Open Access Article. Published on 05 February 2025. Downloaded on 1/24/2026 5:07:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

’ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
8113

Received 20th December 2024,
Accepted 4th February 2025

DOI: 10.1039/d4dt03507k

Hydrogen evolution reaction mechanisms in
thiosemicarbazone metal complexes: a combined
theoretical and experimental investigation on the
impact of proton sourcet
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In the pursuit of developping efficient and green methods for hydrogen production, a key focus is the
development of the most energy-efficient catalysts. The analysis of various proton sources primarily aims
at eliminating rate-limiting steps associated with protonation events and ensuring the stability of the cata-
lyst. In this work, we report how two distinct proton sources can cause a mechanistic shift in the hydro-
gen evolution reaction. Specifically, we explore this reactivity change in the presence of triethyl-
ammonium and trifluoroacetic acid with two thiosemicarbazone-based complexes, using cobalt and
nickel metal centers. Our combined experimental and theoretical results reveal that the complete
sequence of steps leading to hydrogen release strongly depends on the proton source. This demonstrates
the importance of thoroughly investigating the interactions between a catalyst and a proton source to

rsc.li/dalton

Introduction

With the increasing prominence of hydrogen as a key fuel
source, the development of new catalysts able to perform the
hydrogen evolution reaction (HER) continue to advance. Most
of the focus has been put on molecules that either mimic the
structure or the function of hydrogenases."™® However, the
choice of proton sources is a rather overlooked area of study.
Discussions often focus on finding acids that are strong
enough to ensure that proton transfer does not become the
rate-limiting step, while still maintaining the stability of the
catalyst."® Different proton sources, such as triethylammonium
(EtzNH") and trifluoroacetic acid (TFA) will interact with cata-
lysts in different ways, leading to multiple hydrogen-bond
interactions that can result in proton transfers to distinct pro-
tonation sites. Furthermore, it is worth noting that, as the
redox state of the catalyst changes during the HER process, the
proton affinities of each potential protonation site also evolve.
Considering HER involves more than a single electrochemical
event, the pK, of the proton source and the catalyst’s nature
can influence the sequence and location of proton transfer

Aix-Marseille Univ, CNRS, Centrale Med, iSm2, Marseille, France.

E-mail: michail. papadakis@univ-amu.fr, maylis.orio@univ-amu.fr

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4dt03507k

This journal is © The Royal Society of Chemistry 2025

optimize hydrogen evolution systems.

steps. This versatility can lead to different catalytic cycles,
depending on the specific conditions at play.

We have recently reported comprehensive experimental and
theoretical studies investigating the mechanisms of homo-
geneous HER catalysts based on non-innocent thiosemicarba-
zone (TSC) ligands which can actively participate in the cata-
lytic process by storing both electrons and protons.’>>* These
studies focused on a Ni-based TSC complex (NiTSC-OCHj;) in
the presence of trifluoroacetic acid (TFA),"®*"** and an analo-
gous Co-based complex (CoTSC-OCH;) using triethyl-
ammonium (Et;NH").>>** In these studies, the nature of both
the metal centre and the proton source differs, resulting in dis-
tinct reaction pathways. Interestingly, our complementary
study on a series Ni-based complexes explored how chemical
modifications to the non-innocent TSC ligand might influence
the reaction pathway, considering three substituents of
different electron-donating abilities placed at the para position
on the phenyl rings.”’ Our findings indicated that these
changes had no significant impact on the catalytic cycle and
only affected the HER catalysis parameters.”® However, the
precise factors responsible for the variations in catalytic per-
formance remain unclear. Consequently, further exploration
was needed to unravel how parameters such as electronic pro-
perties of the metal, proton transfer dynamics, and ligand
interactions contribute to the observed mechanistic discrepan-
cies and influence the overall efficiency of the catalysts in the
HER process. In this work, we aimed to conduct a more in-
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Scheme 1 Structures of nickel and cobalt thiosemicarbazone com-
plexes considered in this work.

depth comparison between two TSC metal-based catalysts,
namely NiTSC-OCH; and CoTSC-OCH; (Scheme 1) by examin-
ing their behavior using TFA and Et;NH" as proton sources.

Our study reveals that the catalytic mechanism can shift
depending on the choice of acid. While it is usually assumed
that a stronger proton source will enhance HER catalytic perform-
ance by facilitating proton transfer, our results indicate that the
interaction between the acid and the catalyst is more nuanced,
with different acid-catalyst pairs leading to distinct catalytic path-
ways. This is an important finding, as any attempt to optimize a
given catalyst needs now to account for its exact interaction with
the acid and distinct rate-limiting steps.

