
Electronic Structure

PAPER • OPEN ACCESS

Two routes to hydrogen evolution for a Co-
polypyridyl complex with two open sites
To cite this article: Liqin Xue Toro et al 2022 Electron. Struct. 4 034002

 

View the article online for updates and enhancements.

You may also like
Correlation between valence electronic
structure and magnetic properties in RCo5
(R = rare earth) intermetallic compound
Zhi-Qin Xue,  , Yong-Quan Guo et al.

-

Electrocatalytic Oxidation of Hydrazine at
a Cobalt(II) Schiff-Base-Modified Carbon
Paste Electrode
Mohammad Ali Kamyabi, Shirin Shahabi
and Hassan Hosseini-Monfared

-

Porous porphyrin-based metal-organic
frameworks: synthesis, structure, sorption
properties and application prospects
Yulia G. Gorbunova, Yulia Yu. Enakieva,
Marina V. Volostnykh et al.

-

This content was downloaded from IP address 130.238.172.77 on 05/01/2023 at 09:10

https://doi.org/10.1088/2516-1075/ac7bca
https://iopscience.iop.org/article/10.1088/1674-1056/25/6/063101
https://iopscience.iop.org/article/10.1088/1674-1056/25/6/063101
https://iopscience.iop.org/article/10.1088/1674-1056/25/6/063101
https://iopscience.iop.org/article/10.1088/1674-1056/25/6/063101
https://iopscience.iop.org/article/10.1088/1674-1056/25/6/063101
https://iopscience.iop.org/article/10.1088/1674-1056/25/6/063101
https://iopscience.iop.org/article/10.1088/1674-1056/25/6/063101
https://iopscience.iop.org/article/10.1149/1.2800166
https://iopscience.iop.org/article/10.1149/1.2800166
https://iopscience.iop.org/article/10.1149/1.2800166
https://iopscience.iop.org/article/10.1070/RCR5038
https://iopscience.iop.org/article/10.1070/RCR5038
https://iopscience.iop.org/article/10.1070/RCR5038


Electron. Struct. 4 (2022) 034002 https://doi.org/10.1088/2516-1075/ac7bca

OPEN ACCESS

RECEIVED

19 March 2022

REVISED

26 May 2022

ACCEPTED FOR PUBLICATION

23 June 2022

PUBLISHED

8 July 2022

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOI.

PAPER

Two routes to hydrogen evolution for a Co-polypyridyl complex
with two open sites

Liqin Xue Toro1, Sofia Kiriakidi2 , Anders Thapper1 , Sascha Ott1

and Marcus Lundberg1 ,∗

1 Department of Chemistry—Ångström Laboratory, Uppsala University, Box 538, SE-751 21, Uppsala, Sweden
2 University of Vigo, Department of Organic Chemistry, Campus Lagoas-Marcosende, Vigo, Galicia, ES 36310, Spain
∗ Author to whom any correspondence should be addressed.

E-mail: marcus.lundberg@kemi.uu.se

Keywords: proton reduction, electrocatalysis, density-functional theory, metal hydride, polypyridyl ligand, reaction mechanism

Supplementary material for this article is available online

Abstract
Cobalt polypyridyl complexes efficiently catalyze hydrogen evolution in aqueous media and exhibit
high stability under reducing conditions. Their stability and activity can be tuned through
electronic and steric considerations, but the rationalization of these effects requires detailed
mechanistic understanding. As an example, tetradentate ligands with two non-permanently
occupied coordination sites show higher activity with these sites in cis compared to trans
configuration. Here reaction mechanisms of the Co-polypyridyl complex [CoII(bpma)Cl2]
(bpma = bipyridinylmethyl-pyridinylmethyl-methyl-amine) have been studied using hybrid
density-functional theory. This complex has two exchangeable cis sites, and provides a flexible
ligand environment with both pyridyl and amine coordination. Two main pathways with low
barriers are found. One pathway, which includes both open sites, is hydrogen evolution from a
CoII-H intermediate with a water ligand as the proton donor. In the second pathway H–H bond
formation occurs between the hydride and the protonated bpma ligand, with one open site acting
as a spectator. The two pathways have similar barriers at higher pH, while the latter becomes more
dominant at lower pH. The calculations consider a large number of interconnected variables;
protonation sites, isomers, spin multiplicities, and the identities of the open binding sites, as well as
their combinations, thus exploring many simultaneous dimensions within each pathway. The
results highlight the effects of having two open cis-coordination sites and how their relative binding
affinities change during the reaction pathway. They also illustrate why CoII-H intermediates are
more active than CoIII-H ones, and why pyridyl protonation gives lower reaction barriers than
amine protonation.

1. Introduction

Conversion of solar energy to chemical energy has attracted great interest in recent decades as alternatives
to fossile fuels. Hydrogen is a power-dense fuel that can be generated from photochemical or electrocatalytic
reduction of water. For large-scale applications, it is desirable to find catalysts based on earth-abundant first-
row transition metals [1–7], e.g., iron [8], cobalt [9–14], or nickel [15, 16]. Here the focus will be on molecular
cobalt catalysts. Molecular complexes combine high stability and excellent catalytic activity with a possibility
to tune properties through systematic ligand modifications [17]. There is also considerable interest in using
Co complexes in different types of hybrid and supramolecular systems and electrodes to combine the strengths
of homogeneous and heterogeneous catalysis [18–23].

