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Introduction

Hydrogen evolution driven by heteroatoms of
bidentate N-heterocyclic ligands in iron(i)
complexest

Soma Keszei, 2 *3° Yiging Wang,© Haotian Zhou,® Tamas Ollar, € ® Eva Kovats,®
Krisztina Frey,” Levente Tapasztd,? Shaohua Shen (0 € and Jézsef Sandor Pap (0P
While Pt is considered the best catalyst for the electrocatalytic hydrogen evolution reaction (HER), it is
evident that non-noble metal alternatives must be explored. In this regard, it is well known that the
binding sites for non-noble metals play a pivotal role in facilitating efficient catalysis. Herein, we studied
Fe(n) complexes with bidentate 2-(2'-pyridyl)benzoxazole (L°), 2-(2'-pyridyl)benzthiazole (LS), 2-(2'-
pyridyllbenzimidazole (LN®), and 2—2'-bipyridyl (LP¥) ligands — by adding trifluoroacetic acid (TFA) to their
acetonitrile solution — in order to examine how their reactivity towards protons under reductive con-
ditions could be impacted by the non-coordinating heteroatoms (S, O, N, or none). By applying this
ligand series, we found that the reduction potentials relevant for HER correlate with ligand basicity in the
presence of TFA. Moreover, DFT calculations underlined the importance of charge distribution in the
ligand-based LUMO and LUMO+1 orbitals of the complexes, dependent on the heterocycle. Kinetic
studies and controlled potential electrolysis — using TFA as a proton source — revealed HER activities for
the complexes with LNH, L®, and LS of kops = 0.03, 1.1, and 10.8 st at overpotentials of 0.81, 0.76, and
0.79 V, respectively, and pointed towards a correlation between the kinetics of the reaction and the non-
coordinating heteroatoms of the ligands. In particular, the activity was associated with the [Fe(LS®’
NH),(S),1%* form (S = solvent or substrate molecule), and the rate-determining step involved the formation
of [Fe(H-H)I*, during the weakening of Fe—H and CFzsCO,—H bonds, according to the experimental and
DFT results.

metals are efficient catalysts for the cathodic hydrogen evol-
ution reaction (HER) of water splitting, their price and accessi-

The utilization of H, as a green chemical energy carrier is an
attractive possibility; however, only less than 4% of the current
H, production comes from cheap and green water
electrolysis.””” Sustainable production is also important since
H, is a widely used raw material in the chemical industry.*?
Electrocatalytic H, production can be a more appealing option
only if cheap and efficient catalysts are used. While precious
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bility will limit their widespread application with time.*”’

Several transition metal complexes have been found so far
to act as a catalyst for the electrochemical HER.>"® These
molecular catalysts may present a high specific activity and
robustness through several catalytic cycles. A common feature
of natural™ and artificial®*"® catalysts in this process is that
HER proceeds through a number of consecutive or coupled
electrochemical and chemical steps.

In most cases, catalytic reactions are proposed to proceed
via metal-hydride (M-H) intermediates. A general reaction
route for HER is shown in Scheme 1.">'® The catalytic cycle
typically begins with an electron transfer, involving the mole-
cular orbitals of the metal centre, which enables the binding
of the substrate and the formation of M-H intermediates. In
some cases, a protonation reaction takes place prior to the
electron transfer reaction, yielding a hydride intermediate (M-
H) (Scheme S1, Tables S1 and 27). A homolytic reaction mecha-
nism can be assumed if H, is formed by a bimetallic reaction
of the M-H species in a reductive elimination reaction. In
other cases, M-H intermediates are attacked by a second sub-
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Scheme 1 General mechanism for the HER involving metal-hydride
intermediates.™

strate (H"),
(Scheme 1).

The reaction mechanism can be also diverse according to
the formation of reactive intermediary species (Scheme 2). For
a ligand-assisted metal-centred mechanism, the ligands are
assumed to play a determinant role in the catalytic cycle
through fine-tuning the redox potential and the proton affinity
of the metal centre.'® However, in some cases the direct par-
ticipation of ligand-based molecular orbitals in the electron
and proton transfer reactions is also viable, and this is called a
metal-assisted, ligand-centred mechanism or just ligand-
centred mechanism (Scheme 2).

The above mechanistic scenarios are determined by the par-
ticular metal-ligand combination, and the performance can

leading to a heterolytic reaction pathway

be further tuned by ligand modification. Cobalt,'*"?
nickel,™  copper,”’® and other transition metal
compounds®'?® all have great potential in HER electrocatalysis;

yet, iron attracts special attention, as it is the most earth-abun-
dant element among all the transition metals. Moreover, this
metal is present in the active centre of hydrogenase enzymes
that occur in bacteria, archaea, and some eukaryotes, serving
as model for bio-inspired catalysts (Scheme S1t)."*"”

Several types of iron-containing electrocatalysts have been
reported recently. Considering the structural features of the
compounds, mechanistic insights into the catalytic reactions
would be useful. A bio-inspired complex was reported by
Rauchfuss,'® who highlighted its potential in the application

H-M™L

(”Ligand-assisted, metal-centered ")

M(-2)*| -H ("Metal-assisted, ligand-centered”

MP*L2-H (“Ligand-centered”

Scheme 2 Proposed molecular mechanisms of the HER catalyzed by
transition metal complexes.'®

14818 | Dalton Trans., 2024, 53,14817-14829

View Article Online

Dalton Transactions

of organoiron HER catalysts (Scheme S17). In addition to the
dithiolate bridging ligands, carbonyl and cyanide terminal
ligands are bound to the iron centres in organoiron species,
similar to the [FeFe]-H,ases.'* Note that several analogous
compounds have been synthetized and studied in detail.*®™*?
Work on iron complexes with sulfur-rich ligands not only
proved that basic ligands can act as a proton shuttle,>*** but
also that some ligands can act as redox active units beside the
metal centre and take part in electron transfer reactions.'® In
addition, iron complexes with porphyrin,**” corrole,*®**° phe-
nantroline,*" clathrochelate,** and polypyridyl**™*” ligands
were also found to be active catalysts for the HER.

