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Molecular Electrocatalysts for the Hydrogen Evolution
Reaction: Input from Quantum Chemistry

Alexandre Barrozo** and Maylis Orio**"

In the pursuit of carbon-free fuels, hydrogen can be considered
as an apt energy carrier. The design of molecular electrocata-
lysts for hydrogen production is important for the develop-
ment of renewable energy sources that are abundant, inexpen-
sive, and environmentally benign. Over the last 20 years, a
large number of electrocatalysts have been developed, and
considerable efforts have been directed toward the design of
earth-abundant, first-row transition-metal complexes capable
of promoting electrocatalytic hydrogen evolution reaction
(HER). In this context, numerical approaches have emerged as

1. Introduction

Arguably, one of the biggest challenges we face in the 21st
century is minimizing the impact of energy consumption and
production, which are significant contributors to manmade cli-
mate change.l" Therefore, the development of renewable
energy sources that are environmentally friendly, affordable,
and effective is paramount. Hydrogen is regarded as a promis-
ing molecular fuel to address this problem.” The utilization of
such energy sources relies on catalysts to facilitate the process
of the formation and cleavage of the chemical bond in H..
They often accelerate the reactions by utilizing proton-coupled
electron transfer (PCET), which integrates the motions of elec-
trons and protons to avoid high-energy intermediates.

To date, platinum performs best among catalysts able to
produce H,, through water splitting.®! However, due to its scar-
city and cost, there has been wide interest in finding alterna-
tives made of non-noble transition metals. This quest has been
inspired by hydrogenases, which are organometallic enzymes
that employ nickel and/or iron centers in their active sites.
Their catalytic performances rival that of commonly used plati-
num catalysts for hydrogen production. With turnover rates of
up to 10*s™', thermostability, and low overpotentials,” hydro-
genases have been studied as templates for the synthesis of
new organometallic catalysts. Unfortunately, due to their intri-
cate architectures, there has not yet been precise agreement
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powerful tools to study the catalytic performances of these
complexes. This review covers some of the most significant
theoretical mechanistic studies of biomimetic and bioinspired
homogeneous HER catalysts. The approaches employed to
study the free energy landscapes are discussed and methods
used to obtain accurate estimates of relevant observables re-
quired to study the HER are presented. Furthermore, the struc-
tural and electronic parameters that govern the reactivity, and
are necessary to achieve efficient hydrogen production, are
discussed in view of future research directions.

on how they function.”! Moreover, from a theoretical point of
view, the size and composition of their active sites make them
challenging to study.®

Due to the aforementioned difficulties, a vast number of arti-
cles have been published on biomimetic” or bioinspired® sys-
tems; these consist of either simpler or adapted versions of
the metal centers found in the active sites of hydrogenases
(Figure 1). The idea is to facilitate the analysis of the hydrogen
evolution reaction (HER) in the metal centers, looking for the
essential elements that could be used to develop new catalysts
with non-noble transition metals.” Optimization of these com-
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Figure 1. Selected biomimetic (top) and bioinspired (bottom) hydrogen evo-
lution catalysts.”® The examples show how electrocatalysts can have com-
pletely different ligands and metal centers, and yet exhibit similar reactivity.
In Section 3, we discuss some of these examples.
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plexes requires careful analysis of their catalytic cycles. The use
of computational methods is indispensable in testing multiple
hypotheses, for which a comparison with experimental observ-
ables aids in elucidating the steps of the catalytic pathway.
Quantum chemical calculations allow for studying the geome-
try of the complexes, and how they can change upon chemical
and electrochemical reactions with their surroundings. Analysis
of the energetics of protonation taking place at different parts
of a catalyst allow differences in pK, values across the complex
to be obtained. Careful study of the energy landscape for the
various intermediates formed upon reduction and protonation
tells us the most likely mechanisms that are taking place. They
give us dynamic details of the process and explain how a gen-
eral acid can react with the catalyst for the formation of H,.

All of this information can be compared to 1) crystallograph-
ic data, for structural information and validation of methodolo-
gy in terms of geometry optimization, according to the choice
of level of theory; 2) cyclic voltammograms, for measurements
of redox potentials, and analysis of the electrochemical steps
(electron transfer (ET)) in the catalytic cycle; 3) EPR spectra, for
accessed spin states upon reduction, allowing for the correct
assignment of the electronic states at every step; and 4) poten-
tial-pH (Pourbaix) diagrams, which depict the most thermody-
namically stable species for given reduction potentials and pH
values. This last item is particularly useful because it allows us
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to evaluate the stability of all possible intermediate species
over a broad range of pH values.