Two main classes of Co-based complexes show high activity for proton reduction, hydridocobaloximes
and polypyridyl complexes, see figure 1. Cobaloximes were shown to evolve hydrogen already back in 1971
[24], and have together with the related diamine–dioxime complexes, been investigated in detail from both
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Figure 1. Examples of structures for cobaloximes and cobalt-polypyridyl complexes ((L = solvent (H2O, CH3CN, DMF),
pyridine, Cl−, . . . ), including the the bpma-cobalt (bpma = bipyridinylmethyl-pyridinylmethyl-methyl-amine) complex studied
here.

experimental [25–28] and theoretical [29–32] perspectives. Comprehensive reviews of hydrogen evolution
from water are also available [7, 33–35]. The other class is cobalt-polypyridyl complexes utilizing multidentate
polypyridyl ligands, with an early example from 1981 being [Co(bpy)3]2+ (bpy = 2,2’-bipyridine) [36, 37].
Polypyridyl complexes are generally more stable than cobaloximes in reductive and acidic conditions, and
the π-backbonding from the pyridyls to cobalt can stabilize reduced intermediates [5, 11, 17, 38]. In some
cases, pyridyls might also be directly involved in the reaction as redox non innocent ligands [39, 40].

From the first Co-polypyridyl catalysts [41, 42], the latest decade has shown significant progress in devel-
oping new complexes of this class [17]. There now exists a number of variations with regard to coordination
number, ligand identity, substituent groups, and external ligands. A key development compared to the early
bipyridine complexes has been to increase the denticity of the ligands to achieve increased stability [7]. In
2011 Chang and co-workers described a highly active pentapyridyl-cobalt complex, as shown in figure 1, as an
electrocatalyst for proton reduction in aqueous buffer [42]. Pentapyridyl-cobalt complexes for electrochemical
hydrogen evolution from neutral water were developed by Singh et al [43] and Zhang et al [44], respectively.
Photoinduced hydrogen evolution has been reported as well [17, 45–51].

Reducing the denticity of the polypyridyl ligand from five to four gives two exchangeable coordination sites
[41]. These tetradentate complexes can actually be related to [Co(bpy)3]2+, for which the proposed mechanism
of activation is de-coordination of a bpy ligand to form [Co(bpy)2(H2O)2]2+ [5]. The presence of two labile
coordination sites opens up reaction channels that involve both these sites, and one the question is whether
such channels play important roles. In studies of photocatalytic hydrogen generation, pyridyl ligands that
enforce two vacant sites in cis position show higher activity compared those that enforce sites in trans position
[5, 45]. A large number of such tetradentate complexes have now been synthesized and reported as proton
reduction catalysts [41, 45, 52–59].

Here we report a theoretical study of the mechanism for proton reduction for the [CoII(bpma)Cl2]
(bpma = bipyridinylmethyl-pyridinylmethyl-methyl-amine) complex, see figure 1 [52]. The cyclic voltam-
mogram (CV) in aqueous solution shows catalytic hydrogen evolution at −1.4 V (vs Ag/AgCl) for pH values
below 10. A putative cobalt-hydride intermediate could be identified in the oxidation wave of the CV. Among
the tetradentate complexes, the Co-bpma complex is of special interest as one of the pyridyls has been replaced
with an amine to create a flexible tetradentate polypyridyl ligand, thus opening up for even more mechanistic
alternatives.

Understanding the reaction pathway is necessary for rational design of more stable and efficient catalysts.
This is highlighted by several studies that show how small changes in the ligand affect catalytic performance,
although sometimes with seemingly contradictory results [13, 40, 45, 46, 53, 55, 59–64]. As an example, adding
an electron withdrawing −CF3 group in Co(bpy)2PyMe depresses catalytic activity [46], while it increases
activity in Co-pentapyridyl complexes [13]. The effects thus depend on substituent position [55], and to
rationalize these effects requires detailed mechanistic insights [59].

Initially proposed for diimine–dioxime catalysts by the Eisenberg group [65], an initial reduction from
CoII to CoI, can lead to the formation of a CoII-H hydride species, which then can form CoII(H2) through a
second protonation from a general acid [31, 32]. Hydrogen evolution can also occur via a bridge-protonation
pathway [29]. Here the second protonation occurs at the ligand, giving the active species CoII-H(LH) (L =

ligand), and the H–H bond is formed between the hydride and the ligand proton [61, 66]. Similar ligand-
protonation mechanisms have been proposed for hydrogenase enzymes [67], and functional models thereof
[68–71].
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Figure 2. Proposed unimolecular mechanisms for proton reduction. Metal ligands are only shown when directly involved in the
reaction. This includes H2O in pathways a and b, as well as the pyridyl/amine nitrogen in the bpma ligand (N) in pathways
c and d.

Potential hydrogen evolution pathways for the [CoII(bpma)Cl2] catalyst are depicted in figure 2. They are
classified according to the number of protonation steps prior to H–H bond formation, with (i) a single pro-
tonation and (ii) two protonations. All pathways start with the reduction of CoII to CoI, an intermediate that
has been characterized in several systems [9, 38, 50, 72–74]. In (i), generation of a cobalt hydride with a water
ligand present in the cis position, enables direct formation of H2 in a reaction between the hydride and a water
proton. The hydride can be on either CoIII or CoII, giving pathways a and b. If instead the complex is proto-
nated twice before H2 formation (ii), the key intermediate becomes Co-H(NH). This gives pathways c and d
where the reactions occur between the hydrides and the protonated ligand.