Comparison of the possible mechanisms suggest that the
first step of a catalytic cycle may be either protonation or elec-
tron transfer (Tables S1 and S2t). Bridging ligands favouring
bimetallic iron complexes tend to form p-hydrido complexes
that react further in the presence of acids to cationic species,
thus producing H,.'® Basic moieties attached to the ligands
can improve the catalytic activity by promoting the protonation
step.”> The use of sulfur-rich ligands in mono-metallic com-
plexes leads to a different mechanism. The protonation takes
place on the basic sulfur atoms coordinated to iron to form
cationic species.*® Recently, protonation on non-coordinating
chalcogens was also observed, specifically in the case of iron(u)
complexes with tetrapodal bis(benzimidazole)amino thio- and
selenoether ligands.*®

In the case of polypyridyl ligands, the mechanism is
assumed to depend on the basicity of the ligand. Basic phenol-
ate groups in ligands can bind protons.***> However, in cases
where the catalyst is equipped with a sulfinate ligand,* the
catalytic cycle starts with an electron transfer that increases
the proton affinity of the metal centre, making the M-H inter-
mediate viable. A similar behaviour, i.e. for the first step of the
catalysis, involving the reduction of iron, followed by protona-
tion, was observed when catalysts with porphyrin-,*>” corrole-
,*83% and clathrochelate**-type ligands were studied.

In this study, we investigated the reactivity of four Fe(u)
complexes, each containing bidentate ligands (2-(2"-pyridyl)
benzoxazole (L°), 2-(2"-pyridyl)benzthiazole (L%), 2-(2'-pyridyl)
benzimidazole (L"), and 2-2"-bipyridyl (L*) (Scheme 3))
towards protons, upon reduction, in order to establish
relationships between the chemical properties of the ligands
and the reaction rate. These compounds were earlier studied
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Scheme 3 Structures of the coordination compounds involved in this
study.
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as functional models of catalase enzymes,*® or anodic electro-
catalysts for oxygen evolution.’® The results then suggested
that the non-coordinating heteroatoms of the L°’SN" ligands
in Fe(u) pre-catalysts fundamentally determined the activity
and stability of the corresponding oxidized species. In the
present study, we investigated, if a similar - and not yet
demonstrated - effect applies under reductive conditions; that
is, either the stability of the reduced complex or the proto-
nated intermediate depends on a non-coordinated heteroatom.
As shown by our combined experimental findings and DFT cal-
culations, the non-coordinating heteroatoms fundamentally
determine the behaviour of the complexes. The differences in
the redox behaviour and reactivity of the compounds showed a
trend with the basicity of the ligands and the charge distri-
bution of the LUMO and LUMO+1 orbitals, that in turn
depended on the non-coordinating O/S/NH function. However,
tunnelling effects appear to be crucial in the reactivity of the
complexes.

Experimental

Materials and synthesis

Acetonitrile, trifluoroacetic acid (TFA) and d-TFA (99.5%),
tetrabutylammonium perchlorate (TBAP), and ligands 2-(2-
pyridyl)benzimidazole (L") and 2,2-bipyridyl (L¥¥) were pur-
chased from commercial sources and used without further
purification. The ligands 2-(2-pyridyl)benzoxazole (L°) and 2-
(2-pyridyl)benzthiazole (L) were synthesized as per a pre-
viously published method.*’

[Fe"(LNY),](OTS),, [Fe™(L°),(OTf),], and [Fe"(L%),(OTf),].
The complexes were synthesized according to known pro-
cedures to give spectroscopically confirmed crystalline pro-
ducts in similar yields as reported earlier.** Anal. calc. for
[Fe"(LY™);](OTf),: C, 48.57; H, 2.90; N, 13.42; found: C, 47.77;
H, 3.09; N, 13.47.

Anal. calc. for [Fe"(L%),(OTf),]-3H,0: C, 39.01; H, 2.77; N,
7.00; found: C, 38.77; H, 2.31; N, 7.03. Anal. calc. for
[Fe'(L3),(OTf),].H,O: C, 39.20; H, 2.28; N, 7.03; found: C,
38.78; H, 2.43; N, 7.03. The structure of [Fe"(L%),(OTf),] was
characterized by X-ray crystallography. The red microcrystalline
product was recrystallized by layering diethyl-ether on concen-
trated acetonitrile solution to obtain single crystals. The struc-
tures of [Fe"(LN");](Cl04),*" and [Fe"(L°),(OTf),] were pub-
lished earlier.

[Fe"(LP")3](C10,4),. A known procedure was followed,>* with
minor modifications: FeCl, (0.1 g) was dissolved in a
minimum amount of water and L (0.4 g) was dissolved in a
minimum amount of ethanol. The two solutions were then
mixed and NaClO, (0.2 g), dissolved in water, was added. The
resulting deep red precipitate was filtered off, and then
washed with cold water and finally with cold ethanol. The
product was recrystallized from acetonitrile. Yield: 71.8%.
Anal. cale. for [Fe''(L™);](ClO,),: C, 49.82; H, 3.34; N, 11.62;
found: C, 49.74; H, 3.42; N, 11.72.

This journal is © The Royal Society of Chemistry 2024
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Electrochemistry. Cyclic voltammetry (CV) and square wave
voltammetry (SWV) experiments were performed using a
BioLogic SP-150 galvano/potentiostat with a conventional
three-electrode configuration, consisting of a glassy carbon
(GC) working electrode (ID = 3 mm, polished before the experi-
ments), a Pt auxiliary electrode, and Ag/Ag" reference electrode
(0.01 M AgNO;, 0.1 M TBAP/MeCN). The potentials are given
against the ferrocenium/ferrocene (Fc'/Fc) couple measured in
the same cell, under the same conditions. The solutions were
bubbled with argon to ensure an inert atmosphere during the
measurements. Parameters for SWV: PW = 60 ms (f = 8.3 Hz,
PH =32 mV, SH = —4 mV).