This review focuses on theoretical mechanistic studies of
biomimetic and bioinspired homogeneous catalysts for the
HER inspired by hydrogenases. We discuss the many possible
steps that could compose a catalytic cycle, and how the use of
quantum chemical methods can help us to choose which ones
are the most likely to describe the reactivity taking place. We
review recent research into various catalysts to show this pro-
cess of mechanistic investigation. First, we discuss distinct
types of catalytic cycles that could take place. Then, we follow
with the current understanding of the catalytic cycle of recent-
ly developed and characterized bioinspired and biomimetic ho-
mogeneous catalysts for the HER. Hopefully, we can give the
reader an idea about the current state-of-the-art approaches in
deciphering the mechanisms involved in HER catalysis, and
how this can lead to the development of new homogeneous
catalysts

2. Studying the HER

H, is one of the simplest molecules found in nature, and is
composed of two protons and two electrons. Its formation can
occur in various ways, ranging from each proton holding a
single electron (two H atoms), to cases in which protons can
bind to surfaces or molecular complexes with an excess of two
electrons, leading to bond formation. Additionally, protons and
electrons can have coupled behavior, in which proton move-
ment can trigger an ET, and vice versa. This leads to dynamical-
ly more complex chemical reactions, known as PCET. They can
vary in terms of the timescale and order of the transfer steps,
sometimes involving the formation of transient intermediates,
which can be challenging to characterize, experimentally and
theoretically. Thus, studying the HER involves assessing multi-
ple viable scenarios. We discuss some of the approaches em-
ployed to inspect free energy landscapes. These involve calcu-
lations of redox potentials over various conditions, identifica-
tion of protonation sites (if any) through estimations of relative
pK, values, and studying the stability of the many possible oxi-
dation and protonated states through Pourbaix diagrams. In
this section, we review some of the methods that have been
used recently to obtain accurate estimates of relevant observa-
bles required to study the HER. These approaches are used in
various works that are discussed later herein. More specific
quantum dynamic information on the coupling between elec-
trons and protons is omitted. The interested reader is referred
to a more specialized review by Hammes-Schiffer, which dis-
cusses PCET in the same context as that presented herein.!'

2.1. Redox potential and pK, calculations with DFT

Redox potentials are experimental observables related to the
Gibbs free energy change (AG) of a redox process. They are
defined as E=—AG/nF, in which n is the number of electrons
transferred in the cell and F is the Faraday constant. Calculat-
ing E requires the evaluation of AG for the oxidation or reduc-
tion process in question in the environment where it takes
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place, that is, Red(s)—0x(s), in which “s” stands for the solvent
in which the catalyst is contained. Free energy calculations are
challenging because accurate estimates rely on extensive sam-
pling. It turns out that, for homogeneous HER catalysts, there
are computationally inexpensive approaches. A common strat-
egy is based on the Born-Haber thermodynamic cycle, which
involves calculations of the process in the gas phase and solu-
tion (Scheme 1). The idea is that the cycle of any thermody-
namic quantity sums to zero. The free energy change for the
redox reaction in solution, AG, is computed from the free
energy change in the gas phase (AG,) and solvation free ener-
gies of the reduced (AG;.s) and oxidized species (AG;,,):
AG;=AGy+ AG, ;,—AG .

AG,
Red (g) ——— Ox(g)
AGs,red AGs,ox

Red (s) TGS> 0x(s)

Scheme 1. Born-Haber cycle used for estimating the free energy change as-
sociated with the oxidation process of a molecule in solvent.

Oxidation or reduction in the gas phase, AG,, can be com-
puted in various ways. A classical approach involves free
energy perturbation calculations, in which a set of molecular
dynamics simulations are performed with force field parame-
ters that change linearly between reduced and oxidized
states.""! This approach requires a reliable parameterization for
the complex of interest in different oxidation states; this task
can be time-consuming. A simpler approach involves ab initio
methods and DFT calculations. In particular, DFT has been used
extensively due to its affordability in handling large organome-
tallic complexes.”™

If using DFT, free energies are computed as a sum of elec-
tronic energy, zero-point energy, and thermal corrections.
These properties can be obtained through frequency calcula-
tions, as implemented in various quantum chemistry packages,
such as Gamess"? and ORCA." For AG,, the structures of the
complex in its oxidized and reduced forms are initially opti-
mized in vacuum and a frequency calculation is then per-
formed. A similar approach is applied to obtain AG;.q/0. but it
now needs to account for the solvent. A simple and inexpen-
sive method to emulate the solvent effect involves the use of
an implicit solvent model, such as COSMO and SMx,""® which
can also be found in the software packages mentioned above.
We simply take the structures of the reduced and oxidized
complex in vacuum and add the implicit solvent in the fre-
quency calculation. Although this can be a fast approach, care
must be taken as conformational changes can take place in
the complex upon solvation; thus yielding inaccurate results.
Sometimes it is possible to cut corners and obtain a direct AG;
involving solely the reduced and oxidized states in solvent, if
geometry optimization of the complex in the solvent is com-
putationally affordable.™™

All discussions above apply to the estimation of pK, values.
Particularly, sampling in this case is even more important be-
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cause the protonation of a chemical group can lead to the for-
mation of new hydrogen bonds, with the solvent, ions in solu-
tion, or the complex itself."¥ The thermodynamic cycle from
Scheme 1 is essentially the same, with reduced and oxidized
states substituted by protonated and unprotonated states. In
principle, absolute estimates can be achieved. These require
proton solvation free energies. Nevertheless, even with an ac-
curate estimate of such observables, DFT can still be off by sev-
eral units of pK,!"” Nevertheless, the errors in DFT could be
cancelled upon comparing different protonation sites. Rather
than looking at absolute values, we can measure relative pK,
values. They can be used together with some estimate of the
absolute value to enable us to obtain quantitative free energy
landscapes. These references can come, for instance, from
cyclic voltammograms for solutions titrated with different acids
with known pK, values, in which there is a change in the wave
as the complex becomes catalytic."”’ Additionally, mechanistic
conclusions can also be drawn from relative values alone.®