Density-functional theory has been frequently used to analyze mechanisms of cobalt pentapyridyl com-
plexes [38–40, 43, 46, 54, 59, 61–63, 66, 73, 75, 76]. Herein, we present a detailed study of the different
electrocatalytic proton reduction pathways in figure 2 using the B3LYP-D3 [77, 78] functional with 15% HF
exact exchange (B3LYP∗) [79]. B3LYP∗ provides a good balance for spin-state energetics and reaction energies,
and has been widely used to study transition-metal catalysts, e.g., by the Siegbahn group [80]. However, the
inherent sensitivity of the results to the choice of functional must be considered. Fortunately, the functional
sensitivity of key steps for cobalt-based catalysts have already been explored through a comparison between
B3LYP and the local BP86 functional [29]. Reaction steps that include a significant change in spin multiplicity
show the strongest sensitivity. As an example, the relative stability of different hydride species depends strongly
on the method. With local functionals, the low-spin CoIII-H is significantly stabilized compared to the high-
spin CoII-H [29, 61, 63]. The B3LYP∗ functional was optimized specifically to reproduce spin-state energetics
of transition-metal complexes, and is thus expected to give reasonable results for the most sensitive reaction
steps. Other properties such as reaction barriers are much less sensitive to choice of functional, making it
possible to compare results for related mechanisms [29].

Here results will be presented for all reaction pathways in figure 2. Bimolecular mechanisms including two
Co-H complexes have not been considered. Experimentally, the possibilities of reactions between two Co-H
complexes have been evaluated in reference [72]. They could not rule out contributions from a bimolecular
pathway, but established an upper limit of 5% with regards to hydrogen production. Bimolecular reactions
between two polypyridyl complexes were modeled in reference [76], for both CoIII-H and CoII-H. These
reactions had unfavorable reaction energies compared to reactions involving a single Co-hydride, and were
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therefore ruled out. Although these calculations were performed for pentapyridyl complexes, the clear energy
differences means that the bimolecular reactions should be unfavorable also for the Co(bpma) complex.
Another modeling decision is that for pathways a and b, only ligand water is considered as proton donor.
This is due to an expected increase in acidity upon metal binding. An intramolecular reaction should also be
entropically more favorable than an intermolecular reaction with bulk water.

For each pathway, several alternative mechanisms will be considered that arise from the presence of two
open cis sites. One such variation includes the identities of the ligands of these sites, including different isomers.
As the binding affinity of external ligands in polypyridyl complexes varies with oxidation state [81], these
variations will be explored along the full reaction pathways, thus giving a unique mapping of possible reactions
for this class of flexible cobalt catalysts. The differences between amine and pyridyl ligand protonation will also
be explored, as well as changes in spin multiplicity along the reaction pathways.

2. Computational details

All the calculations were performed with Gaussian 09 [82] using the B3LYP [77] functional with 15% HF
exact exchange (B3LYP∗) [79]. Molecular geometries were optimized using the SMD solvation model (solvent
= water), unless otherwise stated [83], and the cc-pVDZ basis set [84]. Self-consistent field and geometry
optimizations are performed using the default algorithms and convergence criteria in Gaussian 09. Frequency
calculations at the same level of theory were performed to characterize stationary points and provide ther-
mal corrections to free energies at 298.15 K. Transition states (TS) have been located by explicitly calculating
the force constants for potential TS structures obtained from constrained optimizations with frozen reaction
coordinates. These force constants are then used to guide the subsequent full TS optimizations. Calculations of
intrinsic reaction coordinates [85] in vicinity of the TS were performed to confirm that they connect relevant
minima. Minimum energy crossing points between different spin multiplicities have not been optimized, but
are believed to be located close to the stationary point with the highest relative energy [86, 87].

Cartesian coordinates of all relevant complexes are given in the supplementary information
(https://stacks.iop.org/EST/4/034002/mmedia) (SI). Calculations give Co–N bond lengths that are approxi-
mately 0.1 Å longer than those determined by x-ray diffraction, see figure SI-1. Longer Co–N bond lengths
could indicate a slight preference for ligand dissociation, but these errors are not believed to be significant.

Electronic energies were corrected by performing single-point calculations with the cc-pVTZ basis set [88].
Grimme’s dispersion corrections were applied using the B3LYP-D3 parameters as there are no B3LYP∗-D3 ver-
sion available [78]. Absolute energies of all relevant complexes are given together with the Cartesian coordinates
in the SI.

The free energy change associated with compressing an ideal gas from the molar volume of 24.5 l to 1 l
at room temperature is 1.9 kcal mol−1 (RT ln(24.5)). Hence, the solvation corrected Gibbs free energies were
defined as G = E(cc-pVTZ) + E(thermal correction to Gibbs free energy)

(cc-pVDZ) + E(dispersion correction) + 1.9. Pure water has
a concentration of 55.6 M and converting from 1 M gives an additional free-energy correction for water of
2.4 kcal mol−1 (RT ln(55.6)). For the exchange reactions with Cl− a correction of −6.5 kcal mol−1 was applied
as the stability of solvated chloride is underestimated by the SMD solvation model [83].

For calculation of free energies of protonation reactions, a value of −264.0 kcal mol−1 was used for the
absolute solvation energy of a proton in aqueous solution [89, 90], with −6.3 kcal mol−1 as a correction for
the free energy of a gas phase proton from the Sackur–Tetrode equation [91]. Reaction energies were calculated
for pH = 10, not pH = 0, and the correction for the reduced concentration of proton was −13.6 kcal mol−1

using pH∗(−1.36) kcal mol−1. This gave −283.9 kcal mol−1 (=−264.0−6.3−13.6 kcal mol−1) as the solvated
Gibbs free energy of a proton in water at pH = 10.

