile, 1 mm diameter glassy carbon working
electrode.

for electron transfer (@ = 0.5 for a perfectly symmetrical
barrier).”®*” These two parameters are related to E, and E,, by

eqs 1 and 2,
0.78RT 2.303RT RT
E.=E" — U + 303 log| k,
P aF aF aFvD (1)
.78RT 2.303RT RT
E,=E" + 0.78 - 303 log| k,, | ———
P aF (1 — a)F (1 — a)FvD

)
where E° is the formal reduction potential of the electron
transfer, R is the gas constant, T is the temperature in K, F is the
Faraday constant, and D is the diffusion coefficient of the analyte
in cm* s™". The observation of equivalent slopes in the E,, versus
log(v) plots indicates that @ = 0.5 for the Co™" couple of
[Co™(PBY,N™h))(CH,CN),]*, and a value of k, = 0.003 cm s~ is
obtained from eqs 1 and 2 using E° = +0.33 V and D = 82 X
107 cm?® s7' (see the Supporting Information (SI) for more
details). This value of k, is approximately 2 orders of magnitude
smaller than the value of k; = 025 cm s™' reported for the
ferrocenium/ferrocene couple in acetonitrile using a glassy
carbon electrode,®® which emphasizes the slow electron-transfer
kinetics of the Co™™ couple.

Electrochemical reduction of Co" to Co' in the presence of
acid is expected to form CoH intermediates. Cyclic voltammo-
grams were recorded on [Co"(P®*,N™,)(CH;CN),]*" in the
presence of 4 equiv of p-bromoanilinium (pK, = 9.43)°" in
acetonitrile (Figure 2A). At a slow scan rate of 0.1 V s7', the
catalytic wave displays a peak (E,. = —0.98 V) that is 110 mV
negative of the Col! couple, and an anodic wave corres-
ponding to oxidation of Co' is observed on the return scan.
Increasing v causes the E,_ of the catalytic wave to shift negative

pcC
until it separates from the Co™! couple at v = 2 V s\
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Figure 2. (A) Cyclic voltammograms of [Co"(P®,N™,)(CH;CN);]**
(1 mM) and p-bromoanilinium tetrafluoroborate (4 mM) at varying
scan rates. (B) Cyclic voltammograms of [ Co"(P®%,N™,)(CH,CN);]**
(1 mM) and varying concentrations of p-bromoanilinium tetrafluor-
oborate (1-4 mM) at v = 2 V s™*. Conditions: 0.2 M NBu,BF,
acetonitrile, 1 mm diameter glassy carbon working electrode.

The separation of the Co™" couple and the catalytic wave is

more clearly observed in voltammograms recorded at v =2 Vs~
with increasing amounts of p-bromoanilinium (Figure 2B), in
which the current at the Co™! couple remains constant while
the intensity of the catalytic wave (E,. = —1.04 V) continues to
increase with the acid concentration. These data indicate that
a species other than [Co"(P®*,N™"))(CH,CN);]** must be
reduced prior to formation of H,, and we attribute this process
to reduction from Co™H to Co"H.

The electron-transfer kinetics of the proposed Co™H inter-
mediate were investigated from plots of E,. for the catalytic
wave versus log(v). A slope of —54 mV was obtained from the
plot of E, versus log(v) using 4 equiv of p-bromoanilinium
(SI, Figure S1), which affords @ =~ 0.5 for the presumed
Co™"H couple according to eq 1. A value for k, of the
Co™MH couple could not be obtained from these data since
the absence of a return wave for oxidation of Co"H precludes
an accurate determination of E°’. However, the presence of
electron-transfer kinetic limitations is apparent from the value
of the slope in the E,. versus log(v) plot, consistent with
reduction of a Co™H intermediate.

Foot-of-the-wave analysis (FOWA)*° was used to gain
further insight into the proximity of the Co™"H and Co'"
couples of [Co"(P™,N™,)(CH,CN);]*". In FOWA, the

electrocatalytic wave is analyzed according to eq 3, where i,

i icat/ip

ip B exp[%(E - Ecat/z)]

(©)
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is the peak current of the reversible non-catalytic wave, i, is
the steady-state catalytic plateau current, E_,/, is the potential
at i and the expression 1/{1 + exp[(F/RT)(E — E..;,)]}
describes the fraction of catalyst that is reduced at a given
potential. In the absence of any competing side phenomena,
a plot of i/i, versus 1/{1 + exp[(F/RT)(E — E,)]} affords a
straight line with an intercept of zero and a slope equal to i,/
A requirement for this linear relationship is that one of the
electron transfers for catalysis should occur at a much more
positive potential than the other, ie., a large AE®'.>*** This
requirement is not fulfilled for [Co"(P®*,N™,)(CH,CN),]*,
as the Co™" and Co™"H couples occur at similar potentials; as
a result, this catalyst should not display ideal FOWA behavior.
Note that eq 3 is distinct from an alternate implementation of
FOWA in which E, /, of the non-catalytic wave is used instead
of E ;. When using E,/, in FOWA, a linear FOWA plot is
only observed when the first chemical step is rate-limiting.***