2.2. Pitfalls with DFT

We have at our disposal a gamut of exchange-correlation func-
tionals, each of which is tailored to reproduce key properties
in a specific class of molecules. Thus, care must be taken in the
appropriate choice of functional because different sets of mol-
ecules can have completely different behavior regarding corre-
lation energies.'” Ideally, upon approaching a new system,
one needs to either seek previous studies in similar com-
pounds as a means to validate the choice of a given level of
theory, or perform benchmark studies with different setups.
These involve a comparison between calculated properties and
experimental information, such as structural conformations,
spin state, and reduction potentials. Choosing which function-
als to use for benchmarks is thus paramount. For instance, the
B3LYP functional is a hybrid functional. In a benchmark, it is
desirable to compare results against a nonhybrid functional,
such as BP86 and BLYP, as performed in theoretical studies of
[NiFe] hydrogenase models.®”

Although DFT has been quite successfully employed in the
description of energetics in main-group chemistry, this is not
always the case for transition-metal compounds. Transition-
metal complexes can have access to multiple electronic config-
urations at near-degeneracy, which requires a multireference
treatment, whereas DFT is a single-reference method."*?' Nev-
ertheless, some functionals are shown to give reliable results in
benchmarks involving transition-metal complexes, and thus,
can remain as an invaluable option for theoretical calculations
(see refs. [19] and [20] and references cited therein). In Sec-
tion 3, we show several examples in which DFT was employed
for detailed studies of redox potentials and pK, values; thus al-
lowing for insights into the mechanisms of the HER in various
transition-metal complexes.

2.3. Reduction potential versus pH: Pourbaix diagrams

Because the HER involves intertwined electrochemical and
chemical steps, it can be useful to plot information regarding
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both processes, that is, reduction potentials and pK,
(Scheme 2). Pourbaix diagrams are a way to visualize this rela-
tionship and provide a rich array of information about the
redox-active species within the potential-pH range studied, as
well as a measure of the stability of all intermediate species
over a broad range of pH values.

M —< 5 ML MLZ
LA L
e’ e’
MLH* MLH? MLH-
L L
MLH,2 % 5 MLH,"—%— MLH,

Scheme 2. Diagram representing various possible pathways and their inter-
mediates for a metal-ligand (ML) complex.

In these diagrams, horizontal lines are plotted at the mea-
sured reduction potentials, while vertical lines are plotted for
the pK, values of the catalyst. Additionally, diagonal lines sepa-
rate processes involving a simultaneous oxidation and proto-
nation process, with a slope proportional to the ratio of pro-
tons to electrons. For the reaction of Ox+ne +mH™
=[Red(H),,]™", the Nernst equation states that the reduction
potential of the reaction is given by Equation (1).1"”

In(10)RTmlog([H*])

E=—AG/nF = -

= —0.059(m/n)pH (1

As previously mentioned, determining absolute acidity con-
stants is problematic, but the relative pK, shifts suffice for anal-
ysis of the diagram in Figure 2. Horizontal lines separate oxi-
dized and reduced species; the reduced one is at a lower po-
tential. Vertical lines separate a protonation process, with a
region at lower pH values being protonated, if compared with
the one at higher pH. Large areas in the Pourbaix diagram indi-
cate more stable intermediates over a broad range of pH. It is
possible to establish linear correlations by using them together
with redox potentials and pK, values, as seen for cobaloxime
and bis-diamine nickel catalysts.">?" The degree to which the

| OMLHZ | e
ML°
&
)
c
3
o MLH,
o ML-
MLH-
. MLZ
Acidic pH Basic

Figure 2. Representation of a hypothetical Pourbaix diagram for an organo-
metallic catalyst with a metal center M and a ligand L, with regions assigned
to various intermediates.
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reduction potential becomes less negative and the pK, de-
creases is related to the slope of the line correlating these two
properties over a range of reduction potentials and acid
strengths. Such correlations are powerful tools in catalyst
design, which allows computational studies to predict the
properties of electrocatalysts that have not yet been synthe-
sized.

3. Catalytic Mechanisms of HER
3.1. HER in hydrogenases

Millions of years of evolution allowed for some living systems
to develop enzymes to catalyze the HER. These enzymes,
known as hydrogenases, have catalytic efficiency that is un-
matched by any manmade catalyst. With turnover rates of up
to 10*s7," and thanks to their thermostability and low over-
potentials, hydrogenases have been seen as templates for the
synthesis of new organometallic catalysts. Unfortunately, due
to their intricate architecture, there has not been a precise
agreement on how hydrogenases function. From the theoreti-
cal point of view, the size and composition of the active sites
make them challenging subjects to study; this has become a
topic of extensive discussion in the literature. Herein, we dis-
cuss some of the most recent computational studies on the
mechanistic aspects of the HER in different types of hydroge-
nases. A more complete discussion on hydrogenases, as well
as references for various experimental information, can be
found in specialized reviews.*** For a more in-depth analysis
on theoretical methods involved in these studies, we refer the
reader to an excellent review by Vaissier and Van Voorhis."