Redox potentials are given in V vs Ag/AgCl for easy comparison with experimental results. To calculate
these half potentials, an electron affinity of 103.8 kcal mol−1 is used. This corresponds to an absolute potential
of −4.503 V = (−0.222−4.281 V), where −0.222 V is the E1/2 of Ag/AgCl vs. the standard hydrogen electrode
(SHE) in aqueous solution [92], and −4.281 V is absolute SHE potential in water [93]. Unless otherwise stated,
relative reaction energies are calculated for an applied potential of E =−1.37 V, corresponding to the reversible
wave in the CV. Calculations of absolute pKa values and redox potentials of transition metal complexes often
show significant errors, up to 10 pKa units and 0.5 eV [94–98]. This makes it difficult to accurately estimate
the relative energies of species with different charge or protonation states. Trends between complexes can be
reproduced with higher accuracy [94–98].

The present combination of functional and basis set was tested for the Fc+/0 redox couple and the CV of
[CoII(bpma)Cl2] in CH3CN. The Fc+/0 calculations had an error of only 0.03 eV (see table SI-1 for details).
The best results for the redox events in the CV of [CoII(bpma)Cl2] were obtained by assuming that one Cl−

is lost during reduction, which gave absolute errors of 0.4 eV and relative errors of less than 0.2 eV (see
table SI-2).
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The natural bond orbital (NBO) program [99], as implemented in Gaussian 09, was used to obtain natural
populations of atoms [100]. The charge populations correspond to the number of elementary charges, i.e.,
a free electron corresponds to a value of −1. The spin populations correspond to the number of unpaired
electrons, i.e., a free electron has a value of 1.

3. Results

Throughout the text, complexes are labeled by numbers for convenience. Prefixes RE in labels stands for a
reduction of the species by one electron, the suffixes Cl and v stands for Cl bound or vacant coordinate site
respectively, and prime (′) is used to distinguish between isomers and protonation sites. The spin multiplicities
are given after the labels. The energies of all species are given relative [CoII(bpma)Cl2].

3.1. CoII species in acetonitrile and water
The starting point for the calculations is the [CoII(bpma) Cl2] complex (1). It is generally believed that anionic
ligands readily exchange in aqueous solution [54, 101]. Dissolving 1 in water leads to changes in the electronic
absorption spectrum, and it is believed that at least one Cl− ligand is replaced by solvent molecules [52]. This
exchange is also a requirement for all mechanisms previously mentioned. Addition of a silver salt to the aqueous
solution led to further changes in the absorption spectrum, suggesting that some Cl− bound species could be
present at thermodynamic equilibrium.

In the calculations, the exchange of two Cl− with water to get six-coordinated [CoII(bpma)(H2O)2]2+ (2)
is favorable (−6.5 kcal mol−1) but the energy is similar for a species with one Cl− still bound (2-Cl) (−4.9 kcal
mol−1). Even five-coordinated structures (3) are only a few kcal mol−1 higher in energy see figure SI-2. Electron
paramagnetic resonance measurements in water show that the CoII complex is in a high-spin (quartet) state
[52]. In 2 this state is favored by 6.5 kcal mol−1 relative to the doublet. Cl− is a weaker ligand than H2O in the
spectrochemical series and all other CoII complexes are also predicted to have high-spin ground states. Relative
spin-state energetics of all relevant species are shown in table SI-3.

3.2. Reduction of CoII to CoI

The CV of the Co(bpma) complex shows a reversible redox wave around −1.4 V, which was assigned to a
reduction from CoII to CoI. After one-electron reduction, the lowest CoI species is predicted to be a five-
coordinated species (RE-3) with an open site for hydride formation. Starting from the most stable reactant
[CoII(bpma)(H2O)2]2+ the calculated reduction potential for the reaction (2 + e− → RE-3) is −1.44 V vs
Ag/AgCl in fortuitously good agreement with experiment, see figure 3. Other structures with alternative ligand
configurations are relatively close in energy, see figure SI-3, which means that they could be reached with
similar potentials. From CoI the reaction pathways diverge, depending on the order, number, and location of
protonation and redox events, see figure 1. Further reduction to a formal Co0 species would occur at a very
low reduction potential (−2.08 V), see figure 3, and is not considered further. The next step in the reaction
must therefore include a protonation.

3.3. Cobalt hydride reacting with water ligand (pathways a and b)
Starting from the five-coordinate RE-3, protonation of the CoI metal center would lead to generation of
[CoIIIH(bpma)(H2O)]2+ (4) as proposed in reference [52], see figure 3. The calculations suggest that CoI

is not a strong base and at pH 10 formation of the CoIII-H species is uphill by 8.8 kcal mol−1. Formation of 4
directly from CoII in a proton-coupled electron transfer (PCET) process has a potential of −1.82 V, reflecting
the low proton affinity in this step. Generating the hydride is more facile if the oxidation state of Co is lower.
The CoII-hydride [CoIIH(bpma)(H2O)]+ RE-4 can be directly generated from CoI through a PCET process
(RE-3 + e− + H+ →RE-4) at −1.31 V, see figure 3. This is a more positive potential than the CoII/CoI reduc-
tion step, which suggests that this is a viable route. In some systems, hydride generation has been proposed as
a rate-limiting step [14, 59], but as it is the same in all pathways it has not been explicitly modeled here.

Both CoIII-H and CoII-H can in principle generate hydrogen together with a suitable proton donor. In
pathways a and b, the proton donor is the water ligand bound to the metal ion. Calculations of the pKa of
the water ligand, see figure SI-4, indicate that the water ligand remains protonated even at relatively high pH,
and should thus be available to serve as a proton donor. Although the CoIII-H species 4 appears less stable, it
could be relevant if it is sufficiently reactive. However, pathway a with H–H bond formation from CoIII-H and
water (TS1) to form [CoIII(OH)(bpma)]2+ + H2 (5) has a total energy barrier of 36.7 kcal mol−1 relative to
2, see figure 4. The high reaction barrier excludes pathway a. The situation is different for the CoII-H pathway
b. Here the barrier height is only 9.3 kcal mol−1 (TS2′) see figure 5, which would give a rapid reaction. After
passing the barrier, a CoII-hydroxo species [CoII(OH)(bpma)]+ (6) is formed, which can then be protonated
and re-bind water to complete the catalytic cycle.
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Figure 3. Relative energies and potentials for generation of cobalt-hydride species. Redox potentials are in V vs Ag/AgCl, and
relative Gibbs free energies (Grel) in kcal mol−1 at pH = 10 with [CoII(bpma)Cl2] 1 as the zero of energy. Solid arrows indicate
preferable pathways. The prefix RERE denotes a doubly reduced species.