Controlled potential electrolysis (CPE) experiments were
performed in a screw mount electrochemical H-cell (2 x
15 ml), purchased from redoxme AB with a conventional three-
electrode configuration, consisting of a GC working electrode
(ID = 6 mm, polished before each experiment, except for the
rinse tests), a Pt auxiliary electrode, and Ag/Ag" pseudo-refer-
ence electrode (0.1 M TBAP/MeCN). The potentials were refer-
enced and plotted against the Fc'/Fc couple. All the solutions
were bubbled with argon.

Electrolytic conductivity was determined using a calibrated
Consort C533 multi-parameter analyzer.

Gas analysis. The evolution of H, was followed by gas
chromatography (GC) using a Shimadzu GC 2010 Tracera
instrument equipped with a BID detector. Gas samples (V =
100 pL) were taken from the headspace of the cathode com-
partment of the air-tight H-cell, and injected through an injec-
tor unit into a circulation loop (filled with 6.0 He) connected
to the sampler. A circulating micro-pump was responsible for
homogenization before the sample was injected through the
inlet valve. The carrier and the plasma gas were 6.0 He.
Calibration for assuring the sample volume and component
sensitivity was done with Ar (5% H,). The instrument settings
were as follows: 20 mL min~" total, 50 mL min~" DCG, 3 mL
min~" purge flow rate, Teo). = 35 °C, Tget, = 200 °C.

UV/Vis measurements. UV/Vis titration experiments were
carried out using an Agilent Cary 60 spectrophotometer.
Aliquots of the solutions (free ligand in section “Solution chem-
istry of the complexes” and TFA in “Addition of trifluoroacetic
acid to the complexes in acetonitrile”) in acetonitrile were added
to the solution of the complexes in quartz cuvettes at 25 °C
and the solutions were stirred with a magnetic stirrer.

X-Ray diffraction. Single crystals suitable for X-ray diffraction
analysis were obtained by layering diethyl-ether on the concen-
trated acetonitrile solution of FeL®. Single-crystal X-ray diffrac-
tion measurements of the typically 100 pm-sized red plate crys-
tals were performed on an Agilent Supernova diffractometer
equipped with a dual microfocus source, kappa goniometer,
position sensitive detector, and dry nitrogen gas flow cooler.
Data were taken at 100 K using the Cu source up to 0.8 A
resolution. The data collection was controlled with CrysAlis>
software, while the structure solution and refinement were
done with SHELX"* software.

DFT methods. First-principles density functional theory
(DFT) calculations were performed using the CASTEP code.>

Dalton Trans., 2024, 53,14817-14829 | 14819
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Molecules were placed in a 40 x 40 x 40 cell to shield the
effects of periodicity on the molecular calculations. The
exchange-correlation effects were treated with the generalized
gradient approximation (GGA) with the Perdew-Burke-
Ernzerhof (PBE) potential.’® The interaction between the ionic
core and valence electrons was simulated by the ultrasoft pseu-
dopotentials.’” van der Waals interaction was considered by
using the empirical correction in TS (Tkatchenko and
Scheffler).”® The kinetic energy cut-off was chosen as 500 eV.
Brillouin zone integration was sampled with 1 x 1 x 1 and 1 x
1 x 1 Monkhorst-Pack mesh k-points for the reaction coordi-
nate and the LUMO, LUMO+1 calculations. An implicit solvent
model was used to consider the effect of the acetonitrile
solvent on the reaction. The structures were allowed to fully
relaxed and were optimized until convergence to 107> eV in
total energy and 0.01 eV A™" in the forces.

Results and discussion

Structural features of the complexes and the crystal structure
of [Fe"(L5),(0Tf),]

In this work, we investigated the Fe(i) complexes of LNY, 1°,
L%, and LP, (collectively NN’ ligands herein), as shown in
Scheme 3. The non-symmetrical NN’ ligands readily reacted
with Fe(u) triflate in dry acetonitrile under an inert atmosphere
to give solid products upon crystallization. The isolated sub-
stance in the case of LN was the air-stable, red tris-chelate
complex, while for LS the isolated forms were the orange
[Fe"(L%’%),(OTf),] complexes.

The single-crystal structure of [Fe(L°),(OTf),] is shown in
Fig. 1 (for details see Table S31). The FeN bond distances of
ca. 2.13-2.20 A were similar to those determined for FeL° (ca.
2.15 A) earlier®® and characteristic of high-spin Fe complexes.*
According to the single-crystal structures, [Fe"(L?),(OTf),] and
[Fe'(L3),(OTf),] were structural homologs. Both weakly co-
ordinated OTf™ ions were found in the trans position to a pyri-

Fig. 1 Crystal structure of [Fe'(L5),(OTf),] (CCDC 2288829+). Ellipsoids
are plotted at a 50% probability level. The asymmetric unit consists of
two complex molecules differing in the orientation of the triflate anions.
Here, the major positional isomer exhibiting the OC-6-33 configuration
with an 83.9% occupancy is shown, while the minor OC-6-23 isomer
(Fig. S11) and hydrogen atoms are omitted for clarity.

14820 | Dalton Trans., 2024, 53,14817-14829
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dinic N donor group and the benzo-heterocyclic N donor
groups were found trans to each other, resulting in an 0C-6-33
ligand configuration. However, in the case of FeL®, the struc-
ture was disordered (Fig. S1, and Table S41) and a second
isomer with the OC-6-23 configuration was present with 16.1%
occupancy (several single crystals were analyzed giving the
same results).

In contrast, [Fe"(LN%);](OTf), exhibited shorter FeN bonds
(1.98-2.00 A), typical for the low-spin state. Note that LN* has
been studied in [Fe(LY™);]** with Cl0,~, NO;~, 1", or B(C¢Ho),~
counter ions,’ and moreover, in [Fe"(LN*),(SCN),].°* The
crystal structure of [Fe"(LP);]** (abbreviated as FeL? herein)
with ClO,~ was reported earlier,®” showing FeN bond distances
close to 1.98 A.

