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I. INTRODUCTION

Development of hydrogen evolution catalysts from earth-abun-
dant materials is of great interest because such catalysts play a key
role in proposed solar-driven water-splitting devices. Cobalt com-
plexes with supporting diglyoxime ligands are among the promising
candidates for robust and efficient hydrogen evolution catalysts.
Specifically, Co(dmgBF2)2 (dmg = dimethylglyoxime) and Co-
(dpgBF2)2 (dpg = diphenylglyoxime) complexes have been shown
to produce molecular hydrogen from protic solutions at relatively
modest overpotentials.1�4Mechanistic studies indicate the presence
of aCo(III)�hydride intermediate in several possiblemonometallic
and bimetallic pathways, as summarized in Scheme 1.1�12 The
relative probabilities of these various mechanistic pathways depend
on the strength and concentration of the acid as well as the redox
properties of the cobaloxime. Although these cobaloxime catalysts
have been studied experimentally with a broad spectrum of electro-
chemical and photochemical methods,1�13 they have not been
explored extensively with theoretical methods.

The objective of this paper is to use computational methods to
investigate the properties of the Co(dmgBF2)2 and Co(dpgBF2)2
catalysts and to analyze the mechanistic pathways for hydrogen
evolution catalyzed by Co(dmgBF2)2. A variety of computational

methods have been developed for calculation of reduction potentials
and pKa values in these types of systems.14�18 Our strategy for
calculating reduction potentials and pKa values is based on density
functional theory (DFT) in conjunction with isodesmic reactions15

utilizing experimentally studied reference complexes. In addition to
providing accurate relative free energies, the isodesmic reactions are
also used to incorporate the possibility of the dissociation of a
solvent ligand during the reduction process. The outer-sphere
(solvent) reorganization energies for electron transfer between a
molecule and a metal electrode are calculated using DFT with a
dielectric continuum model.19 The inner-sphere (solute) reorgani-
zation energies for electron transfer are calculated usingDFT for the
gas phase reduced and oxidized species at equilibrium and non-
equilibrium geometries.20 Additional calculations are performed to
estimate the inner-sphere reorganization energy associated with
solvent ligand loss during certain electron transfer steps.21,22Marcus
theory23,24 can be used to estimate free energy barriers for the elec-
tron transfer steps.
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ABSTRACT: The mechanistic pathways for hydrogen evolution cata-
lyzed by cobalt complexes with supporting diglyoxime ligands are
analyzed with computational methods. The cobaloximes studied are
Co(dmgBF2)2 (dmg = dimethylglyoxime) and Co(dpgBF2)2 (dpg =
diphenylglyoxime) in acetonitrile. The reduction potentials and pKa

values are calculated with density functional theory in conjunction with
isodesmic reactions, incorporating the possibility of axial solvent ligand
loss during the reduction process. The solvent reorganization energies for electron transfer between the cobalt complex and a metal
electrode and the inner-sphere reorganization energies accounting for intramolecular rearrangements and the possibility of ligand
loss are also calculated. The relative reduction potentials agree quantitatively with the available experimental values. The pKas and
reorganization energies agree qualitatively with estimates based on experimental data. The calculations suggest that a peakmeasured
at ca. �1.0 V vs SCE in cyclic voltammetry experiments for Co(dmgBF2)2 is more likely to correspond to the CoIIH/CoIH
reduction potential than the CoIIIH/CoIIH reduction potential. The calculations also predict pKa values of Co�hydride complexes
and reduction potentials for both cobaloximes that have not been determined experimentally. The results are consistent with a
mechanism in which the Co(III) andCo(II) complexes have two axial solvent ligands and the Co(I) complex has a single axial ligand
along the reaction pathway. Analysis of the free energy diagrams generated for six different monometallic and bimetallic hydrogen
production pathways identified the most favorable pathways for Co(dmgBF2)2 and tosic acid. The thermodynamically favored
monometallic pathway passes through a Co(III)H intermediate, and Co(II)H reacts with the acid to produce H2. The
thermodynamically favored bimetallic pathways also pass through the Co(III)H intermediate, but the pathways in which two
Co(III)H or two Co(II)H complexes react to produce H2 are not thermodynamically distinguishable with these methods. On the
basis of the electrostatic work term associated with bringing the two cobalt complexes together in solution, the preferred bimetallic
pathway involves the reaction of two Co(III)H complexes to produce H2. This mechanistic insight is important for designing more
effective catalysts for solar energy conversion.
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Analysis of the energetics for the proposedmechanisms allows
us to identify the most probable hydrogen production mecha-
nisms for the cobaloxime catalysts under various experimental
conditions. We compare our calculated reduction potentials of
the Co(dmgBF2)2 and Co(dpgBF2)2 catalysts to the available
experimental data and predict the reduction potentials of the
Co�hydride complexes to assist in the interpretation of ambig-
uous electrochemical data.4We also predict the pKa values for the
Co�hydride species and compare to values estimated from
simulated electrochemical data for the Co(dmgBF2)2 catalysts.

5

Our calculations of the reduction potentials with and without
axial solvent ligands provide mechanistic insight regarding the
presence and absence of these ligands along the reaction path-
way. In addition, our calculated solvent and solute reorganization
energies, in conjunction with the reaction free energies, provide
information about the relative free energy barriers of the electron
transfer steps. Comparison of the resulting free energy diagrams
for the proposed mechanistic pathways enables identification of
the most favorable pathways for a specified acid strength and
overpotential.

An outline of this paper is as follows. Section II presents the
theoretical methods used for calculation of reduction potentials,
pKas, reaction free energies, reorganization energies, and electron
transfer free energy barriers. Application of these methods to the
hydrogen evolution pathways proposed for the cobaloxime
catalysts and analysis of the relative probabilities of these path-
ways are presented in section III. The conclusions of this work
are summarized in section IV.