A FOWA plot for [Co"(P*®*,N™,)(CH,CN),]** shows three
distinct regions (Figure 3A). The normalized current increases
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Figure 3. (A) FOWA plot (solid blue trace) of [Co"(P®,N™,)-
(CH;CN);]** showing the linear fit (dashed red line). (B) Normalized
cyclic voltammogram (black trace) showing the potential window
that affords a linear FOWA plot (red trace). Conditions: 1 mM
[Co"(P®",N™,)(CH,CN);]**, 4 mM p-bromoanilinium tetrafluor-
oborate, 0.2 M NBu,BF, acetonitrile, v = 0.1 V s\,

rapidly at small values of 1/{1 + exp[(F/RT)(E — E..;)1},
then obtains a constant slope at intermediate values of 1/{1 +
exp[(F/RT)(E — E,)]}, corresponding to the idealized
FOWA behavior. Finally, the current drops off rapidly at high
1/{1 + exp[(F/RT)(E — E.,)]} due to acid depletion near
the peak of the catalytic wave. The linear FOWA region can
be mapped onto the CV of [Co"(P®*,N™,)(CH,;CN);]*
(Figure 3B), showing that both the foot and the peak of the
wave are affected by competing phenomena.

The non-ideal FOWA behavior observed at the foot of the
wave indicates that the Co™"H couple is more negative than
the Co™" couple. The initial current increase corresponds to
stoichiometric reduction of Co",, and i/ i, does not exceed unity

DOI: 10.1021/jacs.6b04779
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until the potential becomes negative enough for Co™H
reduction, and hence catalysis, to be kinetically feasible.
Therefore, FOWA of [Co"(P®*,N™,)(CH,;CN);]** provides
similar mechanistic information as the scan rate analysis, but
FOWA is not contingent upon the Co™/"H couple having slow
electron-transfer kinetics.

Electrochemical Analysis of Co'"(dmgBF,),(CH;CN),.
Scan rate analysis of Co"(dmgBF,),(CH;CN), in acetonitrile
shows a quasireversible Co™™ couple, and plots of E, and E,
versus log(v) for the Co™™ couple afford slopes of 82 and
—58 mV (S, Figures S2 and S3). While these plots do not
conform precisely to eqs 1 and 2, analysis provides approxi-
mate values of E°’ = +0.14 V, @ = 0.6, and k, = 2 X 10> cm s~*
(see the SI for more details). These values are similar to those
measured from steady-state voltammograms of Co"(dmgBF,),-
(CH;CN), using a Pt rotating disc electrode.”

As with [Co(P®,N™,)(CH,CN),]*, CoH intermediates
arising from Co'(dmgBF,),(CH;CN), were generated by
recording cyclic voltammograms in the presence of 4 equiv of
anilinium tetrafluoroborate (pK, = 10.62 in CH;CN)®' over a
range of v (Figure 4). Under these conditions, a peak-shaped
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Figure 4. Cyclic voltammograms of Co"(dmgBF,),(CH;CN),
(1 mM) and anilinium tetrafluoroborate (4 mM) at varying scan
rates. Conditions: 0.2 M NBu,BF, acetonitrile, 1 mm diameter glassy
carbon working electrode.

catalytic wave (E,. = —0.90 V) is observed at a potential slightly
positive of the Co™! couple (E, , = —0.91 V). An anodic wave
for oxidation of Co' is not observed under these conditions,
indicating that its steady-state concentration within the diffu-
sion layer is low. A new anodic wave (E,, = —0.71 V) appears
on the return sweep at v = 0.5 V s74, and this wave shifts to
more positive potentials as v is increased further. A plot of E_,
versus log(v) afforded a slope of 73 mV (SI, Figure 843,
indicating that the potential of this oxidation wave is governed
by electron-transfer kinetics. The oxidation wave can be tenta-
tively assigned to oxidation of a CoH intermediate on the return
sweep; however, the lack of distinct features on the forward
cathodic sweep does not reveal whether the initial Co™H species
is reduced to Co"H, so the anodic wave on the return sweep
could correspond to oxidation of either Co™H or Co™H.
FOWA of Co"(dmgBF,),(CH;CN), was employed to
further investigate whether the initially formed Co™H
intermediate is reduced at potentials near the Co™' couple.
A linear FOWA plot was observed over most of the range of
1/{1 + exp[(F/RT)(E — E_y/,)]}, with acid depletion causing a
sharp decline in i/i, at high 1/{1 + exp[(F/RT)(E — Ey»)]}
(Figure SA). Close examination of the FOWA plot reveals that
i/i, increases more slowly at the onset of the catalytic wave
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Figure 5. (A) FOWA plot (solid blue trace) of Co"(dmgBF,),-
(CH;CN), showing the linear fit (dashed red line). (B) Expansion of
the FOWA plot showing the deviation from linearity at low i/i,. (©)
Normalized cyclic voltammogram (black trace) showing the potential
window that affords a linear FOWA plot (red trace). Conditions:
1 mM Co"(dmgBF,),(CH;CN),, 4 mM p-bromoanilinium tetra-
fluoroborate, 0.2 M NBu,BF, acetonitrile, v = 0.1 V s™".