3.1.1. [NiFe]-hydrogenases

As discussed in the previous section, computational ap-
proaches have been used to elucidate the various aspects in-
volved in catalysis of the HER, from possible protonation sites,
energetics of distinct pathways, and order of electrochemical
steps. There has not been a complete consensus on the cata-
lytic cycle of [NiFel-hydrogenases. Distinct mechanisms have
been proposed by combining experimental and theoretical evi-
dence.*?2% We present herein a few different mechanistic
pathways that have been proposed over the past ten years.
Volbeda and co-workers proposed a mechanism that in-
volved the adsorption of protons to the nickel and iron cen-
ters.”? |ron is found in a Fe' low-spin state, due to interactions
with the CN~ and CO ligands (Scheme 3).”¥ Nickel would then
be responsible for all redox processes in the cycle, involving
two distinct oxidation states. Although the Ni" doublet state
was shown to be present by using EPR techniques,”” there are
uncertainties regarding different possible spin states for Ni".*®
De Gioia and co-workers assessed this question,”” while inves-
tigating the energetics associated with the binding of H, to Ni"
at different spin states through DFT (B3LYP/TZVP). They ob-
served that H, binding was energetically favored for a low-spin
Ni center and bound solely to this metal. The authors suggest-
ed a catalytic cycle in which the oxidation of H, was followed
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Scheme 3. a) Representation of the binuclear active site of [NiFe] hydroge-
nase. b) Currently accepted intermediates involved in the mechanism for the
HER.”"-*% Adapted with permission from ref. [7d]. Copyright 2016, Nature
Publishing Group. Il ok’ HH

by proton transfer (PT) to one cysteine residue coordinated to
Ni. This step includes the formation of a transient Ni" species
binding the two H atoms. Sun and co-workers also observed a
low-spin Ni' center in their study of ligand effects.”® They also
investigated the effect of substituting the inorganic ligands of
the Fe" center, highlighting the possibility of fine-tuning the
free energy landscape of the catalytic cycle.””

The possibility of a mechanism involving yet another redox
state of nickel, Ni, was proposed by Siegbahn and Lill (B3LYP/
DZP).” This reduced form would facilitate the binding and
cleavage of H, involving an oxidative addition step. Such a hy-
pothesis was contested by De Gioia et al., whose calculations
showed an energetically unfavorable process for the oxidative
addition of Ni' compared with that of Ni".*” They suggested PT
from Ni to Cys546; this hypothesis was verified independently
by other studies.®>*" Different variants of these mechanisms
were investigated by Dong and Ryde FO/m®31a’BE \vho sought
to verify the cycle (Scheme 3) through DFT calculations (B3LYP/
def2-QZVPD) by assessing two possible pathways involving the
same protonation states, but with different orders of ET and
PT. In the direction of hydrogen cleavage, both mechanisms
start with the unprotonated active site Ni—SI, binding H, on
Ni". The molecule is heterolytically cleaved, with H bound be-
tween the two metals, and the proton to Cys546, yielding the
Ni—R state. The next step involves two possibilities, in which
either a proton or an electron are removed. Regardless of the
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order of steps, the end target intermediate is the Ni—C state,
now with Ni". Subsequently, the formed hydride is oxidized by
Ni, with the metal reaching its Ni' state, and the resulting
proton being transferred to Cys546. At this stage, the same
kind of bifurcation in the catalytic cycle as that described pre-
viously occurs. Again, the final state after bifurcation is the
same, resulting in the Ni—Sl, state; thus completing the cycle.

3.1.2. [FeFe]-hydrogenases

This type of hydrogenase shares some features with those dis-
cussed above. The catalytic center of [FeFe]-hydrogenase is
composed of a proximal Fe, bound to a [4Fe4S] cluster, and a
distal Fe, further away from the cluster. As in [NiFe]-hydroge-
nase, two CO and CN ligands are bound to each Fe, with one
CO shared between both metals. These ligands lead to Fe"
metal centers in the low-spin state.! One key difference is the
presence of a dithiomethylamine ligand bridging the two iron
atoms. We discuss some of the parallels that exist between the
catalytic cycles of [NiFe]- and [FeFe]-hydrogenases.

Similarly, with [NiFe]-hydrogenases, distinct mechanisms pro-
posed in the literature differ mainly in the protonation sites
and H, binding. DFT calculations by the groups of Hall (B3LYP/
DZP)®? and Hu (PW91/plane-wave basis set)** considered the
distal Fe as the binding site and cleavage center of H,. They
studied model systems that were initially inactive, in which the
OH~ ligand was bound to the distal iron of the Fe"Fe" unit. Re-
duction of the metal center to a Fe'Fe' state and protonation
of the hydroxide results in H,0O departure, leading to an active
form of the metal center. An incoming hydrogen molecule
binds to the distal Fe, and the metal center is reduced to the
Fe'Fe' form. The cleavage of H, requires a proton acceptor.
Both studies showed that PT from H, to the amine group of di-
thiomethylamine was found to be kinetically and thermody-
namically favorable. A second PT needs to take place, this time
from the metal hydride formed after the first PT. Although the
study by the group of Hall showed this process to be thermo-
dynamically and kinetically possible, the pathway reported by
the group of Hu suggested that a transition from a H—Fe'Fe"
species to Fe'Fe' was unfavorable, with barriers and endother-
micity of over 15 kcalmol™. Instead, Hu and co-workers sug-
gested that another amine group, from a lysine residue nearby,
acted as the proton acceptor for this step. In this case, they
found a much more favorable energy landscape. The final step
in both pathways would involve an ET to bring the metal
center back to a mixed-valent Fe'Fe' state.