II. THEORETICAL METHODS

In this section, we discuss the methods used for calculation of
reduction potentials, pKas, reaction free energies, reorganization
energies, and electron transfer free energy barriers. In section II.A.,

we present the methodology used to calculate reduction poten-
tials and pKas, as well as the computational details for the results
presented in this paper. In section II. B., we describe the strategies
for calculating the inner-sphere (solute) and outer-sphere
(solvent) reorganization energies to estimate the free energy
barriers for electron transfer.
II.A. Reduction Potentials and pKas.The Born�Haber cycle

allows us to express the reaction free energy for reduction of a
molecule in solution in terms of the reaction free energy for
reduction of the molecule in the gas phase, ΔGgas

o,redox, and the
solvation free energies of the reduced and oxidized species,
ΔGs

o(Red) and ΔGs
o(Ox), respectively25

ΔGo, redox
solv ¼ ΔGo, redox

gas þ ΔGo
s ðRedÞ �ΔGo

s ðOxÞ ð1Þ

The gas-phase reaction free energy is calculated as

ΔGo, redox
gas ¼ ΔHo, redox

gas � TΔSo, redoxgas ð2Þ

where the enthalpy includes contributions from zero-point
energy, the entropic contribution is calculated from the vibra-
tional frequencies, and the temperature is T = 298.15 K. The
reduction potentials are calculated with the Nernst equation,
E� = �ΔGsolv

o,redox/F, where F is the Faraday constant.
The Born�Haber cycle is also used for calculation of pKas.

26

In this case, the reaction free energy for deprotonation of a
molecule in solution is expressed in terms of the reaction free
energy for deprotonation of the molecule in the gas phase,
ΔGgas

o,pKa, and the solvation free energies of the acid, conjugate base,
and proton, ΔGs

o(AH), ΔGs
o(A�), and ΔGs

o(H+), respectively

ΔGo, pKa

solv ¼ ΔGo, pKa
gas þ ΔGo

s ðA�Þ þ ΔGo
s ðHþÞ �ΔGo

s ðAHÞ
ð3Þ

As for reduction, the gas-phase reaction free energy is calculated
from eq 2. The pKa is calculated from the reaction free energy
with the standard relation, pKa = ΔGsolv

o,pKa/[ln(10)RT]. In our
procedure, the contribution of ΔGs

o(H+) to ΔGsolv
o,pKa does not

affect the final value for the pKa because of the cancellation in the
isodesmic reactions described below. All reduction potentials
and pKas are calculated in acetonitrile in this paper because the
majority of the relevant electrochemical experiments have been
performed in acetonitrile, although some have been carried out in
other solvents. Note that self-consistent pKa scales of acidity have
been defined in nonaqueous solutions such as acetonitrile, but
the acidities determined in different solvents are not directly
comparable.27

The free energies calculated with the Born�Haber cycle are
used in isodesmic reactions with appropriate references to
account for systematic computational error. Typically direct
DFT calculations of reduction potentials and pKas are not
sufficiently accurate due to limitations in the basis sets and
electron exchange-correlation functionals. Use of isodesmic
reactions with appropriate references has been shown to account
for these systematic errors and hence to provide quantitatively
accurate reduction potentials and pKas.

15 In addition, this
strategy avoids the necessity of determining quantities such as
the free energies of the gas-phase electron and proton and the
solvation free energy of the proton, which have been discussed in
the literature,14,16,28 due to cancellation of these quantities in the
isodesmic reactions. These cancellations in the isodesmic reac-
tions also allow us to include the effects of solvent ligand loss

Scheme 1. Monometallic (A) and Bimetallic (B) Pathways
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without calculating the free energy of self-solvation for the
ligand.14

Four reference reactions, including reductions and a deproto-
nation, are used in the isodesmic reactions

A : CoIIðdmgBF2Þ2L2 þ e� f CoIðdmgBF2Þ2L� þ L

EoRefA ¼ � 0:55 V vs SCE

B : CoIIðdppeÞ2L2þ þ e� f CoIðdppeÞþ2 þ L

EoRefB ¼ � 0:32 V vs SCE

C : CoIðdppeÞþ2 þ e� f Co0ðdppeÞ2
EoRefC ¼ � 1:18 V vs SCE

D : CoIIIHðdmgBF2Þ2L f CoIðdmgBF2Þ2L� þ Hþ

pKaðRefDÞ ¼ 13:3 ð4Þ
where A is a reduction of a cobaloxime, Co(dmgBF2)2, B is a
reduction of the reference molecule Co(dppe)2 [dppe = bis-
(diphenylphosphino)ethane] that includes ligand loss, C is a
reduction of this reference molecule without ligand loss, and D is
a deprotonation of a cobaloxime. Note that the molecules of
interest have two dmgBF2 or dpgBF2 ligands, while some
reference molecules have two dppe ligands. Moreover, L is an
axial acetonitrile ligand, which can be lost to bulk solvent upon
reduction. Reference reactions A, B, and D include the loss of an
acetonitrile ligand or an acidic proton, which will cancel in the
isodesmic reactions presented below. The justification for as-
suming the axial ligand loss in the reference reaction A is given
below in the analysis of the reduction potentials for the cobalox-
imes. The assumption of ligand loss in reference reaction B is
based on the analysis in ref 29. The reduction potentials and pKa

for these reference reactions were determined experimentally:
the reduction potential for reference A was obtained from ref 4,
the reduction potentials for references B and C were obtained
from ref 29, converting from the ferrocenium/ferrocene (Fc+/
Fc) reference to the saturated calomel electrode (SCE) reference
with a shift of 0.38V,30,31 and the pKa for referenceDwas obtained
from ref 5. Note that this reference pKa was not obtained by a
direct experimental measurement but rather was determined from
simulations of electrochemical cyclic voltammograms.5

The first isodesmic reaction is used to account for the
differences between the dmgBF2 and the dppe ligands for
reduction potentials because the other reference reactions con-
tain the dppe ligands. This isodesmic reaction is the difference
between reactions B and A in eq 4, leading to