In both pathways the hydride can be either in the axial or equatorial position. Focusing on the more
favorable pathway b, the two sites have similar energies (ΔG = 0.3 kcal mol−1) in the CoII-H intermediate
(RE-4/RE-4′), but the equatorial isomer gives the lowest barrier (TS2/TS2′), see figure 5. Among possible spin
multiplicities, the quartet is predicted to be more stable than the doublet, although the difference is small
(<1 kcal mol−1) for the CoII-H species and the proceeding TS, see table SI-3.

3.4. Cobalt hydride reacting with protonated bpma ligand (pathways c and d)
As previously proposed for the cobaloximes, alternative pathways include reactions with a protonated ligand
[29]. Again starting from the CoI species RE-3, one possibility is to directly protonate either a pyridyl that
decoordinates and become dangling (7) or the amine (7′) to form a CoI(NH) species [CoI(bpmaH)(H2O)]2+,
see figure SI-5 [40]. This requires at least 11.3 kcal mol−1 compared to RE-3, which makes them less stable
than CoIII-H (4) by 2.5 kcal mol−1 or more. Pathway c can be discarded because generating the correspond-
ing hydride CoIII-H(NH) [CoIIIH(bpmaH)(H2O)]3+ (8) is uphill by more than 30 kcal mol−1 compared to
[CoII(bpma)(H2O)2]2+ (2).

As expected, forming a hydride with a protonated ligand is significantly easier for the one-electron reduced
species (pathway d). The CoII-hydride RE-4, which was the reactant in the hydride–water process, can be
protonated at the pyridyl to generate CoII-H(NH) (RE-8). This process is uphill by 8.3 kcal mol−1, see figure 6,
which would make the protonated form a minority species at the experimental pH.

The CoII-H(NH) species (RE-8) could in theory go through a similar hydride–water mechanism as in
pathway b, with the protonated ligand as spectator. However, the relative instability of CoII-H(NH) leads to
a high barrier (26.9 kcal mol−1) for TS3, see figure SI-6, which makes this unlikely. For completeness, that
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Figure 4. Free energy profile for pathway a, the reaction between a CoIII-hydride and a water ligand. Energies (in kcal mol−1) are
given at pH = 10 with [CoII(bpma)Cl2] 1 as the zero of energy. Selected bond distances are given in Å.

Figure 5. Free energy profile for pathway b, the reaction between a CoII-hydride and a water ligand. Energies (in kcal mol−1) are
given at pH = 10 with [CoII(bpma)Cl2] 1 as the zero of energy. Selected bond distances are given in Å.

reaction would then proceed through additional barriers (TS4/TS5) and intermediates (9/10) for H2 release
and ligand deprotonation before completing the catalytic cycle.

Alternatively, focusing on the reaction between the hydride and the protonated ligand, the TS for H2 forma-
tion (TS6) has a barrier of only 0.8 kcal mol−1 relative to CoII-H(NH) (RE-8), see figure 6. Together with the
energy required to protonate the ligand, the total barrier for pathway d is 9.4 kcal mol−1. This is comparable
to the barrier for the hydride–water reaction (pathway b with 9.3 kcal mol−1). The product is the CoII species
[CoII(bpma)(H2O)]2+ 3, which can re-bind water and serve as a starting point for a new catalytic cycle.

7



Electron. Struct. 4 (2022) 034002 L Xue Toro et al

Figure 6. Free energy profile in kcal mol−1 calculated for reaction between protonated pyridyl ligand and CoII-hydride
(pathway d) with [CoII(bpma)Cl2] 1 as the zero of energy. Energies and structures with quartet state or doublet states are in black
and in blue, respectively. Selected bond distances are given in Å.

Figure 7. Free energy profile for the reaction between protonated ligand and CoII-hydride with Cl bound to Co, starting from
[CoII(bpma)Cl(H2O)]+ 2-Cl. [CoII(bpma)Cl2] 1 is used as the zero of energy. Selected bond distances are given in Å.

For pathway d, there exist a large number of different variations. First of all, protonation can occur at
either the pyridyl or the amine. Protonation of a dangling pyridyl is more favorable throughout. The amine-
protonated CoII-H(NH) (RE-8′) is only 1.1 kcal mol−1 higher in energy than RE-8, but the corresponding
transition state (TS6′) is 5.1 kcal mol−1 less favorable than TS6, see figure SI-7.

As the reaction between the hydride and the protonated bpma ligand does not involve the sixth ligand
position, this reaction path remains open even if not all chloride ligands exchange in water. Starting from the
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[CoII(bpma)Cl(H2O)]+ complex (2-Cl), this can be reduced to CoI at −1.38 V, and further undergo a PCET
and a second protonation to form the doubly-protonated [CoIIH(bpmaH)Cl]2+ (RE-8-Cl) 6.6 kcal mol−1

higher than the starting point, see figure 7. From here the barrier for H–H bond formation (TS-6-Cl) is only
0.4 kcal mol−1, which gives a total barrier relative to 2-Cl of 7.1 kcal mol−1. If Cl− stays bound during the
entire reaction, the barrier for H–H bond formation with a Cl− ligand as spectator is slightly lower than the
reaction with a water ligand. The corresponding barrier with the protonated amine (TS-6-Cl′) is slightly more
unfavorable, with a total barrier of 9.1 kcal mol−1, see figure SI-8.