Independent studies by the groups of De Gioia and Zhou
considered an alternative for the binding and cleavage of H,,
involving a simultaneous bond to both Fe atoms.*¥ De Gioia
and co-workers used DFT (B3LYP/DZP) to study a model
system that was initially in the same inactive state as that in
the works by the groups of Hall®**" and Hu,®**¥ but achieved
an active state through the same mechanism. They suggested
that the active site rearranged itself to create an open site for
H, to bind. Such rearrangement in the model system, mostly
involving the CO ligands, was shown to be slightly exothermic.
The binding of H, occurs at the proximal Fe, with one H atom
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in close proximity to both iron centers. This interaction was
shown to be energetically favorable. Cleavage occurs with oxi-
dation of the iron center, leading to a Fe"Fe" state, followed by
PT to an S atom of the dithiomethylamine. The protons are
then transferred to the protein matrix and the FeFe unit under-
goes one last oxidation, which closes the catalytic cycle and
brings it back to an active form.

Apart from the difference in dihydrogen binding modes, the
binding site of the H atom after the first PT differs. Cramer
et al. used nuclear resonance vibrational spectroscopy together
with DFT (BP86/LACV3P**), and determined that a metal hy-
dride species was indeed formed, but associated only with the
distal Fe atom.P”! The reaction step associated with H, bond
formation would occur upon formation of the distal Fe-hy-
dride complex in an optimal geometry with a second proton
bound to the N atom of dithiomethylamine;*® this mechanism
was previously suggested by Hammes-Schiffer and co-workers
for a phosphine-based [FeFe]-hydrogenase model (B3P86/
mixed basis set).?”

3.2. Reactivities in molecular electrocatalysts

Although there is no consensus regarding an understanding of
the complete catalytic cycle of hydrogenases, it already gives
us an idea about what a proficient catalyst for HER should do.
Clearly, smaller manmade catalysts lack the complex protein
matrix that renders hydrogenase such a high performer. Never-
theless, general ideas behind their reactivities can be em-
ployed in the design of new molecular electrocatalysts. An ex-
cellent review by Artero and co-workers shows numerous ex-
amples of biomimetic complexes synthesized with the purpose
of understanding and mimicking the proficiency of hydrogena-
ses.’d

Currently, the best homogeneous catalysts are composed of
first-row transition-metal ions, such as cobalt®*® and
nickel®* (see Figure 1 for two examples). Transition metals
on their own can be catalysts, mostly due to their ability to
change oxidation state, and adsorb substrates onto their surfa-
ces. However, the presence of certain ligands can have a dra-
matic effect. Their redox properties, as well as their capabilities
of adsorbing protons, result in a variety of mechanisms for the
HER. These can be classified as metal- or ligand-centered reac-
tivity. Moreover, mechanisms differ not only in reaction centers,
but also in the order in which reaction steps occur. These in-
volve electrochemical steps (E), in which ET takes place, and
chemical steps (C), which involve reactions with protons. They
can be stepwise, involving intermediates, or concerted, if the
PTs and ETs are coupled (Scheme 4).

Other important factors to be considered are the source of
protons, presence of ions, and the solvent itself; the last of
which can also be an acid for proton donation. In the presence
of anions, anation can take place in the complex during the PT
process. Thus, accounting for these effects and possible mech-
anistic roles of the solvent are essential.

To understand this variety of mechanisms, one must analyze
the energetics of every possible intermediate throughout the
catalytic cycle. This analysis will offer valuable insight into the

ChemSusChem 2019, 12,1-12 www.chemsuschem.org

CHEM:>USCHEM

Minireviews
ECEC pathway CECE pathway
e- H*
)5_01\\ p-Ka1
@ @ @
H, H* H, e-
pKaz pKay pKa; E%
H* H*
H_MIIIL' M"L‘—H H_MIIIL- M”L.’—H
e- e-

EECC pathway

@%o,\

ML)
Hz e-
pKay E%,
H+
H — MIHL. M|L'
\DK&«

H*

Reduced intermediates Hydride intermediates

() Initial state

Scheme 4. Representation of sequences and putative intermediates consid-
ered for studying the HER.

order of the steps, location of protonation sites in the catalyst,
and whether one can expect stepwise or concerted processes.
To illustrate this, we show examples of recent mechanistic
studies of homogeneous catalysts. We examine cases involving
the two possible reactive center setups, with studies showing
various possibilities regarding the order of reaction steps.

3.2.1. Metal-centered reactivity

In this type of mechanism, the formation of H, occurs at the
metal center. The generated metal hydride will catalyze the
formation of a hydrogen molecule, with the ligand assisting by
binding one proton. Based on some studies discussed above,
hydrogenases follow this kind of reactivity.”’=% This idea still
inspires the development of organometallic complexes in an
attempt to reproduce catalysis observed in these biological
systems. For example, Duboc and co-workers sought to create
a biomimetic [NiFe]-hydrogenase model (LNi"Fe'"Cp~(CO); L=
2,2'-(2,2’-bipyridine-6,6'-diyl)bis(1,1-diphenylethanethiolate),

Cp = cyclopentadienyl)."® DFT calculations (BP86 and B3LYP/
def2-TZVP) were used to inspect specific intermediates that
would be similar to those present in the catalytic cycle of
[NiFe]-hydrogenase. They showed that properties calculated
for these intermediates matched that of experimental infrared,
EPR, and NMR spectroscopy data. Analysis of the electronic
structure showed the formation of a radical in the ligand, and
spin density was mostly localized at the Ni center upon the
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second reduction. This suggests Ni-centered reactivity."”? On
the other hand, Tang and Hall tested different mechanistic hy-
potheses (B3P86/def2-TZVP) and showed that a Fe-centered re-
activity would have a lower energy pathway.”/®H>2’EE The
choice of their methodology was justified based on results
consistent with EPR and NMR spectroscopy measurements for
the initial structure, as well as a comparison of DFT-optimized
and X-ray crystallographic structures.”®* A complete picture
of the free energy profile for distinct pathways shows an Fe-
centered catalytic mechanism, in which protonation takes
place at the Fe center and a thiol group, in an E[ECEC] mecha-
nistic order.