Results and discussion
Synthesis and characterization

Syntheses of complexes NiTSC-OCH;, CoTSC-OCH; and
Et;NHBF, salt were performed following protocols previously

reported in literature.>>>>>°

Electrocatalytic studies and benchmarking of performances

Cyclic voltammograms (CV) in catalytic conditions were
recorded using experimental conditions similar to those
employed in our previously reported studies for electrocatalytic
proton reduction combining NiTSC-OCH; with trifluoroacetic
acid (TFA)'® and CoTSC-OCHj; with triethylammonium tetra-
fluoroborate (Et;NHBF,).* In this work, we considered switch-
ing proton sources for each complex to investigate the reactiv-
ity of NiTSC-OCH, with Et;NHBF, and that of CoTSC-OCH;
with TFA. The redox behaviour of the complexes was first
investigated in the potential range between 0 and —2.6 V vs.
Fc'°. The experiments were performed at room temperature,
with a glassy carbon electrode in a nitrogen-purged anhydrous
DMF solution, containing tetrabutylammonium hexafluoro-
phosphate (NBu,PFs) as a supporting electrolyte. In the
absence of acid, two quasi-reversible processes are detected in
the cathodic region for both complexes (Table 1).

To study the capability of the two complexes to mediate
proton reduction catalysis, we recorded their cyclic voltammo-

Table 1 Electrochemical data for Ni- and Co-TSC-OCH3 complexes (V

vs, Fct/0)19.20
Complex E° 1% reduction  E° 2™ reduction  E° 3™ reduction
CoTSC-OCH; —0.60 —1.48 —2.48
NiTSC-OCH; -1.57 —-2.20 —
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grams under nitrogen in the presence of a proton source using
TFA (pK, = 6.0 in DMF)*” with CoTSC-OCH; and Et;NHBF,
(pK. = 9.2 in DMF)"* with NiTSC-OCH; (Fig. 1 and S17).
Focusing on the cobalt complex with TFA, the addition of acid
triggers the appearance of three irreversible waves indicative of
potential-dependent mechanisms and consistent with previous
observations for NiTSC-OCH; with TFA. The first wave displays
a peak potential at —1.42 V vs. Fc”’® while the peak potential of
the next two waves are shifted to more negative values upon
successive additions of TFA (from —1.79 to —1.89 V, and from
—2.09 to —2.37 V vs. F¢"’°, with 10 and 60 mM of acid, respect-
ively). The mid-wave potential of the process occurring at more
positive potentials is of —1.28 V vs. F¢™° and its intensity is
correlated with acid concentration in the solution (Fig. S21). A
different response in current is obtained for NiTSC-OCH; in
the presence of Et;NH" with the appearance of two irreversible
waves upon acid addition (Fig. S2}). The first wave with a peak
potential at —1.65 V vs. F¢™’® is mostly unaffected when raising
acid concentration, while the second one slightly shifts with
increasing amounts of Et;NH (from —2.28 to —2.42 V vs. Fc°
with 20 and 100 mM of acid, respectively). This catalytic wave
displays a mid-wave potential of —2.08 V vs. Fc¢'® with a
current response proportional to acid concentration.

04
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= —— CoTSC-OCH, 1 mM
-150 4 +TFASmM
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+TFA 20 mM
-200 + TFA 30 mM
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Fig. 1 Successive cyclic voltammograms of a DMF solution (0.1 M
NBu4PFe) with 1 mM of (top) CoTSC-OCHj5 in the presence of increasing
amounts of TFA and (bottom) NiTSC-OCHj5 in the presence of increasing
amounts of EtsNHBF,. Scan rate 500 mV s~ using a glassy carbon
working electrode.

This journal is © The Royal Society of Chemistry 2025
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Dip and rinse tests were performed to confirm that the
current response observed upon adding a proton source was not
due to the absorption of any species on the electrode surface.

After each measurement, the working electrode was trans-
ferred to a fresh DMF solution (0.1 M NBu,PF). Following the
addition of either TFA or Et;NH', no catalytic wave was
recorded, confirming that these systems are homogeneous in
nature (Fig. S31). To confirm that the observed catalytic waves
resulted from the electrocatalytic reduction of protons into
hydrogen, bulk electrolysis experiments were conducted along-
side gas analysis.

Solutions were prepared in 8 mL of DMF (0.1 M NBu,PF)
containing 1 mM of each complex. For NiTSC-OCHj3;, 100 mM
of Et;NH" was added, while for CoTSC-OCH;, 60 mM of TFA
was used to match the conditions of our previous reported
works. Continuous in-line GC analysis was used to monitor
the gas products from each reaction. A mercury pool working
electrode was employed to ensure that any nanoparticle
formed during the catalysis would be absorbed into the
mercury, thereby maintaining the systems’ homogeneity.

For the cobalt catalyst with TFA, bulk electrolysis experi-
ments were performed by applying a controlled potential of
—1.6 V vs. Fc'’® for 16 hours and the complex demonstrated
catalytic activity for proton reduction (Fig. 2 and S4+).