CoIðdmgBF2Þ2L� þ CoIIðdppeÞ2L2þ f CoIIðdmgBF2Þ2L2
þ CoIðdppeÞ2þ ð5Þ

The free energy corresponding to the systematic computational
error for this reaction is

ΔGo, A=B
r ¼ �ΔGo

r þ FEoRefA � FEoRefB ð6Þ
whereΔGr

o is the free energy of reaction for eq 5, as calculated by
the Born�Haber cycle, and ERefA

o and ERefB
o are the experimental

reduction potentials for reference reactions A and B, respectively.
All subsequent isodesmic reactions for reduction potentials will
inherently contain eq 6 via addition of ΔGr

o,A/B to account for
systematic errors arising from differences between the dppe
ligands in the reference molecules and the dmgBF2 ligands in
the cobaloximes. This procedure can be viewed as employing a
double isodesmic reaction for each of the reduction processes

described below. A single isodesmic reaction using reference
reaction D was used for the pKa calculations. The isodesmic
reactions and the resulting equations for the reduction potentials
and pKas are given in Table 1.
The reduction potentials and pKas calculated with the equa-

tions in Table 1 are used to determine the relative free energies
for the pathways given in Scheme 1. The following thermody-
namic cycle is used to calculate the free energy for the hydrogen
production step of Pathway 1A

A0 : HA f A� þ Hþ

lnð10ÞRT½pKaðHAÞ�
B0 : CoðIIIÞH f CoðIÞ� þ Hþ

lnð10ÞRT½pKaðCoIIIHÞ�
C0 : CoðIÞ� f CoðIIÞ þ e�

FEoCoII=CoI

D0 : CoðIIÞ f CoðIIIÞþ þ e�

FEoCoIII=CoII

E0 : 2Hþ þ 2e� f H2

�2FEoHþ=H2

F0 : CoðIIIÞH þ HA f CoðIIIÞþ þ A� þ H2

ΔGH2
r ð7Þ

where the reaction given in F0 is the sum of the reactions given in
A0�E0 andΔGr

H2 is the sum of the free energies corresponding to
these five reactions. EH+/H2

o is the reduction potential for H+ + e�

f (1/2)H2 and has been determined to be EH+/H2

o =�0.14 V vs
Fc+/Fc = 0.24 V vs SCE in acetonitrile.4,30�33 Analogous
thermodynamic cycles were employed in the calculation of the
free energies for the hydrogen production steps in the other
pathways.
These calculations were performed with DFT using Gaussian09.34

The Co(dmgBF2)2 molecules were optimized in the gas phase at the
B3P86/6-311+G** level of theory.35�41 The Co(dppe)2 and Co-
(dpgBF2)2 molecules were optimized at the same level of theory
except the smaller basis set 6-31G was used for the phenyl rings.42

The gas phase optimized structures for the Co(dmgBF2)2molecules
considered in this study are depicted in Figure 1. Solvation energies
were calculated with the conductor-like polarizable continuummodel
(C-PCM)43,44 using Bondi radii45 and including nonelectrostatic
interactions resulting from dispersion,46,47 repulsion,47 and cavity for-
mation.48 For comparison of the geometries in the gas phase and
solution, the Co(dmgBF2)2 molecules were also optimized in the
presence of the continuum solvent. The B3P86 functional with
similar basis sets, the C-PCM solvent model, and isodesmic reactions
involving a platinum reference compound were shown previously to
predict hydricities with precisions of 2.0 kcal/mol, acidities with a
precision of 1.9 pKa units, and reduction potentials with precisions of
0.07 V for cobalt and nickel hydride complexes in acetonitrile.15 For
further benchmarking, we performed additional calculations with the
B3LYP functional,35,49 but these calculations did not reproduce the
experimental geometries as accurately as did the B3P86 functional.
These results are provided in Table S1, Supporting Information.
We tested the accuracy of our approach for calculation of

reduction potentials of Co�hydride complexes by calculating
the reduction potential for CoIIH(dppe)2

+ + e�f CoIH(dppe)2
using a single isodesmic reaction with reference reaction C. Our
calculated reduction potential of �0.83 V vs SCE is in excellent
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agreement with the experimental value of �0.78 V vs SCE.29

This agreement provides a degree of validation for the computa-
tional approach. Further validation is provided below by com-
parison to the experimental cobaloxime reduction potentials.
II.B. Reorganization Energies and Free Energy Barriers for

Electron Transfer. According to Marcus theory, the free energy
barrier for electron transfer is20,21

ΔGq ¼ ðΔGo þ λtotÞ2
4λtot

ð8Þ

where the total reorganization energy λtot is the sum of the inner-
sphere and solvent reorganization energies: λtot = λi + λs. In this
subsection, we describe the methods for calculating these
reorganization energies.
We calculated the heterogeneous solvent reorganization en-

ergies using a previously developed model in which the molecule
is represented by a point charge at the center of a spherical cavity
immersed in a dielectric continuum solvent near a metal
electrode.19 In our implementation, the spherical cavity is placed
on the surface of the electrode, neglecting the double-layer
effects. The radius of the sphere is chosen to reproduce the
volume of the cavity obtained from the C-PCM calculations for
these molecules. To compare with experimentally estimated
reorganization energies for self-exchange reactions,11 we calcu-
lated the homogeneous solvent reorganization energies for
electron transfer self-exchange reactions of Co(dpgBF2)2 com-
plexes using the analytical equation derived for two tangent
spherical cavities of equal radius.50 In our calculations, the radius
of each spherical cavity was chosen to be the same as that used in
the heterogeneous case. Note that the homogeneous solvent
reorganization energy is approximately twice the magnitude of
the heterogeneous solvent reorganization energy.51

We calculated the inner-sphere reorganization energy with the
following expression20

λi ¼ ½UOxðQRed
e Þ �UOxðQOx

e Þ þ URedðQ Ox
e Þ � URedðQRed

e Þ�=2
ð9Þ

where Qe
Red and Qe

Ox are the equilibrium geometries of the
reduced and oxidized species, respectively, and URed and UOx

are the electronic energies for the reduced and oxidized species,
respectively. As shown in the previous subsection, some of the
reduction reactions involve the dissociation of an acetonitrile
ligand. We account for the inner-sphere reorganization energy
due to ligand loss with an approximate expression developed by