Solution chemistry of the complexes

The behaviour of the complexes was investigated by several
methods in solution. Before the detailed results, a brief is pro-
vided for clarity. When dissolved in a coordinating solvent,
[Fe"(LN"),](OTf), or [Fe"(L°%),(OTf),] forms are in part trans-
formed to [Fe"(L¥N"),(S),]*" via a ligand exchange equili-
brium (S stands for solvent molecules; the solution equili-
brium systems are referred to as FeL¥°™ herein, for
acetonitrile).**>° FeL” is associated with [Fe"(L?);](C10,), and
[Fe"(L™);]** remains the predominant equilibrium species.
According to previous studies, FeL® and FelL° are predomi-
nated by the bis-chelate forms, while FeL™ and FeL? are rela-
tively inert tris-chelates in a dry acetonitrile solution, except
for strongly oxidative conditions.**”° For example, the homo-
leptic complex [Fe"(LN"),]** and analogues were found to be
reactive towards H,O, and organic substrates.®*®” Thus, a
complex, despite the predominance of [Fe(NN');]**, remains
capable of functioning as a pre-catalyst and exhibiting non-
hem oxygenase-like reactivity by partial ligand dissociation.
However, no such reactivity has been discussed earlier under
reductive conditions.

First, the ionic nature of the dissolved complexes was inves-
tigated by their conductivity. Electrolytic conductivity measure-
ments in acetonitrile gave Ay values of 278, 258, 275, and 312
Q™' ecm? mol™" for FeL™, FeL®, FeL®, and FeL", respectively
(ca. 1 mM, at 25 °C). These molar conductivities were consist-
ent with 2:1 electrolytes,®® as could be expected for the
[Fe'(NN"),]*" and [Fe"(NN'),(S),]** forms. Since the Ay values
showed the full dissociation of the triflate anions in each case,
the solution equilibrium systems were simplified to the
[Fe"(NN");]*" and [Fe"(NN"),(S),]** forms in acetonitrile.

Cyclic voltammograms of complexes FeL¥NY/PY yere
recorded in acetonitrile, under an inert atmosphere (Fig. S27),
leading to similar results as previously reported,*®° revealing
irreversible anodic processes at potentials above —0.5 V vs. Fc'/
Fc for FeL%°, which were assigned to Fe'/Fe" transitions of
the different solution equilibrium species formed upon ligand
exchange and oxidation (note that trace water in acetonitrile
also participates in anodic equilibria, as was discussed in an
earlier work*®). In the case of FeLN"/PY, a quasi-reversible redox
process could be identified (E/, = 0.52 and 0.7 V vs. Fc'/Fc for

This journal is © The Royal Society of Chemistry 2024
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FeL"" and FeLP, respectively), indicating its enhanced stabi-
lity compared to the other compounds. However, in our work
we focused on the cathodic processes.

Cathodic polarization leads to irreversible reductions for
FeLY*N" below the potential of —1 V vs. Fc'/Fc, indicating
reduction processes related to different solution equilibrium
species (CE mechanism). Note that no such process could be
detected for FeL™ in the potential range studied; however, two
quasi-reversible processes could be observed at —1.7 and —1.88
V vs. Fc'/Fe, which were assigned to ligand-centred reductions,
suggesting again the enhanced stability of FeLPY, compared to
the other iron complexes. The CVs of FeL® and FeL® further
showed quasi-reversible redox transitions below —2 V (-2.18
and —2.28 V vs. Fc¢'/Fc, for FeL® and FeL®, respectively). These
peaks were attributed to ligand reductions.

To get a better insight in to the nature of the reductions,
square wave voltammograms (SWVs) of the ligands L®, L%, L™,
and LP, and the corresponding complexes were recorded in
acetonitrile (Fig. 2, where the numbers stand for the potential
values). The ligands exhibited single reduction peaks beyond
—2.0 V vs. Fc'/Fc (Fig. 2a) in the order of LS > LN > L » LPY
with respect to the potential values. The peaks could be associ-
ated with the generation of a L'~ radical anion, in which the
reducing electron is accepted by the m-antibonding LUMO
orbital.®®”® This process is a quasi-reversible redox transition
in the case of LS and L°, but irreversible in the case of LN in
accordance with the ligand-based assignment of the
reductions detected by CV experiments (Fig. S27).

In the SWVs of the complexes, consecutive reductions
occurred (Fig. 2b). Based on the reducibility of the free
ligands, an obvious assignment for FeL¥®™" reductions was
that of the ligands coordinated to iron.

This assignment was supported by DFT calculations on the
[Fe"(NN'"),(CH;CN),]** forms of FeL¥°™" suggesting a ligand-
based m-antibonding character for the -electron-accepting
LUMO and LUMO+1 orbitals (Fig. 3). However, the number of
current peaks and the ratio between the peak currents were

0 = — —
a
~ -254
g e
3 -50 4 2.19 L®
~ 75 -2.11 LW
LPY
T T T T T T
-2.50 -2.25 -2.00 -1.75 -1.50 -1.25 -1.00
0 ——
g b .77 .
3 -25- E : : (57
= 3 3 -1.43-1.36 -1.30
- 183  -1.61 FelS
~=-50 ——Fel®
—FeLM
75 -2.10 FeL?
T T T T T T
-2.50 -2.25 -2.00 -1.75 -1.50 -1.25 -1.00

E (V vs. F¢'/Fc)

Fig. 2 (a) SWVs of the ligands L5, L°, LN, and LPY (1 mM in acetonitrile),
and (b) complexes FeLS, FeL®, FeLN", and FeL™.
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Fig. 3 DFT-calculated LUMO and LUMO+1 orbitals for the [Fe'(LS/®/
NH),(CHsCN),]** complex forms that have relevance in hydrogen
production.

indicative of solution equilibria; therefore, we performed titra-
tions by adding free ligands to the complex solutions.