Both catalysts produce hydrogen with TFA using similar
applied potential values (1.6 and —1.7 V vs. Fc'® for
CoTSC-OCH; and NiTSC-OCHj respectively). While the turn-
over frequency (TOF) of CoTSC-OCHj; is higher at early-stage
catalysis (96 s™* vs. 11 s™' for NiTSC-OCH;), they eventually
yield fairly similar TOF values after 16 h of catalysis (117 and
90 s, respectively). However, the cobalt complex provides
enhanced H, production compared to the nickel analogue
with higher turnover number (TON) and faradaic yield (FY, 35
and 88% vs. 21 and 80% for NiTSC-OCHj3, Tables S1 and S2t)
and displays a decreased overpotential value, 7 (0.294 V vs.
0.344 V for NiTSC-OCHj3, Table $31)."°

For the nickel catalyst with Et;NH', measurements were
performed at a fixed potential of —2.1 V vs. Fc® over 4 hours
(Fig. 2 and S5t). Comparing the catalytic performances of the
two complexes with Et;NH', the Co complex significantly out-
performs the Ni analogue in every aspect. Indeed,
CoTSC-OCH; mediates proton reduction into hydrogen at a
lower applied potential (-1.6 V vs. —2.1 V wvs. Fc for
NiTSC-OCH;) to provide increased FY (65 vs. 58% for
NiTSC-OCH3;) and TON (9 vs. 2 for NiTSC-OCH;) leading to a
higher efficiency with an enhanced TOF value (130 s~ vs. 24
s~! for NiTSC-OCH;) and a lower overpotential requirement
(0.311 V vs. 0.908 V for NiTSC-OCHj, Tables $1-S37).”° For
both proton source, the cobalt-based TSC complex seems to be
a better catalyst for hydrogen evolution that its nickel counter-
part. However, the mechanistic implications of the proton
source strength cannot be firmly established based only on the
current set of experimental data. The main insight we can get
originates from the UV-vis data of the complexes recorded
both in the presence and absence of proton sources.
Considering no change is observed in the spectral signatures

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Coulometry of CoTSC-OCH3z with 60 mM TFA during bulk elec-
trolysis experiment at —1.6 V vs. Fc*/° (top blue line) and blank experi-
ment of 60 mM TFA in the absence of CoTSC-OCHj5 (top grey line) and
NiTSC-OCH3 with 100 mM EtsNHBF, during bulk electrolysis experi-
ment at —2.1 v vs. Fc*’® (bottom red line) and blank experiment of
100 mM EtzNH?* in the absence of NiTSC-OCHj5 (bottom grey line). The
electrolytic solutions contain 0.1 M NBu4PFg in DMF and 1 mM of each
complex. Bulk electrolysis experiments were performed using a mercury
pool working electrode.

with and without acid (Fig. S671), these data indeed support
our previous analysis suggesting that the reaction mechanisms
involving our nickel and cobalt complexes do not involve an
initial protonation step.**">*

To better understand how acid strength influences the HER
pathway, we have conducted an extensive theoretical investi-
gation of the possible catalytic cycles involving CoTSC-OCHj;
and NiTSC-OCH; using density functional theory (DFT) calcu-
lations. Our computational studies will allow us to probe the
reaction energetics of both thiosemicarbazone metal-based
complexes in the presence of each proton source, providing
valuable insights into the underlying mechanistic differences.
Through theoretical modelling of the reaction pathways, we
aim at identifying key steps in the catalytic cycle where the
proton source could have significant effect.

DFT Calculations: pK, values of protonation sites

Scheme 1 shows the structure of the two complexes analyzed
in this work. In our study of CoTSC-OCH; with Et;NH',** cal-
culations showed that HER proceeds via a metal-centered
pathway, with the ligand playing mainly the role of electron

Dalton Trans., 2025, 54, 8113-8122 | 8115
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relay (Fig. S71). The reaction under investigation usually pro-
ceeding via the transfer of two electrons (electrochemical step,
E) and two protons (chemical step, C) to form H,, the catalytic
mechanism involving CoOTSC-OCH; with Et;NH' was found to
be an (E) ECEC-type cycle with the first step (E) being an acti-
vation step associated with the release of an axial NCS ligand
(Scheme 2).%* In contrast, HER for NiTSC-OCH; with TFA has a
ligand-centered reactivity, with protons and electrons being
stored in the ligand (Fig. S87). In this case, we showed that the
catalytic cycle proceeds via two pathways, both involving two
subsequent proton-coupled electron transfer reactions,
[EC][EC]. The difference between these pathways lies with the
difference in protonation states, with one of the mechanisms
requiring the presence of a third proton, this latter step one
being rate-limiting.>*