(Figure SB,C), indicating that catalysis is slower at the foot of
the wave. This observation reveals that the initial Co™H
intermediate must be reduced for catalysis to occur, and that its
reduction potential is near the potential at the foot of the wave.
Thus, Co™H is the catalytically active species leading to H,
formation, and is oxidized back to Co™H on the return anodic
sweep.

While the FOWA reveals that Co™H must be reduced for
catalysis to proceed, it does not indicate the mechanism by
which the reduction occurs. For example, Co™H could be
reduced directly by the electrode or by an equivalent of Co' in a
solution electron-transfer pathway.”* Regardless of the electron-
transfer mechanism, the Co™H intermediate must be reduced
to a Co"H species prior to formation of H,.

A value of E> ~ —0.75 V was determined for the Co™"H
couple using the peak potentials estimated from FOWA and
slow scan rate CVs. This estimated value for the Co'''H
couple is 160 mV more positive than the Co™" couple, and is
140 mV more positive than the computationally predicted
Co"™"H reduction potential of —0.89 V.** Estimates of & = 0.6
and k, = 7 X 107 cm s~! can be made for the Co™" H cou-
ple using E°" and the dependence of E,, on log(v) discussed
above.

Thus, far we have postulated that the transient intermedi-
ate is best described as Co™H based on the observation of

DOI: 10.1021/jacs.6b04779
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quasireversible electron-transfer kinetics. An alternative possi-
bility is that Co' is protonated on an oxygen atom of the dmgBF,
ligand instead of at Co, forming a bridge-protonated Co' inter-
mediate. This intermediate would be analogous to the complex
recently observed by Norton and co-workers from the reaction
of Co"(dmgBF,),(CH;CN), with high pressures of H,; this
reaction was proposed to proceed by tautomerization of an initial
Co™H intermediate (eq 4).”

CH,
q ! LB/F
N N-O< B +1/2 H2 \'\IA\FN B F \’\f‘*\No/ ~F
F.O" ‘CO”\N,o F ‘Co‘“\N/ F___ . FO- \CO‘\N,O—H
"5, ”ﬁ/\ \O,M#(K B I
N N
¢ ¢
EH, éH3 EH,

not observed ( 4)

Voltammograms of Co"(dmgBF,),(CH;CN), were recorded
at high pressures of H, to characterize the Norton product
electrochemically and compare it to the intermediates formed
under electrocatalytic conditions. At 1000 psi of H,, the current
of the Co™" couple gradually diminishes over 48 h, and is
accompanied by the appearance of a new quasireversible
reduction wave centered at E, , = —1.21 V (Figure 6). The new

-= N,
— H, (24 hrs)
— H, (48 hrs)

-0.8 -10 -1.2 -14 -16 -18
Potential (V vs. Cp,Fe*/)

-0.6

Figure 6. Cyclic voltammograms of Co"(dmgBF,),(CH;CN),
(1 mM) under N, (dashed black trace), and 1000 psi H, after 24 h
(red trace) and 48 h (blue trace). Conditions: 0.2 M NBu,PF;
acetonitrile solution, v = 0.1 V s7}, 1 mm diameter glassy carbon
working electrode.

reduction feature slowly reverts back to the original Co™"

couple upon releasing the H, pressure (SI, Figure S16), demon-
strating that the reaction product corresponds to the bridge-
protonated Co' species characterized by Norton. Notably, the
reduction potential of the bridge-protonated product is 300 mV
more negative than the Co™" couple, indicating this species is
not an intermediate of electrocatalytic proton reduction by
Co"(dmgBF,),(CH;CN),.