Similarly, pathway d can proceed with a vacant sixth site. The five-coordinated CoII-H species (RE-4-v) is
only slightly less stable (+1.8 kcal mol−1) compared to the same species with a water ligand (RE-4). However,
protonation of that hydride to form a five-coordinated CoII-H(NH) (RE-8-v) is uphill by 7.6 kcal mol−1, which
leads to a total barrier of 13.3 kcal mol−1, see figure SI-9. This is significantly higher than with a bound Cl− or
H2O ligand.

Finally, after considering different hydride mechanisms, it should be noted that a protonated ligand could
in principle form a H–H bond with proton from water in the CoII-H(NH) species RE-8. However, no such
TS could be located. This is understandable because of the mutual repulsion. Further reduction to a formal
Co0(NH) (RE-7) has a very low potential −2.15 V, hence non-hydride mechanisms can be discarded.

4. Discussion

Results have been presented for several different reaction pathways for hydrogen formation from the complex
[CoII(bpma)Cl2]. For each of them several alternatives have been considered with respect to the ligands at the
two cis sites, their isomers, the bpma ligand protonation sites and possible spin multiplicities of all species.
When considered together, this gives rise to a very large number of mechanisms. Here the main differences
between them will be discussed. When analyzing the results, the findings should be related to the limitations
of the method. Comparisons between species with significant differences in the number of unpaired electrons
show strong functional sensitivity [29]. Another challenge is to correctly calculate the energies of single pro-
tonation and reduction steps because of the large environmental effects for changes in system charge. The
calculations of PCET steps should be more accurate, assuming that errors for consecutive reductions and
protonations partly cancel. Barrier heights relative to the preceding intermediates should also be comparable
between pathways.

4.1. Comparing cobalt(III) and cobalt(II) hydrides
The calculations clearly show that formation of a cobalt-hydride intermediate is a key step, but that only the
CoII-hydride gives a sufficiently low barrier. This general conclusion is in good agreement with other DFT
studies, and largely independent of the choice of functional [29, 32, 43, 54, 59, 61, 73, 75, 102, 103]. This is in
apparent contradiction to the original assignment of the pH-dependent oxidation wave that appears at high
pH as coming from a CoIII-H species [52].

In the present calculations, there are two factors that favor H–H bond formation from CoII-H over CoIII-
H, relative hydride stability and relative barrier heights. First, CoII-H is predicted to be more stable at the
applied potential (by 8.8 kcal mol−1). However, as mentioned previously the relative stability of the two hydride
species is sensitive to the choice of functional. The hybrid B3LYP functional gives unstable CoIII-H species
[63], while local functionals like BP86, M06-L, and PBE favor CoIII-H [66, 75], with deviations between meth-
ods of 10 kcal mol−1 [29]. An important reason for the functional sensitivity is that CoIII-H is a low-spin
(singlet) species, while CoII-H is predicted to be high spin (quartet). As HF exchange favors unpaired elec-
trons, this is directly reflected in relative hydride stability. B3LYP∗ correctly predicted the quartet state of
[CoII(bpma)(H2O)2]2+ (2), with an energy difference is 6.5 kcal mol−1 relative to the doublet. This should
give an upper limit to any potential overestimation of the stability of high-spin species. In addition, the change
in total charge of the system gives additional uncertainties with respect to the environmental effects. Therefore,
it cannot be excluded that the relative stability of CoIII-H is underestimated in the current calculations and that
it still is responsible for the oxidation wave in the experimental CV, possibly after rebinding a Cl− ligand as
discussed below.

Still, the potential CoIII-H intermediate is not the catalytically species because the most important factor
favoring the CoII-H pathway is the difference in barriers relative to the preceding hydrides, 8.7 kcal mol−1 for
CoII-H (TS2′) compared to 26.3 kcal mol−1 for CoIII-H (TS1). As each barrier is both calculated with reactants
and TS of the same charge and spin multiplicity, the relative barrier heights are not expected to show significant
method sensitivity. In a computational study of a cobalt(diimine–dioxime) complex, Artero and co-workers
showed that there is a more favorable electrostatic interaction between the hydride and the water proton in
the reduced species [29]. This is also the case for this Co-bpma complex. Looking at the charge distribution
of the Co-H species, only CoII-H can be convincingly described as a hydride. The NBO charge populations
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Figure 8. Electrostatic potentials and selected NBO charge populations of (a) CoIII-H (4) and (b) CoII-H (RE-4). Blue denotes a
more positive potential and red a more negative potential. Due to the difference in total charge between the two complexes, +2
and +1 respectively, the electrostatic potential is plotted using different intervals, 0.25–0.45 for CoIII-H and 0.1–0.3 for CoIII-H.

Figure 9. NBO charge populations (in parenthesis) in TS for the hydrogen formation from cobalt-hydride and water. TS1
corresponds to CoIII-H and TS2′ to CoII-H.

on the hydrogen is negative (−0.47) and the electrostatic potential in that region is more negative than other
parts of the complex, with the exception of the oxygen of the water ligand, see figure 8. In CoIII-H, the charge
population of the hydrogen is instead positive (0.11), which is also reflected in the electrostatic potential.