Our main question is whether these differences in mecha-
nism are metal-dependent, acid-dependent, or an interplay
between both. We first need to review the relative pK,s for pro-
tonating the possible sites in both complexes following the
methodology used in our previous studies (Tables 2 and
3).>*2* Four possible sites were considered: M (Ni or Co), S, Ny
and Ny (Scheme 2). Other sites were excluded from this ana-
lysis based on previous studies.'® We then performed free
energy calculations for the protonated complexes and com-
pared the free energy differences of the distinct protonation
states. For the two complexes, with both acids, we are assum-
ing that the complexes have already been reduced once. For
NiTSC-OCHj;, this is in line with cyclic voltammograms and
UV-vis spectra in the presence of TFA,>' and since TFA is a
stronger acid than Et;NH', we would expect the same behavior
with the latter. In the case of CoTSC-OCHj;, a first reduction
step is necessary to activate the complex for the beginning of
the catalytic cycle, regardless of the proton source.*’ Thus, for
investigating the first protonation event, we are only looking at
one-electron reduced species. For NiTSC-OCHj;, we are not con-
sidering two subsequent reduction events, as those would require
larger potentials to be applied (—2.29 vs. F¢°)** and the same is
true for three subsequent reduction reactions for CoTSC-OCH;
(—2.36 V vs. Fc"’?).%® Taking this into account, we see that Ny is
the most favourable site for protonation for both complexes after
a single reduction. Table 3 suggests that the preferred protona-
tion site can become the metal center for CoTSC-OCH3, depend-

OCH;

Scheme 2 Structure of the two complexes studied in this work. M rep-
resents either Ni or Co, Ny is the N atom coordinated to the metal
center, Ny, the distal N atom and NCS the axial ligand in CoTSC-OCH3
dissociating after the first reduction.
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Table 2 Relative pK,s for the first and second protonation event of
NiTSC-OCHj; for distinct oxidation states. Due to a break in symmetry
from protonating one of the Ny atoms (first protonation), we shall make
a distinction between sides 1 and 2 of the complex, in which Ng,; is the
first protonated site. Results shown for two oxidation states: after the
first (1Y), and second (2"%) reduction events. Negative results indicate a
lesser likelihood of protonation. Results highlighted in grey show the
best candidates for protonation. Those marked as ‘—' with TFA™ corres-
pond to unstable protonation states, where the proton moves back to
form TFA upon geometry optimization

NiTSC-OCHj;

Protonated sites 1% ond
1% protonation

Ny 0 —
Nyt —-4.2 —

S —-8.2 —
M -10.8 —
2" protonation, without TFA~

Na1, Naa 0.0 0.0
Na1 N —-6.5 —-0.4
Nay Ny o -10.0 —-0.6
Ny Sa -7.2 —4.1
Nay1 S, -8.7 -4.6
Ny, M -15.5 -43
2" protonation, with TFA~

Na,1, N2 0 0
Nas Ny —-2.7 3.1
Ng,1 M — —

Table 3 Relative pK,s for the first, second and third protonation events
of CoTSC-OCH;3; for distinct oxidation states. Due to break in symmetry
from protonating one of the Ny atoms (first protonation), we shall make
a distinction between sides 1 and 2 of the complex, in which Ny, is the
first protonated site. Results shown for two oxidation states: after the
first (159, and second (2" reduction events. Negative results indicate
lesser likelihood of protonation. Results highlighted in grey show the
best candidates for protonation. Those marked as ‘—' with TFA™ corres-
pond to unstable protonation states, where the proton moves back to
form TFA upon geometry optimization

CoTSC

Protonated sites 1% ond 3t
1% protonation

Ny 0.0 0.0 —
Num -19.1 —6.8 —

S -9.6 —6.8 —

M -11.1 3.0 —
2™ protonation, without TFA™

Ng1, Nao 0.0 0.0 0.0
N1 Nyt -15.7 -7.3 2.3
Nay Ny o —24.7 -12.5 2.5
Ny Sy -16.4 -14.2 -11.9
N1 Sa -9.9 —7.2 -5.8
M, Ny -14.8 0.1 8.5
M, Ny — -16.8 0.4
M, S -8.6 -8.3 0.2
M, M — -8.6 13.8
2™ protonation, with TFA™

Na1, Nao — 0.0 0.0
N1 Ny g — 2.5 4.7
Ngg M — 2.0 7.6
M, Ny — — 1.0
M, M — —-2.5 12.1
3™ protonation, with TFA~

Na.1 Nyiay N — 0.0 0.0
Ng,1, M, Nq,» — — 1.3
Ng 1, M, Nyt — -5.8 2.6
Ng, M, M — — -2.5

This journal is © The Royal Society of Chemistry 2025
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ing on the oxidation state of the complex. On the second proto-
nation, it is important to consider the presence of TFA, as a poss-
ible double H-bond interaction between this proton source and
the complex can take place.

This interaction involves the protonated Ny, the conjugated
base TFA™ and either the adjacent protonated Ny, atom for
NiTSC-OCH,,** or the metal centre for COTSC-OCHj;. Such inter-
action can affect the pK,s of the adjacent Ny; or M atoms. Since
it is not the case with Et;NH', free energy and relative pK, calcu-
lations in the presence of the conjugated base TFA™ were per-
formed only for the stronger proton source. Our results suggest
that, for NiTSC-OCH; with TFA, protonation could occur either
on the second Ny atom or on the Ny atom adjacent to the pre-
viously protonated Ny atom. This leads to two possible catalytic
pathways, involving two and three protons.*

In the case of Et;NH', Table 2 suggests that we would most
likely go through the two-proton mechanism for NiTSC-OCHs,
with first and second protonation events occurring at both Ng4
atoms. Thus, the main change in the catalytic mechanism for
NiTSC-OCH; when considering TFA and Et;NH' as proton
sources lies in the fact that TFA enables a second pathway.