Upon the titration of FeL’, or FeL® with the corresponding
ligand (LS or L°), the first reduction peak at —1.30 and —1.36 V
vs. Fc'/Fc for FeL® and FeL®, respectively, underwent an anodic
shift (Fig. 4a and b). In contrast, the next peak at —1.43 and
—1.57 V vs. Fc'/Fc for FeL® and FeL°, respectively, was shifted
slightly to the cathodic direction. Finally, the intensity of the
third peak was enhanced at —1.74 and —1.77 V vs. Fc'/Fc for
FeL® and FeL®, respectively (Fig. 4a and b). In the case of
FeL"", an anodic shift of the peaks at —1.83 and —1.61 V vs.
Fc'/Fc was also observed with only marginal changes in the
intensities (Fig. 4c). Note that the potential range beyond —2.0
V was dominated by excess ligand reduction, and therefore
could not be evaluated.

The UV/Vis spectra recorded during the titrations of FeL’
and FeL® (Fig. 4d and e) showed the appearance of bands in
the 400-600 nm range - MLCT bands of the tris-chelate com-
plexes*® - because of the excess ligand in the solutions. In con-
trast, the MLCT bands were already visible in the case of
FeL""!, prior to the addition of LN (Fig. 4f), and only a slight
increase in the absorbance could be observed during the titra-
tion, indicating the predominance of [Fe(L"");]** in dry aceto-
nitrile devoid of TFA. Note, that the spectral range below
350 nm was omitted for clarity, as it was dominated by the
bands of the excess ligand.

The combined results from the SWV and UV/Vis titration
experiments were in agreement with a ligand dissociation, as
shown in Scheme 4, where K.q is the equilibrium constant.
According to the differences observed, the equilibrium could
be described by a lower value of K.q in the case of FeL™" rela-
tive to FeL’ and FeL®, indicating a low proportion of
[Fe"(LN"),(CH5CN),]** species in dry acetonitrile, compared to
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(a—c) Changes in the square wave voltammograms (0.5 mM in acetonitrile) and (d—f) UV/Vis spectra (0.17 mM in acetonitrile) of complexes

FelLS, Fel®, and FeL"", respectively, upon addition of the corresponding ligands LS, L, and LN,

Keq

[Fe(NN')2(S)2]*" + NN

[Fe(NN');]?* + 2S

NN' = LS, LO, LNH or LPY
S = solvent

Scheme 4 Ligand dissociation equilibrium; the colour code indicates
the predominant equilibrium form in solution.

FeL® and FeL. The equilibrium also allowed assigning the two
reduction steps for FeL® and FeL® at less negative potential
values (Fig. 4a and b, black SWVs, no added L%°) to the LUMO
and the energetically close-lying LUMO+1 orbitals of the co-
ordinated ligand in [Fe"(L%°),(CH;CN),J** (Fig. 3).

Note that the conductivities and relevant literature on aceto-
nitrile- and triflate-coordinated Fe(u) complexes’* rule out the
anion-coordinated complex. The third reduction may involve
another ligand-based orbital of the tris-chelate form; however
- as shown below - it has no relevance in proton reduction.

Addition of trifluoroacetic acid to the complexes in acetonitrile

The addition of 25 equivalents of TFA to FeL®, FeL®, or FeL""'
in acetonitrile led to new reductions at potentials of —0.86,
—0.95, and —1.10 V vs. Fc'/Fc, respectively (Fig. 5a). These new
peaks were associated with the reduction of the protonated
ligand in [Fe"(NN')(NN'H)(S),]**. Note that the free ligands
behaved in a similar way in the presence of TFA, where the
reductions occurred at —0.84, —0.81, and —1.09 V vs. Fc'/Fc,

14822 | Dalton Trans., 2024, 53,14817-14829

for LS, L°, and LY, respectively (Fig. 5b). Importantly, a peak
at —1.02 V vs. Fc'/Fc appeared in the SWV of L? upon the
addition of TFA (Fig. 5b), but no new redox event could be
observed in the case of FeL™ (Fig. 5a). Therefore, in the case of
FeLP, the protonated complex was not formed, in contrast to
the corresponding protonation of FeLS, FeL®, and FeL"". This
conclusion was also supported by the UV/Vis titration experi-
ments, which showed no protonation reaction in the case of
FeL™ (vide infra).

The reduction potentials of FeLS, FeL®, and FeL™" with
excess TFA followed the trend for the pK, values for the hetero-
cyclic ligands (Table 1), representing the 2-H acidity and
thereby a trend in the stability of the ligands.”” The correlation
between the pK, values and reduction peak potentials
suggested again that the electron transfer involved the proto-
nated ligand.

Protonated imidazole derivatives, like
their increased stability, due to having a symmetrical structure.
This is consistent with the highest observed cathodic potential
among the complexes that was needed to reduce FeL""H". The
differences between FeL°H' and FeL°H" can be explained by
the tendency of the S and O heteroatoms to contribute to the
aromatic ligand = orbitals according to the involved 2p vs. 3p
orbital, respectively. These electronic effects also explain the
minor equilibrium proportion of the tris-complexes in the case
of FeLS and FeL®, compared to FeL"",

The addition of various acids (acetic, benzoic, and salicylic
acid) to the acetonitrile solution of FeL® resulted in significant
shifts of the E, potentials (Fig. S3t). The peak potentials

LNYH", are known for

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 SWVs (1 mM in acetonitrile) of (a) complexes FelS, Fel®, FeLN",
and FeL™ and (b) ligands LS, L°, LNH, and LY in the presence or absence
of 25 mM TFA.

Table 1 pK, of the aryl moieties (Ar) in the 2-position of pyridine in LS,
L°, and LNH and the reduction potentials for the complexes in the pres-
ence of TFA (Fig. 5a)

PK,(Ar)* By’
FeL™™ 16.4 —-1.10
Fel® 24.4 —0.95
FeL® 27 —0.86

@ Measured in DMSO.”? 2V vs. Fc'/Fe for FeL’, FeL°, and FeLN™,

exhibited a correlation with the pK, values of the acids used,”
further supporting the notion that this reduction event can be
assigned to FeLSH".