Thermochemical Analysis. To gain further insight into
catalytic performance, the Co—H bond strengths of cobalt
hydrides formed from [Co"(P®*,N™,)(CH,CN),]** were ana-
lyzed in terms of their acidity (pK,), homolytic bond
dissociation free energy (BDFE, AG®y), and hydride donor
ability (AG®°y-). A DFT isodesmic method was employed due
to the transient nature of the CoH species. In the isodesmic
method, the thermodynamic property of interest is calcu-
lated versus a reference system for which the same property
is already known.”* This method provides cancellation of
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the systematic errors of DFT values if the reference molec-
ule is of similar structure to the compound of interest.”> %’
Multiple features of the reference system must be matched to
obtain high accuracy, including the number and type of donor
ligands, overall molecular charge, and the formal oxidation state
of the metal."” With these considerations in mind, [Co"(dppe),-
(CH,CN)]** (dppe = 1,2-bis(diphenylphosphino)ethane) was
selected as a reference for [Co"(P®",N™,)(CH,CN),]*".
Thermodynamic properties of [Co"(dppe),(CH;CN)]** are
well-established,*”®® and this system has previously been shown
to be a suitable reference for DFT isodesmic schemes.*”*’

The reaction free energy was computed for hydride transfer
from [HCo"(P™*,N™,)(CH,CN),]* to [Co"(dppe),(CH;CN)]**
(eq S). Each of the Co" species in this reaction were calculated

[HCo"(P'™,N™,)(CH,CN),]* + [Co"(dppe), (CH,CN)]**

= [COH(PtBuZNPhZ)(CH3CN)3]2+ + [HCOH(dppe)z]+
(%)

to have S-coordinate structures, so loss of a hydride ligand is
accompanied by acetontirile binding. A thermodynamic hydri-
city of 54.2 kcal mol™ was calculated for [HCo"(P*,N™",)-
(CH4CN),]" using the reaction free energy of eq $
(—6.3 kcal mol™) and the known hydricity of [HCo I(dppe) 1"
(60.5 kcal mol™).*%® In a similar manner, a reduction
potential of —0.80 V was calculated for the [HCo™(P®*,N"™,)-
(CH4CN);]**/[HCo"(P™,N",)(CH;CN),]" couple using
the [HCo"(dppe),(CH;CN)]**/[HCo"(dppe),]* couple
as a reference. Combination of these two properties with the
experimentally measured E,,, values for the Co™" and Co"
couples of [Co'(P®",N™,)(CH,CN),]** allows calculation of
additional heterolytic and homolytic Co—H bond strengths
(Scheme 2) using known thermochemical cycles. 69,70

A similar thermochemical scheme was constructed for
Co"(dmgBF,),(CH;CN), using the newly determined
Co™"H reduction potential. A single Co—H bond strength
is needed to determine the remaining Co—H bond strengths
from thermochemical cycles using the experimental reduction
potentials. A previous DFT study used a pK, value of 13.3 for
HCo"(dmgBF,),(CH;CN),”* which was estimated by Artero
and co-workers from digital simulations of catalytic voltammo-
grams using a mechanism involving protonation of Co"H
instead of Co™H.” Rather than using this estimated pK, value,
we calculated the BDFE of HCo™(dmgBF,),(CH;CN) relative
to [HCo™(dppe),(CH;CN)]** using the isodesmic reaction
shown in eq 6. While there is a difference in charge between the

HCo'"'(dmgBE ),(CH,CN) + [Co"(dppe),(CH,CN)**

= Co"/(dmgBE ), (CH;CN) + [HCo"'(dppe), (CH,CN)]**
(6)

(dmgBF,),*” and (dppe), ligand sets, the computational error
should be minimal for this isodesmic reaction since it corre-
sponds to transfer of a neutral H® between two Co centers
without a change in acetonitrile coordination. Additional
heterolytic and homolytic Co—H bond strengths were
determined from thermochemical cycles using the computed
BDFE and the experimentally measured reduction potentials
for the Co™™, Co™", and Co"™"H couples (Scheme 2). These
calculations afford a pK, value of 10.7 for HCo"(dmgBF,),-
(CH,CN), which is 2.6 pK, units (3.5 kcal mol™) lower than
the previous estimate.
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Scheme 2. Thermochemical Data for
[COH(PtBuzNth)(CH3CN)3]2+; COH(dmgBFz)z(CH3CN)z:
and Related Species in Acetonitrile Solution, Showing
Relationships among E°’, pK,, AG°y-, and BDFE Values®”

[Co(P®!,NP";)(MeCN);]**

[Co|||]3+ [COII]2+ [COI]+
% 73
0,7/ ?’@
(46.6) [48.3]
&
@.
(-0.80)
[ColllH]2+ [COIIH]+
Co'(dmgBF,),(MeCN),
+0.14 -0.91
[Co"* Co" [Co'l
2 &
5.‘? @9
(47.2) N [50.9]
<
0.7
Co'"H =——== [Co'HI
E°'(V)
PKa
AG%.
(kcal mol") AG%-
(kcal mol™")

“Unbracketed values were determined experimentally, values in
parentheses were calculated by a DFT isodesmic reaction, and values
in square brackets were determined by completion of a thermochem-
ical cycle.