Complexes mimicking [NiFe]-hydrogenases were not re-
strained to have a [NiFe] metal center. Prior to the NiFe com-
plex described above, NiRu catalysts were synthesized, in an
attempt to find complexes that followed similar intermediates
to those detected in hydrogenases.*® Field et al. investigated
the catalytic cycle of [Ni(L)Ru(CO),Cl,] (L=1,2-bis(4-mercapto-
3,3-dimethyl-2-thiabutyl)benzene) by using DFT (BP86 and
B3LYP/LACV3P** + +).5% Their results showed a cycle that in-
volved an E[CECE] pathway, through which the complex was
initially activated through a two-electron reduction led by the
release of CI~, which activated the complex, {Ni'Ru'}, and gen-
erated an intermediate analogous to the Ni—L state with a re-
duced center. This was followed by the formation of a hydride
between both metal centers (Ni'Ru"), analogous to the Ni—R
state (Scheme 3). The formation of H, was then followed by re-
duction of the Ni center, which was then responsible for the
reduction of hydrogen.

Another example of the NiRu complex, proposed by Stein
and co-workers,“” aimed to model the Ni—L state. They sought
to synthesize a model that would reach the NiRu" oxidation
state for the bimetallic center; thus ensuring that Ni would lo-
calize the spin density for the reduction of hydrogen. Calcula-
tions performed at the B3LYP/def2-TZVP level reproduced the
experimental EPR parameters and were indicative of a Ni' spe-
cies. Analysis of the singly occupied molecular orbital then
showed that electronic density was localized at the Ni center.

Bioinspired catalysts are not restricted to dinuclear com-
plexes. Cobalt™*? and nickel™ catalysts have long been seen as
proficient mononuclear catalysts,*" and there has been contin-
uous research into the development of novel ligands for these
complexes. Ligands such as thiosemicarbazone-based ones can
be redox active, as shown in a Zn-based complex,”*” but this is
dependent on the metal center to which they are attached.

A recent study on a bis-thiosemicarbazone Ni" complex used
DFT (B3LYP/TZVP) to study distinct mechanistic aspects of the
catalytic cycle.®®™ The study assumed that the initial step of
the cycle was the reduction of the complex, which was a rea-
sonable assumption to facilitate protonation. Five distinct pro-
tonation sites were considered on NiL™: the Ni center; the S
atoms; and three possible N atoms, those adjacent to the Ni
center, the N atoms from the hydrazone group further from
the metal, and the N atom from the phenylthiocarbamide frag-
ment. Calculations showed a clear energetic difference be-
tween the five possible protonation states; the N atom bound
to Ni was the most energetically favorable protonation site.
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The proposed mechanism would be followed by a second re-
duction. The presence of a positive spin population at the Ni
center suggests that the metal will become a preferential pro-
tonation site and the active species for the formation of H,.
Such a cycle was proposed to be a stepwise process following
an ECEC sequence.” Another study, in which Ni was substitut-
ed for Co, showed the same type of mechanism; thus indicat-
ing that metal substitution would have no impact on the steps
of the catalytic cycle (Scheme 5), thus retaining metal-centered
reactivity.?”

[M“L] [MIIL']
N-N__N-N e ~N__N-N
R, A A )LN'R N /& M )\N'R
N™ s S N™ ™s S
H H H H
H,
M {/7\ M H*
H*
H_ Jarm
N—-N__ N-N . NN NN
R\N///\S//\S»\NR R N S/M\S)\N'R
H H H H
[MIII_HL']- [MII_NHL']

Scheme 5. Proposed mechanism for hydrogen evolution with thiosemicarba-
zone nickel and cobalt catalysts.

Another example of a Ni complex with a distinct ligand, but
with a similar ECEC-type mechanism, is a Ni—[S,P,] complex,
[Ni(bdt)(dppe)] (bdt=1,2-benzenedithiolate, dppe=1,1-bis(di-
phenylphosphino)ethane).*® In this case, the process is de-
scribed in terms of two subsequent PCET steps, in which re-
duction precedes protonation. Another difference comes from
the order of protonation, which first occurs at the Ni center
and then at the S atoms. An interesting mechanistic aspect of
this study is that, after the adsorption of the second proton by
the ligand, an intramolecular PT takes place to the Ni center;
thus forming an unstable intermediate that will lead to H, for-
mation.

The species above involve cases in which direct metal hy-
dride formation takes place. This is a property that will depend
on the metal involved. Siegbahn and co-workers analyzed a
pyridinium-based copper catalyst.*” Their calculations (B3LYP*-
D3/SDD-6-311 + G(2df,2p)) showed that direct metal hydride
formation was thermodynamically unfavorable, and protona-
tion had to occur initially at the ligand prior to formation of
the Cu—H species, followed by metal-centered reduction. The
authors noted that this might not have been the case should
the metal center have been either Fe or Co, for which direct
metal hydride formation would have been possible.””