Figure 1. Gas phase optimized Co(dmgBF2)2 structures in various
oxidation and protonation states. Horizontal arrows represent reduc-
tion, and vertical arrows represent protonation. Color scheme: purple,
Co; blue, N; cyan, C; red, O; green, B; yellow, F; white, H.
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Sav�eant and co-workers21,22

λligand loss
i ¼ 4ΔGq

ligand loss ð10Þ

whereΔGligand loss
q is the barrier to dissociation of the ligand with

all other nuclear coordinates fixed, assuming that ΔG� = 0 (see
the example in Figure S1, Supporting Information). If the
electron transfer and associated ligand loss occur by a concerted
mechanism, the total inner-sphere reorganization energy is the
sum of eq 10, which accounts for ligand loss, and eq 9, which
accounts for the species in the absence of the ligand. If the
mechanism is sequential, the inner-sphere reorganization energy
for electron transfer does not include λi

ligand loss.

III. RESULTS AND DISCUSSION

III.A. Structures and Axial Ligands along the Reaction
Pathway. To test the reliability of the computational methods,
we compared the gas phase optimized geometries of Co-
(dmgBF2)2, Co(dpgBF2)2, and Co(dppe)2 complexes to crystal
structures for Co(dpgBF2)2 and Co(dppe)2 complexes. The
most relevant bond lengths and angles are compared in Tables 2
and 3. Table 2 illustrates that the presence of terminal phenyl
instead of methyl groups on the oxime has a negligible impact on
the distances of atoms directly bound to the cobalt center. The
bond distances and angles for both Co(dmgBF2)2 and Co-
(dpgBF2)2 agree well with the crystal structure data for Co-
(dpgBF2)2, and the results for Co(dppe)2 agree well with the
crystal structure data for Co(dppe)2, providing validation for the
computational method. For the quantities examined in Tables 2
and 3, the calculated bond lengths are within 0.04 Å of the values
in the crystal structures, and the calculated angles are within 3� of
the values in the crystal structures. As shown in Table 2,

additional optimizations of Co(dmgBF2)2 in solution indicate
that solvation does not significantly alter the geometry.
The presence or absence of axial solvent ligands in the

cobaloximes cannot be directly determined experimentally in
solution. X-ray crystal structures suggest that CoII(dmgBF2)2 is
an octahedron with two axial acetonitrile ligands, while CoI-
(dmgBF2)2

� is square pyramidal with one axial acetonitrile
ligand.4 In principle, CoII(dmgBF2)2 could adopt a six-coordi-
nate structure in the crystal structure due to packing constraints
but adopt a different coordination in solution. Thus, we con-
sidered mechanisms with ligand structures that include CoII-
(dmgBF2)2 as an octahedron with two axial acetonitrile ligands
or a five-coordinated CoII(dmgBF2)2 complex with only a single
axial acetonitrile as follows

CoðIIIÞLþ2 f CoðIIÞL2 f CoðIÞL� f Coð0Þ2� ð11Þ

CoðIIIÞLþ2 f CoðIIÞL f CoðIÞL� f Coð0Þ2� ð12Þ

CoðIIIÞLþ2 f CoðIIÞL f CoðIÞ� f Coð0Þ2� ð13Þ
In all three mechanisms, CoIII(dmgBF2)2

+ is assumed be an
octahedron with two axial acetonitrile ligands. During the
geometry optimization of CoI(dmgBF2)2L2

� (i.e., with two axial
acetonitrile ligands), one of the ligands dissociated, so we did not
consider the CoI(dmgBF2)2L2

� complex in the above mechan-
isms. Similarly, optimization of Co0(dmgBF2)2

2�with one or two
axial acetonitrile ligands resulted in dissociation of the axial
ligand(s), so we did not consider Co0(dmgBF2)2L

2� or Co0-
(dmgBF2)2L2

2� in the above mechanisms. In principle, Co0-
(dmgBF2)2

2� could adopt a distorted tetrahedron structure, but
in our calculations all molecules without axial ligands adopted the
square planar geometry.
The reduction potentials calculated for the mechanisms in

eqs 11 � 13 are provided in Table S2, Supporting Information.
Since we used the isodesmic reaction in eq 5 as a reference for all
isodesmic reactions, the calculated reduction potential, ECoII/CoI

o ,
for Co(dmgBF2)2 agrees with experiment by construction.
Comparison of the calculated reduction potential, ECoIII/CoII

o ,
for the mechanisms in eqs 11 � 13 to the experimental value
indicates that themechanism in eq 11 leads to the best agreement
with experiment. The mechanisms in eqs 12 and 13 are ruled out
because they lead to qualitatively incorrect values for the reduc-
tion potential ECoIII/CoII

o (see Table S2, Supporting Information).
Thus, we use the mechanism in eq 11 for analysis in the re-
mainder of the paper. For the protonated cobalt complexes, five-
coordinated CoI(dmgBF2)2L

� becomes six-coordinated CoIII-
H(dmgBF2)2L, as postulated in ref 4, and square planar
Co0(dmgBF2)2

2� becomes five-coordinated CoIIH(dmgBF2)2
�.

During the geometry optimization of CoIIH(dmgBF2)2L
�,

Table 3. Comparison of Calculated and Experimental Bond Distances and Angles for CoIH(dppe)2
a

distances Co�P1 Co�P2 Co�P3 Co�P4 Co�H

experimentb 2.15 2.12 2.16 2.15 1.46

DFT/B3P86 (gas) 2.18 2.13 2.17 2.17 1.48

angles P1�Co�P2 P1�Co�P4 P2�Co�P3 P3�Co�P4

experimentb 87.0 107.7 123.4 91.1

DFT/B3P86 (gas) 87.1 104.6 121.9 91.9
aBond distances given in Angstroms and angles in degrees. bReference 29.