In the UV/Vis spectra of FeL®, FeL®, FeL"", and FeL" in
acetonitrile, intense intra-ligand charge transfer (ILCT) bands
could be observed between 220 and 330 nm (Fig. S4t), orig-
inating from n-n* transitions.”® In the case of FeL%, FeL®, and
FeL™", the MLCT bands were partly hindered by the strong
ILCT bands near 300 nm, but these bands could be clearly
seen in the absorption spectrum of FeLP at 350 and 392 nm.
Other MLCT bands at 486 and 527 nm - typical for Fe(u) com-
plexes®® - were also pronounced in the spectrum of FeL?, in
accordance with the predominant [Fe(LP);]** form.

This journal is © The Royal Society of Chemistry 2024
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Upon the addition of TFA, the intensity of the ILCT bands
for FeL® and FeL® decreased roughly at 300 nm and simul-
taneously, new bands appeared at higher wavelengths (Fig. 6a,
b, and Fig. S471). The slight shift in isosbestic points suggested
more than two absorbing species, thus a coupled protonation-
ligand exchange process is assumed (Scheme 5). The titration
of FeL™" revealed a different, hypsochromic shift in the
absorption bands (Fig. 6¢c and Fig. S4t). The origin of this
behaviour is unclear, but the presence of a third L"* dissociat-
ing from the [Fe(LN");®* can be assumed responsible
(Scheme 5). The coordinated heterocyclic ligand LN
although capable of undergoing protonation - is replaced by
weakly coordinating monodentate ligands that may lead to a
more complex equilibrium system (note that FeL"™ showed a
very low proton reduction ability a priori that turned our atten-
tion rather to FeL® and FelL°).

In contrast, the titration of FeL® with TFA was ineffective
with respect to the ILCT band (Fig. 6d and Fig. S4t). The domi-
nance of the six-coordinated tris-complex explains this behav-
iour. The findings on FeL® further support a ligand exchange
coupled to NN’ ligand protonation for FeLS and FeL°.

Enhanced Faraday current with TFA added to the complex
solutions

The addition of TFA in high excess (250 equivalents) to FeL°,
FeLS, FeL™ or FeL? resulted an enhanced cathodic current -
related to the reduction of protons to H, — beyond —1.2 V vs.
Fc'/Fc (Fig. 7 and Fig. S57), compared to that of a pure TFA
solution (Fig. 7, black CV). Note, that no considerable current
enhancement could be observed in the CV of the free ligands
in the presence of TFA (Fig. S6t1). TFA is widely used as a
proton source in electrochemical HER studies as it shows less
interference from background current than other acids."
Owing to the weak coordination ability of trifluoroacetic
anion, a significant effect on the solution chemical equilibria
could be also ruled out. The enhanced reduction occurred at a
considerably higher cathodic potential than the first reduction
of the coordinated ligand (Fig. 5a and 7), and was character-
ized by increasing overpotential in the order of FeL?, FeL’, and
FeL"" (Table 2).

Controlled potential electrolysis (CPE) in acetonitrile fol-
lowed by gas chromatography (GC) analysis of the headspace
gas revealed hydrogen production. The applied potential
(—1.48 vs. Fc'/Fc) was selected to minimize the effect of elec-
trode fouling by TFA (Fig. S71).”®

Hydrogen could be detected by GC for all the complexes
together with a high Faraday efficiency (FE, Table 3), where the
reactivity of FeL® proved to be superior compared to the other
complexes, producing hydrogen with an FE of 86.4% and TON
of 2.8 after 100 min, as detected by GC (Fig. S8-S10f and
Table 3). FeL®, FeL", and FeL” showed poor performance,
and their TON values did not even reach 1 after 1 h of reaction
time (Fig. S107). In the case of FeLP, a surface deposit could
be also observed on the surface of the glassy carbon electrode
after the experiment.
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Fig. 6 UV/Vis titration experimental results for complexes (a) FeL®, (b) FeL®, (c) FeLN", and (d) FeL™ (0.01 mM, in acetonitrile).

e NN s
[Fe(NN ()" === [Fe(NN2" + 25
-H*‘ +H* -H*u +H*
a + !
[Fe(NN')(NN'H)(S),* ':1: [Fe(NN ) (NN'H)P* + 25
-CF3COy 1 +CF4COy
S Al e NN = LS, LO, LNH or LPY

S = solvent

[Fe(NN')(NN'H)(O,CCF3)(S)*" + S

Scheme 5 Proposed protonation and ligand exchange reactions for
complexes FeLS, FeL®, FeLNH, and FeLP (colour code indicates the pre-
dominant species).

It must be mentioned that some disturbing effects, such as
electrode fouling by TFA and the electrochemical reduction of
the residual oxygen in the cell, could not be fully excluded, but
were taken into consideration by a background correction of
the passed charge.

Following CPE, the electrodes were gently washed with
acetone and acetonitrile, and the experiments were repeated to
check for any active deposits on the GC electrode (Fig. S117).
For each of the complexes, only an insignificant amount of
hydrogen could be detected in the headspace of the cell using
the rinsed electrode in pure TFA solution. However, in the case
of FeL®, even less hydrogen was produced in the rinse test
than during the background experiment (Fig. S11, and S127).
The reason for this must be that there was an insulating
surface layer on the glassy carbon working electrode from the

14824 | Dalton Trans., 2024, 53, 14817-14829
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Fig. 7 Difference in the CV of 25 mM TFA in acetonitrile in the absence
and in the presence of each complex (0.1 mM); inset: changes in the CV
of FeL® (0.1 mM in acetonitrile) as a result of the increasing TFA
concentration.

complex. Note that the surface deposit formed in situ from
FeL? did not yield hydrogen in a follow-up experiment.
Altogether, it could be noted that only a low catalytic
activity could be observed for the best complex (FeL®) and
almost no activity at all for the worst performing complex
(FeLP). However, the structural resemblance of the four com-
pounds make it possible to better understand the mechanism
of the reaction and allow us to draw conclusions about the role

This journal is © The Royal Society of Chemistry 2024
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Table 2 Summary of electrochemical proton reduction of FelS, Fel®,
and FeLN" (0.1 mM in acetonitrile with 25 mM TFA)

Onset potential

(V vs. Fc'/Fe)? i’ (V) Kobs € (57 kprr? (s7Y)
FeLN" -1.49 0.81 0.03 0.05
FeL® —1.44 0.76 1.1 1.6
FeLS —1.47 0.79 10.8 16.45

“Onset potentials (Eonse;) were determined by the first derivative
method.” ? Overpotential (i) = Eonser — E(H'/H,);”* E(H'/H,) = 0.68 V
vs. Fc'/Fe.”® ¢ Experimental value based on eqn (2). ¢ Theoretical value
based on DFT calculations (see below).