3.2.2. Ligand-centered reactivity

The metal center is not necessarily the center of reactivity in
molecular electrocatalysts. A redox-active ligand, such as thio-
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semicarbazone, could play this role. This would allow us to
relax the requirement of having a metal complex with open
coordination, which should also have access to multiple redox
states. We described above two cases in which bis-thiosemicar-
bazone was used as a ligand to assist in metal-centered reac-
tivity. Grapperhaus ll llinot author of ref. 47, please checkllll
and co-workers studied two catalytic complexes with this type
of ligand for the HER that did not use metal hydride intermedi-
ates: one including Zn and another that was metal-free.*”’ The
absence of a role for the metal is mainly supported by the ac-
tivity of the ligand alone. Similar calculations to assess possible
protonation sites show that the hydrazino N atoms are the
most likely proton acceptors. Nevertheless, unlike the Ni com-
plex with bis-thiosemicarbazone previously discussed,”’® DFT
calculations (B97-D/6-311G(d)) did not show spin density on Zn
for the various steps in the HER. Spin density indicates a radical
character delocalized on the potential protonated sites of the
ligand; thus reinforcing the idea of ligand-centered reactivity.
Two interesting examples of Ni metalloporphyrin complexes
with open coordination were suggested to follow the same
kind of reactivity in the presence of weak and strong acids."”
Hammes-Schiffer and co-workers used DFT (B3P86/mixed
double-C) to show different pathways, depending on the acid
used.'”? For a weak acid, an E[EECC] mechanism was suggest-
ed, starting with the reduction of the nickel center, followed
by the porphyrin ring. Then PCET would occur, which could
either be concerted or a sequential ET-PT mechanism. This
step would involve ET between Ni and the ligand, followed by
PT to the porphyrin, which would come either from the acid or
the ligand itself, depending on the nature of the ligand."” In
the case of a strong acid, the order of the steps changes in the
beginning, following an E[ECEC] pathway. It starts with Ni re-
duction, followed by PCET, with the electron going from the Ni
center to the porphyrin ring and protonation of the ligand.
There are several examples of catalysts in which the ligand
alone does all the work, and we refer the interested reader to
a specialized review by Zhang and co-workers.” It is worth
mentioning that it is possible for the metal to assist in the cat-
alytic cycle, acting as a redox site, but the protonation sites are

[M'L] [MI-NHL
3 : e H\ :/\
N—N__ N-N H', e N—N__ N-N
R A \M/ R R A \M/ X R
°N el N’ : N N’
N s s N N7 s N
MII
H \/ /
H\ \ /. /7 \ /
o NN NN —N___N-N
o M J «~— R i\ R
NAS/ \S)\N e \N//\S M\s)\
H H H
[MI-(NH)(N'H)L-] [MI_(NH)ZL]+

Scheme 6. Proposed mechanism for hydrogen evolution with a thiosemicar-
bazone copper catalyst.
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away from it, which requires intramolecular ET across the
ligand. We discussed above a few examples involving bis-thio-
semicarbazone. Grapperhaus and co-workers performed a
study on a Cu" complex with such a ligand.®” Their study in-
volved the use of DFT (B3LYP/6-311g(d,p)) calculations to in-
vestigate the energetics associated with the stability of various
intermediates for distinct spin states and protonation sites.
This helped the authors to propose a CECE-type mechanism. It
starts with protonation of the hydrazino N atom. Next, reduc-
tion of the Cu center takes place, followed by protonation of
the second hydrazone N atom on the opposite side of the
complex. The second reduction leads to intramolecular PT
from one of the hydrazino N atoms to the coordinated N atom
to the metal center adjacent to the opposing protonated hy-
drazino N atom. The metal center acts as an electron donor for
H, formation taking place in the ligand (Scheme 6).°”

3.3. Environmental effects

The environment plays an important role in modulating the
energetics of every intermediate state in a chemical reaction,
as well as being a source of protons, coming from solvent mol-
ecules or acids present in solution. The polarity of the solvent
dictates the dielectric constant, which affects the screening of
Coulombic interactions for PT and ET. This would impact on
the energies of every intermediate, and consequently, on the
redox potentials and pK, values. It can also affect the geometry
of the complex, in which the presence of hydrogen bonds can
stabilize distinct conformations to those more prevalent in
nonpolar solvents.?’ Additionally, solvent molecules can bind
to the complex, modulating its molecular orbitals to facilitate
reduction. This role can also be played by ions in the solution
in a process known as anation. All of these possibilities must
be considered when looking at mechanistic alternatives
(Scheme 7).

The proton source can have an impact on the electrocatalyt-
ic potential of the complex. Anodic shifts of more than 300 mV
were observed for Co and Ni diimine-dioxime complexes in
the presence of strong acids used as proton sources. The shifts
are observed for specific oxidation states of the complex, as
well as at particular protonation states, and thus, are a useful
piece of information for studying possible catalytic mecha-
nisms. Solis et al. described this anodic shift effect theoretically
in a series of cobalt-oxime complexes by using DFT (B3P86/6-
311 +G(d,p)) due to protonation on the oxime bridge,*¥ and
calculated pK, values for the possible oxidation states of the
metal center; thus offering insights into the strength of the
acid required for protonation. This information is then used to
inspect the feasibility of different pathways for their catalytic
cycle. Artero and co-workers arrived at similar conclusions
upon directly calculating the redox potentials for a cobalt dii-
mine—dioxime catalyst in the presence of different acids.””