The pK, of 10.7 calculated for HCo™(dmgBF,),(CH,CN) is
considerably lower than the pK, of 13.4 measured for the
bridge-protonated Co' tautomer by Norton and co-workers.*”
This difference in pK, values suggests an equilibrium constant
of 500 for conversion of Co'H into the thermodynami-
cally favored bridge-protonated Co' complex (eq 4). The Co'
tautomer is not observed under electrocatalytic conditions,
however, indicating that intramolecular migration of the proton
from cobalt to the ligand is slow on the time scale required to
record a CV (<20 s).

B DISCUSSION

Determination of the Mechanism. Modeling of
voltammograms using digital simulations has long been used
to examine electrochemical mechanisms, but simulation does
not always provide a unique solution. A leading example of this
challenge can be found in early studies of Co"(dmgBF,),-
(CH4CN),. Using digital simulation, Artero and co-workers
concluded the catalytic mechanism to be protonation of Co™H
to make H,,” while Peters and co-workers concluded that a
bimetallic reaction of two Co™H intermediates was more
likely.” Furthermore, neither group proposed the currently
accepted mechanism involving a Co"H intermediate, which
highlights the limitations of digital simulation for mechanistic
analysis.

Costentin and Savéant have presented electrochemical
diagnostic criteria for distinguishing between different multi-
electron electrocatalytic mechanisms.”*>> Their method is
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conceptually similar to digital simulation, except that the
dependence of i and E_, on the acid and catalyst con-
centration is analyzed instead of reproducing the entire catalytic
wave. Using this methodology, Dempsey and co-workers very
recently reported a kinetic study of electrocatalytic proton
reduction by Co"(dmgBF,),(CH;CN), using anilinium acids
as the proton source.” In this study the authors were able to
rule out a bimetallic pathway for H, formation; however,
they were unable to distinguish between an ECEC or ECCE
mechanism using electrochemical analysis alone, as the
diagnostic features of these two pathways are similar. As a
result, the authors concluded an ECEC mechanism by relying
on prior computational analysis*** and time-resolved spec-
troscopic studies utilizing a very strong photoacid (pK, = —26
in acetonitrile).>!

Application of Costentin and Savéant’s diagnostic criteria is
even more ambiguous for [Co™(P®*,N™,)(CH;CN);]** than
for CoH(dm§BF2)2(CH3CN)2. In our previous study of
[Co"(P™®,N™,)(CH,;CN);]*, the catalytic rate constant was
found to be first-order in catalyst, first-order in acid at low acid
concentrations, and independent of the acid concentration at
elevated acid concentrations (>300 mM).** Since the electro-
catalytic wave appears at the Co™! couple, the kinetic data
indicates the rate-limiting step is protonation of Co' to make
Co™H, and kinetic information on the subsequent chemical
steps cannot be measured from the electrochemical diagnostic
criteria. As a result, the experimental data are consistent with
four different mechanisms (Scheme 1): protonation of either
Co™H or Co"H to form H,, or bimolecular reaction of two
Co™H or Co"H intermediates.”*>>

The present method is complementary to the diagnostic
criteria presented by Costentin and Savéant. Our strategy is to
directly observe reduction steps that overlap with the catalytic
wave under conditions of slow catalysis, i.e., very low concen-
trations of the acid. The low acid concentration increases the
lifetime of the catalytic intermediates, which are then detected
using electrochemical techniques. In this manner we have shown
that both [Co"(P*®*,N™,)(CH;CN);]** and Co"(dmgBF,),-
(CH;CN), proceed by sequential electron and proton transfers
in an ECEC mechanism for H, production, consistent with
protonation of a Co"H intermediate in a pathway involving
heterolytic cleavage of the Co—H bond (Scheme 3).

Scheme 3. ECEC Mechanism for H, Formation by
Protonation of Co"H

The resting state for each catalyst is readily determined from
the potential of the anodic wave on the return sweep. Oxidation
of Co' is observed on the return sweep of [Co"(P®",N™,)-
(CH4CN);]*", indicating that protonation of Co' is rate-
limiting for catalysis. In contrast, a new anodic feature is
observed on the return scan of Co'(dmgBF,),(CH;CN),,
suggesting a CoH resting state. A critical aspect here is that the
formal oxidation state of the catalytic intermediate cannot be
definitively assigned without knowing the fate of the Co™H

DOI: 10.1021/jacs.6b04779
J. Am. Chem. Soc. 2016, 138, 8309—-8318


http://dx.doi.org/10.1021/jacs.6b04779

Journal of the American Chemical Society

intermediate on the forward scan. For example, Lomoth, Ott
and co-workers observed a similar anodic feature in studies
on a polypyridyl cobalt electrocatalyst, and assigned the wave to
oxidation of a Co™H intermediate.”> A different conclusion
was reached in a recent study from Dempsey and co-workers,
who attributed the anodic feature of Co"(dmgBF,),(CH;CN),
to oxidation of a Co"H intermediate.””’”> Here we have used
FOWA to show that the Co™H intermediate of Co"(dmgBF,),-
(CH;CN), is reduced on the forward scan through the catalytic
wave, providing clear evidence supporting Dempsey’s conclusion
that the anodic feature corresponds to oxidation of a Co"H
resting state.