Table 2. Comparison of Calculated and Experimental Bond
Distances for Co(dmgBF2)2 and Co(dpgBF2)2

a

Co�Nnitrile Co�Nimine

CoII(dpgBF2)2L2 experimentb 2.24 1.89

DFT/B3P86 (gas) 2.26 1.89

CoII(dmgBF2)2L2 DFT/B3P86 (gas) 2.27 1.89

DFT/B3P86 (C-PCM) 2.25 1.89

Co�Nnitrile Co�Nimine

CoI(dpgBF2)2L
� experimentb 1.97 1.85

DFT/B3P86 (gas) 1.93 1.86

CoI(dmgBF2)2L
� DFT/B3P86 (gas) 1.94 1.86

DFT/B3P86 (C-PCM) 1.95 1.86
aValues given in Angstroms. bReference 4.
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the axial acetonitrile ligand dissociated, so we did not consider this
complex in the mechanisms for hydrogen production.
III.B. Reduction Potentials and pKas. A comparison of the

calculated and experimental reduction potentials for the coba-
loximes is provided in Table 4. As mentioned above, the
reduction potential ECoII/CoI

o is identical to the experimental
value by construction using the isodesmic reactions. The calcu-
lated value of ECoIII/CoII

o = 0.20 V vs SCE for Co(dmgBF2)2,
however, was calculated independently and is in excellent agree-
ment with the experimental value of ∼0.2 V vs SCE. Note that
this experimental value was determined from an irreversible
couple and therefore is not as reliable as the value for ECoII/CoI

o ,
which was determined from a reversible couple. Moreover, in ref
4 another peak measured at ca. �1.0 V vs SCE was tentatively
assigned to the reduction potential ECoIIIH/CoIIH

o due to similar
peaks that appear in related metal complexes. Our calculations
suggest that this transition is more likely to correspond to the
reduction potential ECoI/Co0

o or ECoIIH/CoIH
o . Since this peak was

observed only in the presence of acid, we attribute this peak to
ECoIIH/CoIH
o . The peak corresponding to the reduction potential

ECoIIIH/CoIIH
o may not be observed experimentally because it is

buried under other catalytic peaks in this region, such as the peak
corresponding to ECoII/CoI

o . Thus, this computational approach is
able to assist in the assignment of ambiguous peaks in the cyclic
voltammetry experiments.
Analogous isodesmic reactions with the same reference reac-

tions given in eq 4 were used to calculate reduction potentials for
Co(dpgBF2)2. The calculated values of ECoII/CoI

o = �0.27 V vs
SCE and ECoIII/CoII

o = 0.26 V vs SCE are in excellent agreement
with the experimental values of �0.28 V vs SCE and ∼0.3 V vs
SCE, respectively. Note that the references in the isodesmic
reactions contain dmgBF2 and dppe ligands, and no references
contain dpgBF2 ligands. The excellent agreement of the calcu-
lated reduction potentials with experimental data for the Co-
(dpgBF2)2 complexes provides further validation of the
computational methodology and indicates that this approach
can be used to predict the reduction potentials and pKas for a
range of cobaloximes without utilizing additional experimental
data. Thus, we are able to examine the effects of ligand modifica-
tion on the thermodynamic properties of the catalysts.

A comparison of the calculated and experimental pKa values is
provided in Table 5. The calculated pKa of Co

IIIH(dmgBF2)2
agrees with the experimental value by construction in the
isodesmic reactions. The calculated pKa of Co

IIH(dmgBF2)2
�

differs from the experimental value by 2.8 pKa units. The
experimental pKas were estimated from simulated cyclic voltam-
mograms that reproduce experimental reduction potentials,5

and errors in both experiment and theory could contribute to
this discrepancy. Most important for the present analysis, our
calculated pKas follow the qualitative trend in acidity for the
Co�hydride complexes with respect to each other. Specifically,
the pKa is greater for Co(II)H

� than for Co(III)H for both
cobaloximes, as expected based on electrostatic considerations.
In addition, the pKa values of Co(dmgBF2)2 are greater than
those of Co(dpgBF2)2. This result is consistent with the experi-
mental observation that hydrogen evolution requires a stronger
acid for the Co(dpgBF2)2 catalysts than for the Co(dmgBF2)2
catalysts.4,10

III.C. Reorganization Energies for Electron Transfer. The
inner-sphere and heterogeneous solvent reorganization energies
for the electron transfer steps are provided in Table 6. The
heterogeneous solvent reorganization energies were calculated
with the dielectric continuum model described above. The
results in Table 6 indicate that the heterogeneous solvent re-
organization energy is∼0.44 eV, regardless of the particular geom-
etry, oxidation state, or axial ligand structure of the molecule.
This consistency arises because the overall size of the cobalt
complex is not strongly influenced by any of these factors. Note
that our computational approach may underestimate the solvent
reorganization energy because the molecule is assumed to be
directly on the electrode, and the solvent reorganization energy
increases as the distance between the molecule and the electrode
increases.
The inner-sphere reorganization energies were calculated with

eq 9 and also with eq 10 when ligand loss is thought to occur
during reduction. The contribution to the inner-sphere reorga-
nization energy due to ligand loss is depicted graphically in terms
of a free energy barrier in Figure S1, Supporting Information.

Table 4. Comparison of Calculated and Experimental Reduction Potentials of Cobaloximesa

ECoIII/CoII
o ECoII/CoI

o ECoI/Co0
o ECoIIIH/CoIIH

o ECoIIH/CoIH
o

Co(dmgBF2)2 experimentc ∼0.2 �0.55

DFT/B3P86 0.20 �0.55b �0.94 �0.53 �1.25

Co(dpgBF2)2 experimentc ∼0.3 �0.28

DFT/B3P86 0.26 �0.27 �0.85 �0.40 �1.07
aValues given in Volts vs SCE in acetonitrile. b ECoII/CoI

o for Co(dmgBF2)2 is used as a reference in the isodesmic reactions. cReference 4. In the cyclic
voltammetry experiments, ECoIII/CoII

o is determined from an irreversible couple and ECoII/CoI
o is determined from a reversible couple.