While the complexity in the catalytic mechanism of
NiTSC-OCH; lies with the possibility of three protons, for
COTSC-OCH; we have to consider the transfer of three
electrons.>®*® Previous studies on the HER for CoTSC-OCHj,
with Et;NH' show that, after an initial reduction step, the cata-

ST L L L L L LT o
.

NiTSC-OCH,

NiH-L°

sssnnume
e,
.

ananss®

Ni-L® —{i5a}> Ni-L {229 Ni-L2

F o

Ni-LH* —>&— Ni-LH {18156 Ni-LH"

i,

Ni-LH,* —i37}> Ni-LH,°

i CoTSC-OCH,

ApK, -
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Iytic cycle follows an ECEC sequence, with the metal center
being the preferred protonation site (Table 3). However, this is
the only mechanism available in the presence of Et;NH'. With
a stronger acid such as TFA, protonation could occur right
after the activation step, and if that is the case, Co is no longer
the preferred protonation site, but rather Ny. In the next
section, we will show how this order of steps can be changed,
leading to distinct pathways being accessed.

DFT calculations: the catalytic cycles

From the data presented in Tables 2 and 3, we can focus the
study of the catalytic cycle on the most relevant protonation
sites according to the oxidation state of the complexes. Fig. 3
displays the pathways that can be taken for NiTSC-OCH; and
CoTSC-OCH; as function of the proton source strength. We
herein report relevant redox potentials, proton transfer free
energy differences, as well pK, differences between the
complex and the proton source.

Starting with NiTSC-OCH3;, since the metal center is unlike
to be a proton relay, all the process focuses on the ligand, with
the first two protonation events taking place at the Ny atoms,
and the third one to the Ny, site. The main striking difference
between the catalytic cycles for the two proton sources is that
TFA can induce proton-coupled electron transfer reactions,
whereas for Et;NH', the cycle undergoes stepwise electron and
proton transfers. For TFA, we previously reported that two

CoH-L°—-136}> CoH-L"

ApK,

Co-L° Co-L {23656 Co-L*

ApK,
ApK,

Co-LH*—{-056}> Co-LH {1846 Co-LH-

CEK

CoH-LH WCOH LHO

Fig. 3 Possible pathways of HER for NiTSC-OCH3 and CoTSC-OCHSs. Protonation is marked as being either on the metal or the ligand, with the
specific protonation sites in the ligand determined by Tables 2 and 3. Numbers in red (V vs. Fc*/%) correspond to reduction potentials. Numbers in
yellow (TFA) and blue (EtsNH*) correspond to pK, differences between the complexes and the proton source, as well as reaction-free energy differ-
ences, all in eV. Red crosses correspond to processes unlikely to occur due to either too negative potential requirements, or large unfavourable pK,

differences (negative numbers are unfavourable).

This journal is © The Royal Society of Chemistry 2025
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possible mechanisms were at stake: one involving two protons
and two electrons, and another with three protons and two
electrons. Both catalytic pathways consisted in two successive
PCET providing Ni-LH® and NiLH,° and following an [EC][EC]
sequence for the first mechanism while the third protonation
event involved in the second mechanism provided NiLH;" fol-
lowing an [EC][EC]C sequence. Particularly for Et;NH', UV-Vis
experiments show that the absence and presence of the proton
source does not affect the spectrum (Fig. S6t). This finding
suggest that we can discard a mechanism starting with a
chemical step (CE and CC) and consider the first part of the
cycle being either a stepwise EC process, or a single and con-
certed [EC] step. As opposed to TFA, our calculations do not
predict that a proton-coupled electron transfer is feasible,
leaving only the possibility of a reduction as first step (—1.54 V
vs. Fc'%) providing NiL™. From there, the arrival of a second
electron is unlikely (—2.29 V) while a proton transfer would be
able to occur since the ApK, is rather small (—3.8). In this case,
such protonation in the presence of Et;NH' would occur at Ng
(Table 2), leading to Ni-LH® through a stepwise electron-proton
transfer, EC. The second part of the cycle with Et;NH' is pre-
dicted to be a stepwise proton-electron, CE, considering the
unfavourable energy requirement for a reduction step following
the EC sequence (—1.84 V). In this case, the second protonation
would occur at Ny leading the formation of NiLH, before a
second electron is transferred (—1.37 V) to form the catalytic
active species NiLH,’. It is worth noting that pK, differences
between the catalyst and the acid are negative, and reaction free
energy differences are substantially positive for all proton transfer
events, meaning that the proton transfer reactions are energeti-
cally unfavourable, and thus are likely to become rate-limiting
steps in the HER process, in contrast with TFA, where the final
H, bond formation is the rate-limiting step. These results thus
indicate that the reaction mechanism for NiTSC-OCH; with
Et;NH' proceeds through an ECCE sequence.