The differences in charge distribution between the two hydrides are also seen in the corresponding TS. The
charge is around 0.3 for the water proton, while the charge of the hydride in the TS is 0.11 in CoIII-H (TS1)
and −0.31 in CoII-H (TS2′), see figure 9. The latter TS is thus favored from an electrostatic perspective, because
it represents hydrogen formation between a negative hydride and a positive proton. In addition to the higher
stability of CoII-H and the more favorable electrostatic interactions in the TS, this path is also favored by the
higher stability of the product species CoII-OH (6) compared to CoIII-OH (5), see figures 4 and 5.

These electrostatic considerations can also be used to argue against bimolecular mechanism involving
two cobalt-hydride species. A reaction between two CoII-H species would occur between negatively charged
hydrides, which would be electrostatically unfavorable compared to a hydride–proton reaction. A reaction
between two CoIII-H complexes would also miss the electrostatic stabilization expected for hydride–proton
reactions.

4.2. Comparing hydride–water and hydride–ligand pathways
Of the different reaction pathways, the two pathways b and d have similar low barriers for hydrogen evolution.
To facilitate comparison, the different stationary points for the complex with water bound in the second open
ligand site are shown together in figure 10. Both pathways start with reduction of CoII to CoI. This step should
correspond to the reduction wave at −1.4 V in the experimental CV [52]. The calculated reduction potential
varies slightly depending on the identity of the ligands in the two exchangeable sites, but is in good agreement
with experiment. From CoI, a PCET process leading to CoII-H (RE-4) occurs at a similar potential as the
preceding reduction.

After the formation of CoII-H (RE-4), the pathways diverge, see figure 11. H–H bond formation with a
water ligand (TS2′) has a barrier of 9.3 kcal mol−1 relative to [CoII(bpma)(H2O)2] (2), while the reaction
with a protonated ligand (TS6) has a barrier of 9.4 kcal mol−1. The similarity in barrier heights suggests that
both routes should be possible. The presence of two open coordination sites in cis position for the Co-bpma
complex thus gives two possible routes to hydrogen formation.

To evaluate the reliability of the two barrier heights, it is important to consider that from the
[CoII(bpma)(H2O)2] (2) starting point, two electrons and only one proton is required to reach CoII-H (RE-4)
and the proceeding transition state (TS2′). In comparison, CoII-H(NH) RE-8 and TS6 requires the addition
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Figure 10. Summary of reaction pathways with a water ligand. Relative free energies are given in kcal mol−1 with
[CoII(bpma)Cl2] as reference. Selected bond distances are given in Å.

Figure 11. Comparison of the reaction mechanism for proton reduction by cobalt complex [CoII(bpma)(H2O)]2+ through
pathways b and d.

of two electrons and two protons. The difference in charge between the two TS leads to significant environ-
mental effects on the relative barrier heights. Although it is clear that both pathways present viable reaction
mechanisms, it is difficult to computationally pinpoint the relative importance of the two pathways.

4.3. pH dependence of key reaction steps
The computational results showing initial reduction of CoII to CoI around 1.4 eV, followed by a PCET process
leading to CoII-H (RE-4) at a similar potential are consistent with the pH dependence of the reduction wave

11



Electron. Struct. 4 (2022) 034002 L Xue Toro et al

Figure 12. Calculated pH dependence of the key reaction barriers TS1 (pathway a), TS2′ (pathway b) and TS6 (pathway d).

in the experimental CV, which shows a catalytic reaction at low pH that becomes reversible at high pH [52].
Figure SI-11 shows how the potentials of the steps leading to CoII-H formation changes with pH. At higher
pH, the PCET step becomes unfavorable, which prevents the formation of the hydride. The reaction then stops
at the CoI species and the oxidation wave reverts CoI back to CoII.

Changing the pH also affects the calculated barrier heights of the different reaction routes, see figure 12.
The hydride–water pathway (b) shows a pH dependence if the potential of the PCET step leading to CoII-H for-
mation is close to that of the first CoII/CoI reduction, which is the case for high pH values. The hydride–ligand
mechanism has the same pH dependence for CoII-H generation, and also has a ligand protonation step for
which the reaction energy is directly dependent on the pH. It thus shows two different pH behaviors, with a
second-order pH-dependence at higher pH.

Comparing the reaction barriers of the two CoII-H routes shows that at lower pH, the ligand donor mech-
anism becomes more favorable than the water donor mechanism. This can be explained by a decrease in the
cost of protonating the ligand, which coupled with a low intrinsic barrier leads to a dominating contribution
from that channel. The CoIII-H route remains significantly higher in energy for all pH values.

4.4. Effects of the second exchangeable coordination site
The presence of two exchangeable coordination sites not only opens up pathways that directly involve both
sites, but a spectator ligand introduces an additional dimension in the other pathways. Instead of assuming a
complete exchange of ligands, the full reaction pathways have been calculated with different ligand configura-
tions, thus accounting for changes in relative ligand affinity during the reaction. The barrier for the reaction
between CoII-H and the protonated bpma ligand, pathway d, is affected by the identity of the spectator ligand.
With Cl−, the barrier for TS6-Cl relative to 2-Cl is 7.1 kcal mol−1, see figure 7, which can be compared to
9.4 kcal mol−1 with H2O (TS6 relative to 2, see figure 6). If instead the coordination site is vacant, the barrier
is higher (13.3 kcal mol−1, see figure SI-9).