Table 5. Comparison of Calculated and Experimental pKas of
Cobaloximes in Acetonitrile

Co(III)H Co(II)H

Co(dmgBF2)2 experimentala 13.3 23.0

DFT/B3P86 13.3b 20.2

Co(dpgBF2)2 DFT/B3P86 8.9 16.3
aReference 5. bThe pKa for Co

IIIH(dmgBF2)2 was used as a reference
in the isodesmic reactions.

Table 6. Reorganization Energies for Electron Transfer Steps
in Co(dmgBF2)2 Complexesa

CoIIIL2/

CoIIL2

CoIIL2/

CoIL

CoIL/

Co0
CoIIIHL/

CoIIH

CoIIH/

CoIH

λi 1.01 0.46 0.26 0.27 0.30

λi
ligand loss (0.55) (0.61) (0.53)

λs
b 0.41 0.42 0.45 0.44 0.45

aValues given in eV. bHeterogeneous solvent reorganization energies
calculated for a spherical cavity in acetonitrile on the surface of an
electrode.
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We emphasize that this approach provides only a qualitative
estimate of this portion of the inner-sphere reorganization energy
and may overestimate it. In addition, the electron transfer and
associated ligand loss may occur by either a stepwise or a con-
certed mechanism. For a stepwise mechanism, the contribution
to the inner-sphere reorganization energy due to ligand loss does
not impact the free energy barrier for the electron transfer step.
As a result, the reorganization energies due to ligand loss are
given in parentheses in Table 6.
To compare with experiment, we calculated the homogeneous

solvent reorganization energies and the inner-sphere reorganiza-
tion energies (neglecting the effects of ligand loss) for the self-
exchange electron transfer reactions, CoIII/II(dpgBF2)2 and CoII/I-
(dpgBF2)2. The calculated values, which are presented in Table
S3, Supporting Information, are in qualitative agreement with the
estimated total reorganization energies based on experimental
self-exchange rate constants.11 This agreement suggests that
these computational methods provide qualitatively reasonable
reorganization energies.
We analyzed the various contributions to the inner-sphere

reorganization energies for the Co(dmgBF2)2 systems. Qualita-
tively, the inner-sphere reorganization energy, λi, which accounts
for solute rearrangements in the absence of ligand loss, decreases
as the number of axial acetonitrile ligands decreases. Note that
this inner-sphere reorganization energy is calculated in the
absence of the ligand when ligand loss occurs during the
reduction. For the CoIIIL2/Co

IIL2 reduction, the relatively large
inner-sphere reorganization energy is attributed to a geometrical
rearrangement of the acetonitrile ligands from a Co�Nnitrile�C
angle of 175� to an angle of 147�, as illustrated in Figure 1. For
the CoIIL2/Co

IL reduction, the moderate inner-sphere reorga-
nization energy is attributed to the shift of the cobalt atom out of
the dmgBF2 plane as the Co�Nnitrile bond shortens. For the
CoIL/Co0, CoIIIHL/CoIIH, and CoIIH/CoIH reductions, the
relatively small inner-sphere reorganization energies are attrib-
uted to the lack of any significant geometrical rearrangement; no
axial acetonitrile ligand is bound in these calculations. For the
three reduction reactions that involve ligand loss for Co-
(dmgBF2)2, the direct contribution of ligand loss to the inner-

sphere reorganization energy is ∼0.56 eV. As mentioned above,
this approach may overestimate the contribution of ligand loss to
the inner-sphere reorganization energy. If the electron transfer
and associated ligand loss occur via a concerted mechanism, the
total inner-sphere reorganization energies for CoIIIL2/Co

IIL2
andCoIIL2/Co

IL are similar because the large contribution of the
CoIIIL2/Co

IIL2 structural rearrangement to the inner-sphere
reorganization energy is similar to the sum of the contributions
from the moderate CoIIL2/Co

IL structural rearrangement and
dissociation of an axial acetonitrile ligand. If the electron transfer
and associated ligand loss occur via a sequential mechanism,
however, the contribution due to ligand loss does not impact the
free energy barrier for the electron transfer step, and the inner-
sphere reorganization energy for the electron transfer step is
greater for CoIIIL2/Co

IIL2 than for CoIIL2/Co
IL.

The reaction free energies for the proton transfer and hydro-
gen production steps with three different acids are provided in
Table 7. These reaction free energies were calculated from the
thermodynamic equations provided in Scheme S1, Supporting
Information. Note that this table provides only thermodynamic
quantities (i.e., the relative free energies of the reactants and
products) and does not provide the free energy barriers of the
reactions. The proton transfer reactions from the acid, HA, to the
Co(I)� and Co(0)2� complexes are exoergic for all three acids
considered, where protonation of the cobalt complex becomes
more thermodynamically favorable as the pKa of the acid
decreases. Protonation of the Co(0)2� complex is more thermo-
dynamically favorable than protonation of the Co(I)� complex,
as expected based on electrostatic considerations. For the
monometallic hydrogen production step, the free energy of
reaction decreases as the pKa of the acid decreases and is greater
for Co(III)H than for Co(II)H�, as expected based on electro-
static considerations for removal of a hydride, H�. For the
bimetallic hydrogen production step, the free energy of reaction
is nearly identical for Co(III)H and Co(II)H�, indicating that
removal of a neutral hydrogen atom is thermodynamically similar
for the two oxidation states of cobalt in these complexes. Note
that the free energy barriers for these two bimetallic hydrogen
production steps may differ significantly, and the work term
required to bring the two cobalt complexes together will be
greater for Co(II)H� than for Co(III)H due to the electrostatic
repulsion.
III.D. Comparison of Reaction Pathways. The individual