In the case of CoTSC-OCHj;, the situation is more complex,
especially since the metal center is now playing an active role
in the catalytic cycle, holding both protons and electrons. Our
previous theoretical study focused on the reaction mechanism
of CoTSC-OCHj; with Et;NH' showed the catalytic cycle can be
best described as a (E) ECEC sequence with a first reduction as
the activation step providing CoL° and two successive stepwise
electron-proton transfers. The first EC steps provided CoL™
and CoH-L°, while the subsequent EC steps lead to formation
of CoH-L~ and CoH,-L°, respectively. Considering the catalytic
cycle of CoTSC-OCH; with TFA and CoL’ as the starting
species, either a reduction or a protonation event can occur at
this stage. From Fig. 3, we can see that pK, differences for an
early proton transfer are negative regardless of the acid (ApkK,
= —1.2 and —10.8), meaning that the process is energetically
unfavourable. We thus consider that a mechanism starting
with a chemical step (CE and CC) is unlikely to occur which
points at the first two steps being either an EC or an [EC]
process. From CoL’, a subsequent reduction step predicted at
—1.43 V vs. F¢™° is possible and from there, only a proton
transfer would be able to occur. In such case, proton transfer
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seems to be feasible with TFA, since the ApK, values are both
favorable (9.7 and 6.2, respectively). Such protonation in the
presence of TFA could occur either at Co or at Ng4 (Table 3), pro-
viding thus CoH-L° and Co-LH’. It is worth noting that a
proton-coupled electron transfer, occurring at —1.15 V and pro-
viding Co-LH®, is also predicted according to our calculations.
This reduction process being more than 0.25 eV less negative
than in the absence of TFA (—1.43 V), such stabilization effect
strongly suggests a PCET phenomenon, just like for NiTSC-OCHj;
with TFA also featuring [EC] as the first steps of the catalytic
cycle. A change of similar magnitude in reduction potentials is
also observed in the cyclic voltammograms of CoTSC-OCHj;
(Fig. 1) featuring a mid-wave catalytic potential of —1.28 V vs. Fc"/
® compared to the 2™ reduction potential of —1.48 V vs. Fc™°
(Table 1). From there, the arrival of a third electron would be un-
likely to occur (—1.84 V), meaning the second protonation event
would take place at the metal center, in the presence of TFA, pro-
viding CoH-LH' (Table 3). This second proton transfer is energe-
tically favourable and will be followed by a third electron transfer
(—0.87 V) providing CoH-LH".

The last step would involve a third proton transfer, which,
according to Table 3, would leave both Ng and Co protonated
providing CoH-LH>". The three protons are not in optimal dis-
tance for H, bond formation, requiring an intramolecular
proton transfer to take place. Table 3 shows that the second-
best candidate for the three proton-mechanism would be to
have both Ny and one N, atom protonated, the same protona-
tion pattern seen for NiTSC-OCHj3, which allows for proton
tunneling for H, formation.>* The pK, difference between
these two protonation states in CoTSC-OCHj is of 1.3, a rather
small gap that would not prevent such rearrangement from
happening. Our results show that two catalytic pathways can
occur for CoTSC-OCH; with TFA, involving the transfer of
either two or three protons, and proceeding through either
[EC]CE or [EC]CEC sequences, respectively.

To summarize, the first steps of the catalytic cycles of both
catalysts with Et;NH" are stepwise electron and proton trans-
fers, EC, but involve different protonation sites e.g. the metal
for CoTSC-OCH;** and the ligand for NiTSC-OCH;.>* Our cal-
culations indicate that the steps following the first EC sequence
are different with protonation at the ligand being favored over
the reduction for NiTSC-OCHj, leading to sequential CE steps,
while reduction remains favored over protonation for the cobalt,
providing stepwise EC steps. This mechanistic shift is consistent
with the previously reported metal-assisted ligand-based reactiv-
ity for nickel-based TSC catalysts.">** When comparing the be-
havior of the two complexes with TFA, a proton-coupled electron
transfer, [EC], is the first step of both catalytic cycles. However,
the subsequent stepwise proton and electron transfer, CE, occur-
ring for CoTSC-OCH, differs from NiTSC-OCH; undergoing a
second proton-coupled electron transfer, [EC]. Such a change in
the reaction pathway is attributed to the metal nature, based on
Table 3 which indicates that the cobalt center is a facile protona-
tion site for any investigated redox state. This is also in line with
the observed ligand-assisted metal centered-reactivity of the
cobalt-based TSC catalyst.>***
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The previous section showed that two possible reaction
mechanisms can occur concomitantly when using TFA as
proton source. One involves two protons and two electrons,
while another one requires three protons and two electrons
with the transfer of the third proton being the probable rate-
limiting steps for both catalysts.>* For the three proton-mecha-
nism, the relevant nickel and cobalt species display two adja-
cent N atoms protonated (Ng and Ny), so that two protons are
in close proximity for H, evolution. In addition, TFA™ is bound
by two H-bonds and the second N4 atom is also protonated
(Scheme 3). We thus performed a potential energy surface
(PES) scan by probing H-H distances in the [2.35-0.75 A]
range and corresponding to values larger than that for
complex equilibrium and to H, bond length, respectively
(Table S4f). The scan was performed by re-optimizing the
structure at each point, allowing the remaining atoms to relax
while keeping the H---H bond distance constrained.