Table 3 Results of the controlled potential electrolysis experiments

FE“ (%) TON”
FeL’ 86.4 1.70
FeL® 97.4 0.36
FeL™™ 93.1 0.28
FeL? 93.7 0.19

“Background corrected. ” After 60 min.

of the non-coordinating heteroatoms in the ligand series. In
this regard, our attention was turned towards the deeper
understanding of the reaction mechanism, in order to observe
the structure-activity relationships through the different reac-
tivities of the studied complexes.

Upon increasing the concentration of TFA by a constant
complex concentration, a proportional increase in the excess
cathodic currents (i.) could be observed (Fig. 7, inset; Fig. S57).
The linear relationship between i. and [TFA] suggested a
second-order dependence on the proton concentration
(Fig. S13at). Since i. was also correlated with the complex con-
centrations, ie. [c] (Fig. S13bft), altogether the following
expression can be used to describe the reaction rate (eqn (1)):

v = K[cJ[H' P (1)

Note that in the case of FeLP, only a modest current
enhancement occurred that increased from cycle to cycle, and
visible traces of a deposited ad-layer on the working electrode
could be observed (Fig. S147), making the evaluation of the
molecular activity unreasonable.

Next, pseudo-first-order conditions were set by the addition
of 250 equivalents of TFA, which allowed us to calculate a kopsg
value for each complex (Table 2, and Fig. S157) by the follow-
ing expression'® (eqn (2)):

I n

_ RTkobs (2)
i, 04463\ Fu ’

where i. represents the excess cathodic current, measured at
the onset potentials as defined in Table 2; i, represents the
preceding one-electron reduction peak current; n is the
number of electrons involved (2); R is the molar gas constant
(8.314 J mol™" K™"); T is the temperature (298 K); F is the

This journal is © The Royal Society of Chemistry 2024
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Faraday constant (96 485 C mol™"); and v is the scan rate (V
s™'). Note, that this expression is generally used for an ideal
electrocatalytic plateau response under pure kinetic con-
ditions; however, it can be also used for more complicated
systems for the purpose comparing catalysts. Nevertheless, it
must be taken into consideration that the resulting ks value
will be underestimated in such cases.'®’® Here, the onset
potentials were determined by the inflexion points and con-
firmed by the first derivatives of the polarization curves
(Fig. $161).”* The inflexion point refers to the potential region
where the electron-transfer rate is a maximum. At greater
potentials, the reaction is limited by the diffusion of substrate
molecules to the electrode surface.”*’®”” Since no redox
events could be detected at the potential region of the hydro-
gen evolving reaction prior to the addition of the acid, the first
step of the reaction has to be the protonation of the complex,
and the protonated species are the actual active compounds.
For the same reason, i, in eqn (2) was approximated by the
peak current of the first reduction event assigned to the proto-
nated ligands (Fig. 5a and 7).

Our data indicate that FeL® had the highest reactivity, fol-
lowed by FeL®; moreover, FeLN" performed very poorly in
proton reduction. The order in reactivity based on the kinetic
analysis of the CVs was in good agreement with hydrogen
quantification based on the CPE experiments.
Proposed mechanism for hydrogen evolution by the FeL¥°™"
system

The proposed general mechanism for hydrogen evolution -
based on the combined experimental results and DFT calcu-
lations - is summarized in Scheme 6 for the different NN’ com-
plexes. As discussed, the reactive form is [Fe"(NN"),(S),]** (S =
CH;3CN). The first, one-electron reduction of the complexes in
the presence of TFA was characterized with the E, potential
values (Table 1), showing a good correlation with the NN’

[Fe(NN')s]?* + 28
NN'
425 [Fe(NN')x(S)21”*
HY | +HT protonated
ligand reduction

+H*,+28

[Fe(NN')(NN'H)(S)2]** +e -S
Hz N‘

NN' = LS, LO, LNH ‘ .
S = solvent [Fe(NN")(H)(S)]

r.d.s. /+H+ S
+@” '

[Fe(NN')o(Ho) 2" =——— [Fe(NN')(H-H)**
second

reduction
KIE (FeLS) <1

Scheme 6 Proposed mechanism for the hydrogen evolution.
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ligand basicity in the order of FeL® > FeL® > FeL". This
reduction was assigned to [Fe''(NN')(NN'H)(S),]*", and did not
induce the reaction by itself. The ligand protonation can serve
as a proton shuttle to the reaction centre in this singly reduced
state, where it can be attacked by a second proton, similarly to
what occurs for known iron-based electrocatalysts."® The
trends in the reduction potentials, the pK, values (Table 1),
and the calculated free energy changes for the protonation
reaction that was assumed to be the pre-equilibrium step of
the hydrogen producing cycle (FeL® > FeL® > FeL"!, Table S5,t
and Scheme 6) were all in agreement.

Note that the protonation reaction was found to be more
likely to happen on the coordinating N atoms of the ligands,
as structures with the proton attached to the non-coordinating
heteroatoms resulted in higher energies for the DFT-optimized
geometries.

The onset of hydrogen evolution is triggered by a second
reduction step at more negative potentials that is also depen-
dent on the ligand (Scheme 6, and Table 2). Note that FeLP¥
showed no reduction in this range (Fig. 5a and 7), since the
[Fe(NN");]** form predominated, avoiding the formation of Fe-
H species.