steps in the six reaction pathways considered here are given in
Scheme 1, where A corresponds to the monometallic pathway
and B corresponds to the bimetallic pathway. The equations used
to calculate the free energy of reaction for each step are given in
Scheme S1, Supporting Information. Figure 2 depicts the free
energy diagrams corresponding to the six reaction pathways for
Co(dmgBF2)2 and p-toluenesulfonic acid (tosic acid) with
respect to the HA/H2 couple in acetonitrile. Each cycle starts
with CoII(dmgBF2)2, which is considered to be the resting state
of the cobaloxime in the catalytic cycle. The monometallic and
bimetallic pathways are denoted in red and blue, respectively. In
this figure, the reference is EHA/H2

o = EH+/H2

o � 0.059pKa(HA) =
� 0.23 V vs SCE, corresponding to the half-reaction HA + e�f
(1/2)H2 + A�, where HA is tosic acid with pKa = 8.0 in
acetonitrile4 and EH+/H2

o = 0.24 V vs SCE in acetonitrile.4,30�33

Reduction of HA to H2 cannot occur at less negative potentials
than this reference potential, EHA/H2

o .33 Moreover, the most
effective catalysts are expected to operate at potentials as close
as possible to this reference potential. Thus, the optimal pathway

Table 7. Reaction Free Energies for Proton Transfer and
Hydrogen Production Steps in Co(dmgBF2)2 Complexesa

proton transferb Co(I)� + HA Co(0)2� + HA

CF3COOH �0.038 �0.45

TsOH 3H2O �0.31 �0.72

HBF4 3Et2O �0.78 �1.19

monometallic H2 production
c Co(III)H + HA Co(II)H� + HA

CF3COOH 0.70 �0.029

TsOH 3H2O 0.43 �0.30

HBF4 3Et2O �0.042 �0.77

bimetallic H2 production
d Co(III)H + Co(III)H Co(II)H� + Co(II)H�

�0.007 0.026
aValues given in eV in acetonitrile. The pKa values for the three acids
were determined experimentally and are 12.7, 8.0, and 0.1 for
CF3COOH, TsOH 3H2O, and HB4 3 Et2O, respectively, as given in ref 4.bThe proton is transferred from HA to the Co complex. cThe acid
provides a proton, and the Co�hydride provides a hydride to create H2.
d Each Co�hydride provides a hydrogen to create H2.
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will avoid large deviations (i.e., low minima or high maxima) from
this reference potential. The same free energy diagrams are pre-
sented in Figure 3 at the electrode potential corresponding to the
CoII/CoI couple (i.e., with a reference potential of ECoII/CoI

o =
�0.55 V vs SCE). This figure illustrates the pathways under
typical experimental conditions for these electrocatalysts, where
H2 evolution was found to occur at electrode potentials just
negative of ECoII/CoI

o .4

In this paper, we present a thermodynamic analysis of these
pathways, considering the free energy change for each step of the
various pathways. The free energy barriers for electron transfer
may be calculated from the Marcus theory expression in eq 8

using the corresponding reduction potentials and reorganization
energies, but this calculation would require the assumption of a
concerted or sequential mechanism for the ligand loss associated
with some of the electron transfer steps. Moreover, a kinetic
analysis of the various mechanistic pathways would also require
calculation of the free energy barriers for the proton transfer and
hydrogen production steps. Such a study would necessitate
consideration of the effects of hydrogen tunneling in the proton
transfer reactions. When water is present, the possibility of
solvent-mediated proton transfer should also be considered.
Moreover, the overall rates for the proposed pathways will
depend on the concentrations of the cobaloxime and acid.

Figure 2. Free energy diagrams for Pathways 1A, 2A, and 3A (monometallic mechanisms, denoted by red lines) and 1B, 2B, and 3B (bimetallic
mechanisms, denoted by blue lines) in acetonitrile. Black lines denote states that are applicable to both monometallic and bimetallic pathways. Relative
free energies for half reactions corresponding to electron transfer are calculated with respect to the HA/H2 couple in acetonitrile. In this diagram, HA is
TsOH 3H2O (pKa = 8.0). The free energy barriers are not shown.
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This type of kinetic analysis is beyond the scope of the present work.
We also point out that the reduction potentials and pKas provided in
the previous subsections may be used to generate analogous free
energy diagrams for Co(dpgBF2)2 and for other acids. A similar
thermodynamic analysis could be applied to these systems.
According to our calculations, Pathway 2A is the thermody-

namically preferred mechanism for the monometallic mecha-
nisms (denoted in red in Figures 2 and 3). This preference is clear
from Figure 3, which indicates that Pathway 2A is the only
monometallic mechanism for which all steps are exoergic at the
electrode potential corresponding to the CoII/CoI couple. More-
over, Figure 2 illustrates that the maximum free energy of any
state relative to EHA/H2

o is lowest for Pathway 2A. The most

negative reduction potential for electron transfer, corresponding
to the CoII/CoI reduction, is the same for Pathways 1A and 2A.
The reaction free energy for the hydrogen production step with
tosic acid, however, is 0.43 eV for Pathway 1A and �0.30 eV for
Pathway 2A. As discussed above and indicated by the reaction
free energies given in Table 7, removal of a hydride from
Co(II)H� is thermodynamically favored over removal of a
hydride from Co(III)H. Pathway 3A is thermodynamically
unfavorable because of the CoI/Co0 reduction, which is asso-
ciated with a significantly more negative reduction potential than
is the CoII/CoI reduction. Pathways including the CoIIH/CoIH
reduction were not considered because of its even more negative
reduction potential.

Figure 3. Free energy diagrams for Pathways 1A, 2A, and 3A (monometallic mechanisms, denoted by red lines) and 1B, 2B, and 3B (bimetallic
mechanisms, denoted by blue lines) in acetonitrile. Black lines denote states that are applicable to both monometallic and bimetallic pathways. Relative
free energies for half reactions corresponding to electron transfer are calculated with respect to the CoII/CoI couple in acetonitrile. In this diagram, HA
is TsOH 3H2O (pKa = 8.0). The free energy barriers are not shown.