The calculated PES is presented in Fig. 4. In the
[2.35-1.05 A] range, no noticeable change is observed from the
interaction between the two protons, the complexes and the
conjugated base TFA™. The distance between the complex and
TFA™ starts increasing when the H-H distance gets shorter
leading to the binding of the Ny proton to the adjacent Ny
proton. There is an drastic energy drop after the H-H distance
reaches 1.10 A, as H, is close to form, and thus dissociates
from the complex, together with TFA™. As previously observed
with our series of nickel thiosemicarbazone complexes and
other related intramolecular proton transfer processes,>!>¢73%
our results provide high activation barriers which would lead
to slow reaction rates. In the above cases as well in ours, the
energy profiles are rather thin, making tunnelling the main
mechanism. We then calculated the rate constant for proton
tunneling for the three-proton configuration occurring with
TFA, using the PES together with WKB approximation (see
details in Experimental section).>**®?® The differences in
zero-point vibrational energy (ZPVE) between the ground state
and the highest energy states were determined through harmo-
nic analysis, which provides the energy at which protons are
likely to tunnel through the barrier.

We computed the vibrational frequencies for the two
protons (Scheme 3 and Table S47), specifically for the mode
that would bring them together by fitting a parabola to the
PES near the equilibrium H-H distance (1.9-2.35 A).>* These

OCH,

Scheme 3 Schematic representation of the intramolecular proton tun-
nelling coordinate (green labels) used for potential energy surface scan.
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Fig. 4 Potential energy surface scan for the intramolecular proton tun-
nelling, leading to H, formation for the three-proton, two electron
mechanisms.

frequencies will indicate the rate at which tunnelling attempts
will occur. The tunnelling probability is finally calculated
using the WKB approximation,®®>® and the kinetic rates are
derived by multiplying this probability with the calculated fre-
quency of vibration between the two protons. Table 4 compare
the kinetics and energetics of the tunneling process for
CoTSC-OCH; and NiTSC-OCH;, showing that CoTSC-OCHj;
would be a better catalyst for this peculiar step. The barrier
from the potential energy surface of CoTSC-OCHj; is slightly
thinner and together with a slightly larger zero-point
vibrational energy, this leads to a gain of about one order of
magnitude in the tunneling rate. These data indicate that
there is no apparent correlation between the activation barriers
and calculated rates. This aligns with our previous study,
where we suggested that the calculated rates resulted from an
interplay of all relevant parameters and the contour of the
energy barrier.>* However, we observe a qualitative agreement
between the calculated rates and the kinetic experimental
data, with the difference in magnitude between the nickel and
cobalt catalysts being well reproduced by our calculations. This
is consistent with our findings on the series of nickel thiose-
micarbazone catalysts for which an agreement was also found
from comparing the computed H, turnover rates for the three-
proton, two-electron mechanism with the experimental TOF
values.*

Table 4 Comparison between CoTSC-OCH3; and NiTSC-OCH3 cata-
lysts for DFT-calculated activation barriers (AEF), zero-point vibrational
energy differences between transition and reactant states (ZPVE),
vibrational frequencies of protons towards H, formation (v(H,)), and H,
turnover rates (k(H»))

AE* ZPVE v(Hy) k(H,)
System (keal mol™) (kcal mol™") (em™) (s
NiTSC-OCH;" 55.8 3.3 2341.2 10.8
CoTSC-OCH; 54.7 3.4 2369.5 90.7

“Data adapted from ref. 24.
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Conclusions