The kinetic isotope effect (KIE = ky/kp) was measured by
comparing the voltammograms recorded after the addition of
the same amount of TFA and d-TFA to FeL®, as the best per-
forming complex (Fig. S17f). An inverse KIE value was
obtained (KIE = 0.64), indicating that the rate-determining
step (r.d.s.) of the reaction is somewhat faster when the sub-
strate is deuterated. According to some literature examples,
this situation is related to the protonation of a metal-hydride
intermediate,"®”® which involves the formation of [Fe(H-H/D-

1.0
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D)]" species, during the weakening of Fe-H/D and CF;CO,-
H/D bonds (Scheme 6). Previous examples for the values of ky/
kp in the protonation of iron hydrides ranged between 0.21(1)
and 0.64(4), depending on the proton source and the iron
hydride taking part in the reaction.””®® We assume that the
reduction of the protonated ligand eventually leads to a metal-
hydride intermediate. This is consistent with the observation
that the reaction rate significantly decreased when weaker
acids were used as the proton source (Fig. S187).

Taking into account (i) the proton-dependent nature of the
first reduction step preceding the onset of catalysis at a more
negative potential, altogether setting up a two-electron acti-
vation pathway; (ii) the ligand exchange properties of the
different complexes; (iii) and lastly, the inverse KIE for FeL’,
two different pathways can be assumed for the formation of
hydrogen molecules."™'® In a heterolytic reaction mechanism,
the protonation of a metal-hydride intermediate is expected to
occur, followed by a second reduction (Scheme 6).

This final reduction would allow the rapid elimination of a
hydrogen molecule. The last step of the reaction mechanism is
the coordination of a ligand (preferably a solvent molecule).
Finally, there are precedents where the metal-hydride inter-
mediate may react with another metal-hydride complex,
leading to a homolytic reaction mechanism. However, based
on the partial order of 1 in complex and 2 in TFA for FeL>'*NH,
a homolytic hydrogen evolution mechanism involving two
complex molecules is considered very unlikely.

The thermodynamic viability of the proposed heterolytic
mechanism was investigated by DFT calculations. Fig. 8 shows
the free energy changes, illustrated with the optimized struc-
tures of the proposed intermediates, as appear in Scheme 6 in

0.8
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0.4 —

Free energy (eV)

0.2
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-0.2 4

i Y 1@1&”
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Fig. 8 Free energy diagram of the proposed mechanism (hydrogen atoms of the N,N’ ligands were omitted for clarity).
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the case of the most active complex FeL®. The free energy dia-
grams for FeL® and FeL™™ are presented in Fig. S19.f We
chose [Fe"(NN"),(S),]*" as both the start and end point of the
cycle to analyze it thermodynamically.

The calculated relative free energies (Table S5t) supported
that the transformation of [Fe"(NN'),(H---H)]* to
[Fe"(NN"),(H,)]** may be rate determining, as it was the most
endergonic in all cases. The transition structure of
[Fe"(NN"),(H-H)]** showed very similar Fe-H (1.794, 1.794,
and 1.780 A for FeLS, FeL?, and FeL"", respectively) and H-H
(1.085, 1.081, and 1.081 A for FeL®, FeL®, and FeL™", respect-
ively) bond distances, indicating the similar energetics of the
rate-determining step in all cases (Table S5t). The activation
barrier for the r.d.s. were found to be 0.59, 0.57, and 0.62 eV
for FeL®, FeL®, and FeL™", respectively. The slight differences
indicate a weak electronic effect by the different ligands, which
in itself would thus predict only small differences in the
activities.

Although the energy barriers of FeL®, FeL®, and FeL"" were
close to each other, the impact of tunnelling effects on the
penetration coefficient (k) - especially in such processes invol-
ving proton transfer — must be taken into consideration. The «
for FeL’ FeL®, and FeL"" were 0.225, 0.010, and 0.003, respect-
ively, and these differences in x arose from the different tun-
nelling distances and tunnelling probabilities of protons after
binding to different ligands, suggesting the critical role of the
non-coordinating heteroatom of the ligands. Accordingly, the
calculated rate constants (kppr) were 16.45, 1.60, and 0.054 s~*
for FeL®, FeL?, and FeL"", respectively (for more details, see
ESI+).3% The theoretical results were in excellent agreement
with the experimental ks values (Table 2), supporting the via-
bility of the proposed mechanism for the hydrogen evolution
reaction.

Conclusions

In summary, the reactivity of Fe(u) complexes upon reduction
in the presence of a proton source can be tuned via the non-co-
ordinated heteroatoms of non-symmetrical, bidentate
N-heterocyclic ligands. The addition of excess ligands and
complex titrations using TFA as an acid showed that the rele-
vant reduction - producing the metal-hydride reactive form -
underwent an anodic shift with increasing ligand basicity in
the order of LS, L°, and LN". Moreover, the careful design of
the ligands allowed influencing the stability of the iron-
hydride intermediate. The complex concentration dependence
of the excess cathodic current suggested a single-site (heteroly-
tic) mechanism, while the KIE lower than 1 for FeL’ suggested
the protonation of a metal-hydride intermediate involving the
formation of [Fe(H-H/D-D)]" species. Product formation upon
controlled potential electrolysis experiments followed the
trends in kops and the rinse tests revealed the homogeneous
nature of the studied reaction. The total lowest reactivity,
attributed to [Fe(L™);]** - showing no LP dissociation -
suggested that the [Fe(L¥°™),(S),]*" species were the resting

This journal is © The Royal Society of Chemistry 2024
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form of the cycle, while the [Fe(L¥*™*),]** species were inac-
tive. The mechanism proposal based on the experimental find-
ings was supported by DFT calculations, and the ks values
for the different complexes clearly showed a strong influence
of the non-coordinating heteroatoms in L%, L°, and L"*. Our
results underline that the design of novel HER catalysts could
benefit from heterocyclic sub-structures introduced into metal
binding sites of, for example, carbon-based carrier materials,
like nanotubes or sheets, and carbon nitrides.
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