11261 dx.doi.org/10.1021/ic201842v |Inorg. Chem. 2011, 50, 11252–11262

Inorganic Chemistry ARTICLE

Among the bimetallic pathways (denoted in blue in Figures 2
and 3), Pathways 1B and 2B are both feasible and similar from the
thermodynamic perspective. Figure 3 indicates that Pathways 1B
and 2B correspond to mechanisms for which all steps are
exoergic or only slightly endoergic at the electrode potential
corresponding to the CoII/CoI couple. As shown in Figure 2,
the maximum free energy of any state relative to EHA/H2

o is
similar for these two pathways. The reaction free energy for the
bimetallic hydrogen production step is �0.007 eV for Pathway
1B and 0.026 eV for Pathway 2B. The difference between these
values is smaller than the errors associated with the computa-
tional methods. Pathway 3B is thermodynamically unfavorable
because of the CoI/Co0 reduction, as in Pathway 3A. Without
information regarding the free energy barriers to the proton
transfer and hydrogen production steps, differentiating be-
tween Pathways 1B and 2B is difficult. As mentioned above,
however, the work term required to bring the two cobalt
complexes together in acetonitrile solution will be greater for
Co(II)H� than for Co(III)H due to the electrostatic repulsion.
On the basis of this electrostatic work term, Pathway 1B is the
preferred bimetallic pathway.
These various mechanistic pathways have been examined in

the context of both electrochemical and photochemical experi-
ments on cobaloximes. The cyclic voltammetry experiments of
Hu, Brunschwig, and Peters4 supported a bimetallic mechan-
ism, but these authors pointed out that direct kinetic evidence is
still needed. These authors also suggested that the monome-
tallic mechanism is expected to become more important for
very strong acids and/or complexes with a relatively negative
CoIII/CoII potential. According to Fontecave and co-workers,5

Pathway 1 is favored for strong acids, Pathway 2 is favored for
lower strength acids, and Pathway 3 is favored for very weak
acids. Their electrochemical studies indicated that Pathway 1
occurs via the monometallic mechanism, but they could not
distinguish between the monometallic and bimetallic mechan-
isms for Pathways 2 and 3. The photochemical experiments of
Eisenberg and co-workers7 supported the monometallic me-
chanism. These authors favored Pathway 2 because of the
alternation of electron and proton transfer in this mechanism.
In photochemical studies, Dempsey, Winkler, and Gray11

considered both the monometallic and bimetallic mechanisms
of Pathway 1 and favored the bimetallic mechanism because of
unfavorable reaction free energies and high barriers for electron
transfer in the monometallic mechanism. These authors also
pointed out that the monometallic mechanism will dominate at
very high acid concentrations. The transient absorption mea-
surements in ref 13 are consistent with Pathway 2A, which is the
thermodynamically preferred monometallic pathway according
to our calculations.
On the basis of all of these analyses, the preferred pathwaymay

differ for the electrochemical and photochemical processes and
depends on the acid strength and concentration as well as the
potentials of the cobaloximes, which can be tuned by modifying
the ligands. The theoretical approach presented in this paper
provides the free energy diagrams for any specified cobaloxime
catalyst and acid. Analysis of these free energy diagrams in terms of
the overpotential required in electrochemical processes or the
excitation energy in photochemical processes will provide insight
into the preferred pathways. Note that steric and electrostatic
effects in the H2 production steps may also play a role in differen-
tiating the monometallic and bimetallic mechanisms and will be
considered in future work. In addition, calculation of free energy

barriers for the proton transfer and H2 production steps, as well as
investigation of concerted proton-coupled electron transfer
mechanisms,52,53 are directions for future research.

IV. CONCLUSIONS

In this paper, we presented a computational study of the Co-
(dmgBF2)2 and Co(dpgBF2)2 hydrogen evolving catalysts.
Comparison of the calculated reduction potentials to experimen-
tally determined values indicates that this approach provides
quantitatively accurate relative reduction potentials for these
types of catalysts. Comparison to pKa values and reorganization
energies that were estimated based on experimental data suggests
that this approach provides at least qualitatively accurate predic-
tions of these quantities as well. Moreover, this computational
study assisted in the assignment of an ambiguous peak in the
cyclic voltammetry experiments for Co(dmgBF2)2. Previously, a
peak measured at ca. �1.0 V vs SCE was tentatively assigned to
the reduction potential ECoIIIH/CoIIH

o ,4 but our calculations sug-
gest that this transition is more likely to correspond to the
reduction potential ECoIIH/CoIH

o in protic solution. We also
predicted the pKa values of the Co�hydride complexes and
other reduction potentials that have not been determined
experimentally for both Co(dmgBF2)2 and Co(dpgBF2)2.

In addition, this computational study has provided mechan-
istic insight that cannot be deduced directly from the electro-
chemical experiments. Specifically, we determined whether the
axial acetonitrile ligands are present for each intermediate along
the reaction pathway. Our calculations are consistent with a
mechanism in which the Co(III) and Co(II) complexes have two
axial solvent ligands and the Co(I) complex has a single axial
ligand along the reaction pathway. Furthermore, we generated
the free energy diagrams for six different monometallic and
bimetallic hydrogen production pathways and identified the
most favorable pathways for Co(dmgBF2)2 and tosic acid. Our
calculations suggest that Pathway 2A, in which a Co(II)H
intermediate reacts with the acid to produce H2, is the thermo-
dynamically favorable monometallic pathway. Pathways 1B and
2B, in which either two Co(III)H or two Co(II)H complexes
react to produce H2, are both thermodynamically feasible
bimetallic pathways, but Pathway 1B is favored according to
the electrostatic work term associated with bringing the two
cobalt complexes together in solution. The preference between
the monometallic and the bimetallic pathways depends on
the relative concentrations of the acid and the cobaloxime
catalyst. Specifically, the monometallic pathway is favored
at very high acid concentrations. This mechanistic insight, as
well as the ability to predict the impact of modifying the
ligands or acid on the energetics of the various pathways, is
important for designing more effective catalysts for solar energy
conversion.
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