This study provides an in-depth investigation into the HER
mechanisms of two metal-based thiosemicarbazone com-
plexes, integrating experimental work with theoretical studies
to provide a comprehensive understanding of their catalytic
behaviour. Our results confirm that the strength of the proton
source significantly influences the reaction pathways, with the
stronger proton source, TFA, favouring a proton-coupled elec-
tron transfer (PCET) as the dominant initial step in the cata-
lytic process for both catalysts. This finding is in sharp con-
trast with the step-by-step reduction and protonation events
that predominate when using a weaker proton source, such as
Et;NH'. We also showed the existence of two competing
mechanisms with TFA, involving two electrons and either two
or three protons while a single reaction pathway was identified
with Et;NH". Irrespective of the proton source, our calculations
identified mechanistic shifts between the catalysts following
the first electron-proton transfers that were attributed to the
metal-centered reactivity of CoTSC-OCH; as opposed to the
ligand-centered one for NiTSC-OCHj;. Part of these mechanis-
tic distinctions align with previous findings reported by the
group of Artero who highlighted the gap in understanding
how acid strength impacted the mechanism of cobalt-based
complexes for HER."* Their work identified distinct catalytic
pathways, with either stepwise or concerted events, featuring
different hydride intermediates. Isolating the latter can be
challenging, which complicates further characterization. As a
result, the complete sequence of steps leading to hydrogen
release remains elusive when relying solely on experimental
approaches. In this context, theoretical studies can provide a
detailed framework for analyzing the pivotal role of proton
source strength in shaping the reaction mechanism. In this
study, DFT calculations allowed to propose plausible reaction
pathways, pinpoint key intermediates, and identify potential
rate-limiting steps within the catalytic cycle. The computed
values derived from these calculations could be further com-
pared with experimental data, providing valuable insights into
the HER mechanism. For instance, our calculations indicated
that the PCET process is energetically less demanding com-
pared to the stepwise process which nicely correlates with the
lower overpotential requirements of both complexes when
using the stronger proton source. Our results also revealed the
presence of two catalytic pathways with the stronger proton
source which can be correlated to prolonged HER activity of
the catalysts with TFA when compared to that with Et;NH".
Our computations also indicated the favorable formation of
reactive hydride species with the cobalt catalyst which can be
ascribed with the enhanced catalytic efficiency of CoTSC-OCHj;
compared to NiTSC-OCH; with both proton sources at early-
stage catalysis. From the above correlations, our study lays the
groundwork for future research targeting the design of next-
generation metal-based HER catalysts with redox-active
ligands. Our findings suggest the preferential use of cobalt
systems with softer proton sources to enhance catalyst activity
and efficiency. By improving our mechanistic understanding
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of thiosemicarbazone metal-based complexes for HER, this
study highlights the potential of a multidisciplinary approach
to accelerate the optimization of catalytic systems.

Experimental section

All chemical compounds were purchased from Sigma Aldrich
and used without further purification. UV-vis spectra were
recorded on a Varian Cary 60 spectrophotometer.

Cyclic voltammetry experiments were performed using an
Origaflex OGFO1A potentiostat and a three-electrode set-up
consisting of a glassy carbon working electrode, a platinum
wire counter electrode and a Leakless (Ag/AgCl) reference elec-
trode. Ferrocene was used as an internal standard with E° (Fc"
) = 0.5 V versus Ag/AgCl for each measurement. All studies
were performed in deoxygenated DMF containing NBu,PFs
(0.1 M) as supporting electrolyte. Controlled potential electro-
lysis experiments were carried out in a two-compartment cell.
The volume of solution (DMF, 0.1 M NBu,PF) used in the
working compartment of the cell was 8 mL. The working elec-
trode used was a pool of mercury, separated from the coiled
platinum wire counter electrode by a porous frit. Bulk electro-
lysis solutions were purged with N, gas for at least 1 hour prior
to electrolysis and stirred throughout bulk electrolysis experi-
ment. During the experiment, the cell was continuously
purged with nitrogen (5 mL min~") and the output gas was
analysed at ten-minute intervals in a Shimadzu GC-2010 pro
gas chromatographer.

DFT calculations

We used the same computational protocol from out previous
studies.?*?* Calculations were performed with the ORCA
program package,”®?° with BP86/def2-TZVP(-f) as our level of
theory.**** Following ORCA’s convention, we used ‘Grid4’ and
‘TightSCF’ as our integration grid and convergence criteria.
Solvent effects from DMF were included via CPCM.>* Free
energy differences were obtained from numerical frequencies
calculations (NumFreq in ORCA). We obtained the Gibbs free
energy difference for the ferrocene reduction in DMF, to allow
for direct comparison of reduction potentials reported experi-
mentally against such reference, with AG(Fc”°) = 4.87 eV. We
used Chemcraft to create images for the 3D chemical struc-
tures and orbitals.*®

Tunneling calculations

We used the WKB approximation to obtain approximate reac-
tion rates for H, formation.>**® The probability of tunnelling
is given by:

b
2(2m

T(E) = exp {—zj % [V(x) — E]dx

a

where a and b are the initial and final H-H distances for the
protons to tunnel from one well to another of the PES. This
interval is determined based on zero-point vibration energy
differences between the ground and transition states of the
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proton tunnelling PES, which give an offset to the ground
state, reflecting the vibration of the protons following the
transfer through the PES. We -calculated the difference
between the ground and highest-energy states. As previously
reported for NiTSC-OCH,,>* we took the highest-energy state
as an approximation to the transition state. Although it pos-
sessed two imaginary frequencies, both are associated with the
proton vibrations, as well as with the movement of TFA™. In
the equation, V is the potential energy, E is the ground state
energy, which includes ZPVE, and m, is the mass of the
proton. We are considering twice the mass since both protons
are attempting tunnelling through the barrier at once. To
perform the PES, we took 33 points for distinct H-H distances,
from 2.35 A to 0.75 A with intervals of 0.05 A in between.
Finally, the PES curve is obtained using a cubic spline, and the
integral is solved numerically using the Fortran library
QUADPACK, as implemented in the SciPy library.
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