The calculated energy differences for different ligand binding alternatives are small. There are also con-
siderable uncertainties associated with these calculations because of the changes in total system charge when
adding or removing Cl− ligands. Still, the reaction sequence with ligand exchange in CoII and loss of water after
reduction to CoI, is in agreement with detailed studies of the early reaction steps [14, 38, 62]. Even if there is
no Cl− bound in CoI (3) the binding affinity increases after protonation. For a potential CoIII-H species, Cl−

binding becomes favorable by a small margin (1.6 kcal mol−1) compared to binding water (4-Cl and 4). The
different pathways with Cl− bound are shown in figure SI-10, which can be compared to figure 10 for water.
Further, with a negative Cl−, the stability of CoIII-H (4-Cl) increases significantly relative to CoII-H (RE-4-Cl).
It is still predicted to be less stable than CoI (3-Cl), but it would only be 2.1 kcal mol−1 less stable than CoII-H.
This is well within the error margin of the calculations. The assigned CoIII-H intermediate in the CV could
thus come from a Cl-bound species.

Going further along the reaction pathway, reduction to CoII-H intermediate (RE-4) again leads to lower
affinity for Cl−, and pathway b that requires a water ligand can still proceed. However, for pathway d, a sub-
sequent protonation to CoII-H(NH) (RE-8) is favored by the presence of the negative charge. This gives a
relative stabilization of the doubly protonated species by 2.0 kcal mol−1, see figures 6 and 7. From here, the
barrier height is similar in the two pathways, which in total leads to a lower barrier with Cl−. Considering
the small energy differences, the real effect of the spectator ligand will depend on the complex and the ligand
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exchange kinetics, but the results show the need to consider different binding modes, beyond characterization
of the early CoII and CoI intermediates.

The mechanism with Cl− bound is also relevant for the modeling of H2 evolution from [CoII(bpma)Cl2]
in CH3CN in the presence of excess protons [52]. Under these conditions, only the hydride–ligand pathway d
is available, with the exception of reactions directly between cobalt-hydride and acid. The low reaction barrier
for pathway d is not expected to change significantly when going between CH3CN to water solvent and should
therefore be considered as a possible mechanism also under acidic conditions.

Another possibility would be that the coordination site remains vacant beyond CoI. The energy of such
a CoII-H intermediate (RE-4-v) is only 1.6 kcal mol−1 higher than with water (RE-4), see figure 10 and
figure SI-9. However, from here bpma ligand protonation is more unfavorable, which in turn contributes to
the higher total barrier. Based on these results, the cobalt ligands that participate in σ and π donation increase
the proton affinity of the cobalt-hydride, which leads to lower TS barriers for hydrogen formation.

4.5. The impact of mechanistic variations
The calculations further illustrate the complexity of the reaction pathways through variations in bpma ligand
protonation sites, isomers, and spin multiplicities. Starting with the protonation site, pyridyl protonation gives
more favorable reaction barriers than amine protonation with both H2O (TS6/TS6′) and Cl− ligands (TS6-
Cl/TS6-Cl′), see figure 10 and figure SI-10. This seems partly due to favorable steric interactions for H–H
bond formation because the preference for pyridyl protonation increases when approaching the TS. If instead
the sixth site is vacant, the amine pathway (TS6-v ′) is slightly favored, see figure SI-9. The coupling between
coordination environment and the protonation site, and the fact that stabilities change during the reaction,
illustrates the importance of exploring multiple protonation sites.

For complexes with two exchangeable sites in cis position, different isomers must also be considered. For
the hydride–water pathway (b), the axial hydride isomer of CoII-H (RE-4) is slightly more stable than the
equatorial one (RE-4′). However, when approaching the TS the equatorial hydride (TS2′) is favored by more
than 3 kcal mol−1, see figure 5.

The last dimension that has been explored is the spin multiplicity. Considering the small energy differences
between different spin multiplicities relative to the functional sensitivity, a comparison of pathways should
include all relevant potential energy surfaces. In general, the starting CoII structures (1/2) are d7 quartets,
the reduced CoI (3) are d8 triplets, CoIII-H (4) are d6 singlets, while CoII-H (RE-4) are d7 quartets, see table
SI-3. The hydride–water pathway (TS2′) also stays on the quartet potential energy surface, see figure 5. The
situation is more interesting for the hydride–ligand pathway d. The amine-protonated CoII-H(NH) structures
(RE-8′) are predicted to be doublets that would go through spin transitions to quartets during the H–H bond
formation reactions (TS6′), see figures SI-7–SI-9.

Finally, the differences between protonation sites, isomers and spin multiplicities are all significant com-
pared to the energy differences between the proposed pathways b and d, showing the relative importance of
all these variations when modeling the reactivity of the Co-bpma catalyst.

5. Conclusion

The modeling of the tetradentate polypyridyl complex [CoII(bpma)Cl2] with two open coordination sites in
cis position clearly shows how these sites open up new mechanistic possibilities. Proton reduction can occur
through two different pathways, both involving a CoII-H intermediate. CoII-H is favored over CoIII-H because
only the former is a negative hydride that can react with a positive proton with a low barrier.

The first pathway where H–H bond formation occurs between the hydride and a water ligand requires
both cis sites and is unique for these types of complexes. The second pathway involves protonation of the
bpma ligand, which is similar to the proposed mechanism for pentadentate ligands. One of the cis sites then
acts as spectator. The binding affinity of this site changes significantly during the reaction, which opens up
the possibility that a negative ligand like Cl− stabilizes the formation of a CoIII-H intermediate observed in
the CV, as well as the doubly protonated CoIIH(LH) intermediate that leads directly to formation of H2. To
properly explore the potential reaction mechanisms of the Co-bpma complex requires consideration of dif-
ferent protonation sites, isomers and spin multiplicities, and their combinations, leading to a large number of
possibilities. In the ligand protonation pathway, the lowest barrier is obtained for a protonated pyridyl with
the hydride in the same equatorial plane, even though that isomer is not stable in the preceding intermediate.
This, together with the changes in binding affinity in the open ligand site, shows the importance of following
different variations through the full reaction pathway of this class of cobalt catalysts.
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