An example of such an investigation was performed by Pan-
neerselvam and Jaccob,”® based on experimental studies by
Chang and co-workers.®” They used DFT (B3LYP/6-31G(d)) cal-
culations to study proton reduction involving a Co" center
with a pentapyridyl ligand solvated by acetonitrile in the pres-
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Scheme 7. Representation of the solvent-bound and anation reaction pathways to form hydride intermediates.

ence of acetate anions. They investigated various different
mechanistic pathways, such as cooperative reduction between
singly protonated complexes, unimolecular homolytic cleav-
age, and pathways involving anation at distinct intermediate
steps. They wanted to assess the role of acetate ions in the re-
duction of the complex to a Co"—H species. Whereas the pro-
tonation of Co' was shown to be the rate-limiting step, anation
of the complex, substituting a bound acetonitrile with an ace-
tate ion, was shown to alter the energetics of proton reduc-
tion. They showed that the substitution step was rate deter-
mining in the anation pathway. Subsequently, reduction is fol-
lowed by rapid PT, leading to Co"—H formation. A comparison
between the various pathways studied therein shows the im-
portance of anation for this complex.

As with anation, the solvent-bound complex will have differ-
ent properties, such as modulation of the redox potential of
the complex. An example by Hammes-Schiffer and co-workers
used DFT (B3P86/mixed basis set) to show a plausible mecha-
nism to describe catalysis of the HER for a [Ni(PPhN)] complex
in acetonitrile, in which the solvent plays such role.®® In this
particular case, the binding of CH;CN changes the geometry of
the Ni center, from a tetrahedral coordination to a pentacoor-
dinate center, with the addition of an extra electron from the
ligand itself to the metal center. The ligand can then affect the
stability of the various oxidation states of Ni. In this case, accu-
rate estimates of redox potentials need to take into account
the possibility of ligand release.’® Additionally, the authors
generated a theoretical Pourbaix diagram to illustrate the dis-
tinct possible PCET process that could take place in the catalyt-
ic cycle, such as one-electron/one-proton and two-electron/
one-proton processes, and the two-electron/two-proton pro-
cess observed experimentally for a range of pH values be-
tween 7 and 12.

All information obtained from these effects can be used in
the optimization of catalysts. One way is by manipulating rela-
tive pK, values of the complex through substituents®'¥ or by
choosing different acids and/or solvents. Theoretical Pourbaix
diagrams are essential for such a purpose;'>® thus allowing
tests on how changes in acidity and reduction potentials can
lead to a more spontaneous catalytic cycle.
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4. Summary and Outlook

Nowadays most research groups usually combine experiment
and theory to investigate molecular entities related to biologi-
cal systems. Quantum chemistry has been established as a val-
uable tool that can serve either to validate the conclusions
that have been drawn from experimental data or to distinguish
between those possibilities that are left open. Theoretical cal-
culations thus allow a close connection with experiment and
often lead to important clues about the electronic and spectro-
scopic properties, as well as the reactivity, of the systems
under studied.

Herein, we have discussed the current theoretical ap-
proaches used to decipher reactions mechanisms involving
small-molecule catalysts for the electrochemical HER. We have
presented many possible types of catalytic cycles and our cur-
rent understanding in the context of the most recent bioin-
spired and biomimetic homogeneous HER catalysts. We have
shown that computations can be used to model reduction po-
tentials and pK, values to investigate the thermodynamics and
mechanisms of the HER. They are useful to generate free
energy reaction pathways and Pourbaix diagrams, to eventual-
ly identify the thermodynamically favorable mechanisms and
to indicate the most stable species under specified experimen-
tal conditions.

Theoretical calculations are also important to predict the ef-
fects of different substituents, ligands, and metal centers on
the electronics, thermodynamics, and mechanisms of molecu-
lar electrocatalysts. The correlation between theory and experi-
ment is critical to test and validate the theoretical predictions,
and drive the methodological developments toward experi-
mentally accessible systems. The value of theoretical calcula-
tions is thus not limited to rationalizing experimental observa-
tions. In conjunction with experimental validation, numerical
approaches can play a key role in the efforts to design efficient
catalysts, and to assist in the development of new homogene-
ous catalysts. Numerical investigations reported in the litera-
ture thus provide a proof-of-concept that quantum chemistry
can be used nowadays as a predictive tool to rationalize reac-
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tivity, enhance catalytic activity, and guide the design of new
synthetic targets for the HER.

Important directions to be followed for the future design of
HER catalysts were recently discussed by Zhang and co-work-
ers.” Most current research is actually focused on developing
electrocatalysts that feature metal-centered reactivity. Never-
theless, it seems that redox-active catalysts promoting electro-
and photochemical ligand-centered hydrogen evolution, as
well as metal-free organic compounds, are very promising
leads to interesting discoveries and creative ideas in the
design of innovative molecular catalysts.

Ultimately, the development of hydrogen evolution catalysts
will contribute to a better understanding of the catalytic mech-
anism of H, formation by hydrogenases and to the develop-
ment of efficient mimics that model not only the structure and
function of the active site of this enzyme, but also its impres-
sive reactivity.
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