Notably, our use of FOWA differs from its originally pre-
scribed purpose of measuring kinetic data at the onset of the
catalytic wave where competing side phenomena are absent.*®
In our FOWA approach, the presence of non-ideal behavior at
the catalytic onset is used to identify the reaction sequence for
catalysts having closely spaced redox couples. We have recently
employed FOWA in this manner to observe a key intermediate
in the production of H, by [Ni(PP",N,),1%*%* and this
FOWA strategy was a key factor in identification of Co™H
reduction waves in the present study. These findings indicate
that FOWA has additional valuable applications beyond the
direct measurement of chemical rate constants.

The observation of quasireversible electron-transfer kinetics
for the second reduction step in the catalytic pathway provides
further support for assignment of the transient intermediates
as CoH. Significant reorganization of the inner coordination
sphere is expected for reduction of low-spin Co™ (d°) to low-spin
Co" (d’) by outer-sphere electron transfer. Consistent with this
expectation, a slow Co™" electron-transfer self-exchange rate
was measured for a cobaloxime derivative,”* and quasireversible
electrode kinetics have been measured for some isolated Co™H
complexes.”””” Electron transfer is not necessarily a discrete
reaction step, and the kinetics of solvent binding and dissociation
for both Co™ and Co" are likely to have a major impact on the
observed electrode kinetics (see SI for further discussion).””

Catalyst Comparison. In the present study, the pK, of the
acid used for electrocatalysis is closely matched to the pK, of
CoH for both catalysts. As a result, protonation of Col is
essentially thermoneutral, while protonation of Co™H to make
H, is exergonic. Considering their similar thermodynamic prop-
erties, comparison of the overpotentials for [Co"(PP*,N™,)-
(CH4CN);]** and Co"(dmgBF,),(CH,CN), is informative.
Here we use the traditional practice of reporting the overpotential
at the catalytic half-wave potential (7, /2)74 using the potential
of the H*/H, couple in acetonitrile (E°, = —0.028 V)" and the
pK, of the acid used for catalysis (eq 7).

ﬂcat/z = EOH+ — 0.059 x 10g(pKa) - Ecat/z (7)

In this manner, 7., is calculated to be 300 mV for
[Co™(P™®¥,N™,)(CH,CN),]** using p-bromoanilinium (pK, =
9.4)°" and 180 mV for Co"(dmgBF,),(CH;CN), using
anilinium (pK, = 10.6).°" These overpotentials are larger than
previously reported””** due to our use of the more recent E°y
value determined from accurate open-circuit potential measure-
ments.” For an ECEC mechanism, the difference between E.p
and E° of the non-catalytic wave results from the difference
in the rate constants for the two chemical steps of catalysis
(eq 8).* The difference in overpotential between the two

)

catalysts stems mostly from a difference in the rate-determining
steps. Protonation of Co' (k;) is rate-limiting in catalysis by
[Co"(PP*,NP,) (CH;CN),]*, so E.» is equal to E°. In
contrast, protonation of Co"H to make H, (k,) is rate-limiting
for Co"(dmgBF,),(CH;CN),, so E.,, is shifted positive of E°’
and the 7, is decreased.

A key factor contributing to the modest 7/, values of these
catalysts is the proximity of their Co™! and Co™"H couples,
which allows both electron transfers required for catalysis to
occur at similar potentials. Understanding how to control
AE®" will help facilitate the design of efficient electrocatalysts.
Thermodynamic data for [HCo™(P™*,N™,)(CH,CN);]*",
HCo"(dmgBF,),(CH;CN), and other Co™H complexes
having known bond strengths is tabulated in Table 1. The
entries in Table 1 are arranged in order of decreasing AE®’,
where a postive value of AE® indicates that the Co"/"H
couple is more positive than the Co™" couple. Moderate cor-
relations are observed between AE®’ and the hydride donor
ability of Co"H, the BDFE of Co™H, and the BDFE of Co"H
(SI, Figures S18—S20). A stronger correlation is observed
between AE®’ and the pK, of Co™H (Figure 7), suggesting that
the use of weaker electron donor ligands causes a greater shift
in the Co™"H couple than in the Co™! couple. Geometric
factors can also play a role, as [HCo™(SP,N,)(CH,CN)]**
is 2.5 pK, units less acidic than [HCo™(6P,N,)(CH,CN)]*,
even though the complexes differ only in the chelate size of
their tetradentate phosphine ligands."’

These findings suggest that AE®’ can be tuned by controlling
the pK, of the Co™H intermediate. A pK, of 8.0 has been
reported for [HCo™(triphos)(CH;CN),]** (triphos = CH,C-
(C,H,PPh,);),*” leading to a prediction that the Co™"H
couple is 450 mV more positive than the Co™" couple. This
estimate does not match well with the experimentally observed
Co"™H reduction wave, which appears ~180 mV more negative
than the Co™" couple. It must be noted that the observed Co™H

C

RT

Epp = E°' + —ln(l +
F

(8)

Table 1. Thermochemical Data for Co™H and Co™H Complexes

E°'(Co™"H) — E°/ AG®,~(Co"H) AG®(Co™H) AG°+(Co"H)

complex (Co™) (V) pK,(Co™"H) (kcal mol™") (kcal mol™") (kcal mol™") ref
HCo"™(dmgBF,),(CH,CN) 0.16 10.7 55.9 472 50.9 this work
[HCo™(P®,N™,)(CH,CN),]* 0.07 9.7 542 46.8 484 this work
[HCo"(dppe),(CH,CN)]* -0.13 11.9 59.7 537 50.7 40, 68
[HCo™(6P,N,)(CH;CN)]** “ —0.45 13.5 50.5 53.1 434 40
[HCo"(Cp&HN) (p®u,NP) ]+ b —0.66 15.6 41.9 53.0 37.8 39
[HCo™(5P,N,)(CH;CN)]** ¢ -0.73 16.0 46.8 56.5 39.7 40

“6P,N, = 1,5-diphenyl-3,7-bis(diphenylphosphino)propyl-1,5-diaza-3,7-diphosphacyclooctane. bCpCSH“N = (tetrafluoropyridyl)cyclopentadienide.
°SP,N, = 1,5-diphenyl-3,7-bis(diphenylphosphino )ethyl-1,5-diaza-3,7-diphosphacyclooctane.
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Figure 7. Plot of pK, (Co™H) versus E°"(Co™"H) — E°'(Co™") for
the complexes tabulated in Table 1.

reduction potential is not necessarily equal to the formal
Co"™"H couple (E°'). This point is illustrated by [HCo™(dppe),-
(CH,CN)J*", which displays a cathodic peak potential that is
190 mV more negative than that of the formal Co™"H couple.*®

B CONCLUSIONS

We have demonstrated that transient cobalt hydride inter-
mediates of electrocatalytic H, prodcution by [Co"(P®*,N™,)-
(CH4CN);]*" and Co"(dmgBF,),(CH,CN), can be identified
using variable scan rate cyclic voltammetry and foot-of-the-wave
analysis. These simple, yet powerful, techniques were critical
for identifying the reduction of transient Co™H intermediates
under electrocatalytic conditions. The observation of quasi-
reversible electron-transfer kinetics supported the identifica-
tion of the transient intermediates as Co™H. In the case of
Co"(dmgBF,),(CH;CN),, a bridge-protonated Co' complex
was ruled out as a catalytic intermediate by recording CVs of
Co™ at 1000 psi of H,. Computational analysis revealed that
both catalysts have very similar Co—H bond strengths, despite
having very different ligand sets. Importantly, both compounds
display a low overpotential for catalytic H, production, due
largely to the proximity of the Co™" and Co™"H couples.*”
Comparison to other electrocatalysts reveals that the separation
between the Co™" and Co™" H couples can be controlled by
tuning the pK, of the Co'H; this design approach could prove
fruitful in future design of improved electrocatalysts

The electrochemical methods presented in this work provide
an easily accessible, widely applicable tool for analysis of mech-
anisms. In conjuction with recent electrochemical methods
from Costentin and Savéant, information on catalytic mecha-
nisms can be gained directly from the catalytic voltammograms
without relying soley on computation or specialized spectros-
copic techniques. Thus, the approaches outlined in this work
are poised to become valuable tools in the analyis of a wide
variety of molecular electrocatalysts.

B EXPERIMENTAL SECTION

Methods and Materials. All manipulations were carried out
under N, using standard Schlenk and inert atmosphere glovebox
techniques. Acetonitrile (Alfa-Aesar, anhydrous, amine-free) was
purified by sparging with N, and passage through neutral alumina
using an Innovative Technology, Inc.,, Pure Solv solvent purification
system. Tetrabutylammonium tetrafluoroborate was recrystallized
from CH;CN and dried under vacuum. Anilinium salts were prepared
by reaction of the substituted aniline with 1.5 equiv of HBF,-Et,0
followed by recrystallization from CH;CN/Et,0. Water was dispensed
from a Millipore Milli-Q purifier and sparged with nitrogen. Ferrocene
was sublimed under vacuum. Hydrogen (UHP grade) was dried and
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deoxygenated by passage through in-line scrubbers (Agilent OT-4-SS).
The comglexes [Co"(P®,N™,)(CH,CN),](BE,),** and Co"(dmgBF,),-
7t

(H,0),” were prepared according to literature procedures. Co'-
(dmgBF,),(CH,CN), is formed upon dissolution of Co'(dmgBF,),-
7

(H,0), in acetonitrile.”

Electrochemistry. Voltammetry measurements were performed
using a CH Instruments 600D or 620D potentiostat equipped with
a standard three-electrode cell. Experiments were performed in a
glovebox at ambient temperature, 23 + 2 °C, using a 3—5 mL conical
glass vial fitted with a polysilicone cap having openings sized to closely
accept each electrode. The working electrode (1 mm PEEK-encased
glassy carbon disc, ALS) was polished using diamond paste (Buehler,
0.25 pm) on a polishing pad wet with purified H,O, then the electrode
was rinsed with neat acetonitrile. A glassy carbon rod (Structure Probe,
Inc.) was used as the counterelectrode, and a silver wire suspended
in a solution of Bu,NBF, (0.2 M) in acetonitrile and separated
from the analyte solution by a Vycor frit (CH Instruments 112) was
used a pseudoreference electrode. Ferrocene was added as an
internal standard, and all potentials are referenced to the Cp,Fe™’°
couple at 0 V.

The uncompensated solution resistance (R,) under these conditions
was determined to be <50 Q using the built-in iR compensation
feature of the potentiostat. iR compensation was not enabled in the
collection of electrochemical data since R, is small relative to the
maximum peak currents measured (<20 pA). The potential error
resulting from uncompensated resistance is <1 mV.

For FOWA, voltammograms were background-subtracted by
extrapolation of the non-Faradaic charging current observed at the
beginning of the potential scan. The E,,/, values used in FOWA were
identified from the first-derivative trace by finding the potential of the
first maximum. The E_,,/, values fell in the linear region of the resulting
FOWA plots, indicating that substrate depletion did not affect the
measurement of E,,.

High-Pressure Electrochemistry. Caution should be used when
performing reactions under pressure! The system should be designed
such that each component is rated to a higher pressure than the experi-
mentally desired pressure, and a pressure-relief fail-safe should be
incorporated in case of an accidental overpressurization. Voltammetry
was performed at elevated H, pressure using a commercially available
pressure reactor (Parr Instrument Co. 4793Q) equipped with two
4-lead signal feedthroughs (Conax Technologies MTG-24T(CU)-
A4-T). A glass cell was placed within the reactor and loaded with the
reaction solution and a cross-shaped stirbar. A custom fabricated cell
cap vented to the interior of the reactor was used to position six
pre-polished glassy carbon working electrodes, a glassy carbon rod
counterelectrode, and a bare platinum wire reference electrode within
the analyte solution. A schematic of this cell configuration has been
previously reported.”®

In a typical experiment, the reactor was charged with 10 mL of
acetontrile solution (0.2 M NBu,PF;) containing Co"(dmgBF,),-
(CH5CN), (1 mM) and ferrocene (0.5 mM). The assembled reactor
was attached to the pressure assembly, and the gas line was flushed
with H,. The reactor was pressurized to 1000 psi H, while stirring,
then vented to displace the N,. This process was repeated three times,
then the reactor was sealed under H, pressure and voltammograms
were recorded at periodic intervals. After releasing the gas pressure, the
reactor was taken into a glovebox and disassembled to facilitate the
loss of H, from the solution. Voltammograms were recorded period-
ically to monitor the conversion of the product back into starting
material.

Computational Details. All calculations were carried out with
the program Gaussian 09.”° Each structure was optimized without
symmetry constraint using the B3P86 functional.*”®" The Stuttgart
basis set with effective core potential (ECP)** was used for the Co
atom, and the 6-31G* basis set®*** was used for the remaining atoms
with one additional p polarization function [£(p) = 1.1] for hydride
ligands. A frequency calculation was performed on each structure at
the same level of theory in order to confirm that the structure was a
real local minimum on the potential energy surface. Free energy was
calculated in the gas phase at 298 K in the harmonic approximation.
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Acetonitrile solvation free energies were calculated with the polariz-
able continuum model (C-PCM)** using Bondi®” atomic radii.
Several different structural isomers were calculated for derivatives of
[Co"(P™®,N™,)(CH,CN);]**, and the free energy of the most stable
isomers were used in the isodesmic calculations. Computational data
for the [Co(dppe),]™ reference system at an identical level of theory
have been previously reported.*’
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