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ABSTRACT: In this study, we report the electrocatalytic behavior of the ligand-assisted
neutral, monomeric Ni(II) complex of diacetyl-bis(N-4-methyl-3-thiosemi-
carbazonato), NiL', for ligand-assisted metal-centered hydrogen evolution in
acetonitrile (ACN) and dimethylformamide (DMF). Using foot-of-the-wave
analysis (FOWA), NiL' displays a maximum turnover frequency (TOF) of
4200 and 1200 s for acetic acid (CH;COOH) in ACN and DMF, whereas
for trifluoroacetic acid (CF;COOH) the TOFs are 1300 and 120 s~ ' in ACN
and DMEF, respectively. In ACN, the overpotentials are 0.53 and 0.67 V for

metal-centered HER

CH;COOH and CF;COOH, respectively. In DMF, the overpotential is 0.85 @
V for CH;COOH. First-order dependence with respect to the catalyst is

established. NiL' displays a minimum Faradaic efficiency of 87% from controlled potential electrolysis. Gas analysis from
controlled potential electrolysis in both ACN and DMF using CH;COOH and CF;COOH confirms NiL' as an electrocatalyst
to produce H,. In ACN, TONs of 48 and 24 were obtained for CH;COOH and CF;COOH, respectively in 4 h. In DMF,
TON:Ss of 13 and 3 were obtained for CH;COOH and CF;COOH, respectively. The H, evolution reaction was evaluated using
deuterated acid, demonstrating an inverse kinetic isotope, which is consistent with formation of a metal hydride intermediate. A
proposed ligand-assisted metal-centered mechanism for HER is supported by computational investigations. All catalytic
intermediates in the proposed mechanism were structurally and energetically characterized using density functional theory
(DFT), with the B3LYP/6-311¢g(d,p) and BP86/TZV/P in solution modeled via polarizable continuum model. The final step
of catalysis involves the reaction of [HNi(L'-)]~ with H" generating H,. The correctness of proposed mechanism was confirmed
by location of corresponding transition state (TS) having single imaginary frequency (i1786 cm™).

B INTRODUCTION

In the pursuit of carbon-free fuels, hydrogen can be considered
as an apt energy carrier.”” Molecular hydrogen is generated by
the two-electron reduction of protons through the hydrogen
evolution reaction (HER).>™ The stored energy can be
extracted on demand via the hydrogen oxidation reaction
(HOR).® To date, Pt serves as an excellent electrocatalyst to
generate hydrogen, but its high cost and limited availability has
inspired the search for economically viable, earth abundant
catalysts.” " Typically, HER catalysts operate via a metal-
centered route involving a metal hydride.'””"® However,
recently, a number of HER catalysts have been reported
following alternate, ligand-centered pathways.'*~*’
Bis(thiosemicarbazone) complexes are a class of Schiff base
systems possessing a tetradentate, square planar N,S,
coordination sphere that have received recent attention as
HER catalysts.”**’ The ligands are considered redox non-
innocent as the terminal a-diimine unit is subject to reduction
yielding a z-radical anion.”™*’ The soft donor ligand
architecture stabilizes first-row transition metal ions in low
oxidation states.’”?*7*® The first reported bis-
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(thiosemicarbazone) complex as a HER catalyst was the
neutral monomeric zinc complex, ZnL!, [L' = diacetyl-bis(N-
4-methyl-3-thiosemicarbazonato) ], which evolves hydrogen via
a dinuclear, ligand-centered reaction.”” The copper complex,
Cul'!, catalyzes HER via a metal-assisted ligand-centered
process in which H, is evolved at the ligand-center with the
metal serving as an electron reservoir.”” Straistari et al.
reported a monomeric nickel complex, NiL?, (L* = 4-{bis[4-(p-
methoxyphenyl)-thiosemicarbazonato]}-2,3-butane) that also
catalyzes HER.”” NiL? was proposed to operate via a ligand-
assisted metal-centered route in which Ni(III)-H was
suggested as the catalytically active species. In this study, we
report the HER activity of NiL' using CH;COOH and
CF;COOH as external proton sources in ACN and DMF
solutions. Mechanistic details have been investigated exper-
imentally and computationally by employing density functional
theory calculations in both gas phase and solution phase
modeled via the polarizable continuum model (PCM). The
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results support a ligand-assisted metal-centered pathway
(Scheme 1) and provide evidence to support the prior
suggestion of Ni(III)-H as an intermediate for HER.

Scheme 1. Overview of First-Row Transition Metals with
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B EXPERIMENTAL SECTION

Materials and Reagents. Chemicals, reagent-grade, were
purchased from commercial sources and used without further
purification unless otherwise noted. ACN and DMF solvents were
dried using an MBraun solvent purification system. The nickel
complex of diacetyl-bis(N-4-methyl-3-thiosemicarbazonato), NiL!,
was prepared as previously reported by West.*

Electrochemical Methods. A Gamry Interface potentiostat/
galvanostat was used to record all cyclic voltammetry (CV) and
controlled potential coulometry (CPC) measurements. Overpotential
for hydrogen evolution was calculated using the methods reported by
Fourmond et al. from the theoretical half wave potential, E™; 1, and
the experimental potential E,,/, eq 1.*! The value of E,, is defined
as the potential required to obtain i/, one-half of the maximum of
catalytic current. The turnover frequency (TOF) for hydrogen
evolution was estimated using the foot-of-the-wave analysis
(FOWA).**™* Sample calculations of overpotential and TOF are
included in the Supporting Information.

Overpotential (1) = IETl/2 — E_)l (1)

The CV data were collected using a three-electrode cell comprised
of a glassy carbon working electrode, platinum wire counter electrode,
and Ag/Ag" reference electrode. The glassy carbon working electrode
was polished using an aqueous alumina slurry before recording the
data. The working and counter electrodes were washed with water,
ethanol, isopropanol, acetone, ACN, and DMF before use. After the
washing, the electrodes were sonicated for 10 min in the working
solvent (ACN or DMF). The three-necked electrochemical cell used
for CV studies was washed and dried in an oven overnight before use.
In a typical CV experiment, a 0.30 mM solution of the catalyst was
prepared in the working solvent (ACN or DMF) containing 0.1 M
tetrabutylammonium hexafluorophosphate (TBAHFP) as supporting
electrolyte. The solution was sparged with nitrogen for ~15 min and
then kept under a nitrogen atmosphere. Data were collected at scan
rates of 0.2, 0.5, and 1.0 V/s. An aliquot of acid was added, and CV
data were collected at all three scan rates. The next aliquot was not
added until constant current was obtained at each scan rate. Additions
of acid were continued until the current saturated. Under acid
saturating conditions, the scan rate was varied until scan-rate-
independent conditions were established.

To calculate the TOF, FOWA was performed using CVs under acid
saturated conditions. Herein, we report the average values of TOF
recorded at three different scan rates after establishing the scan rate
independence. FOWA was analyzed at scan rates of 7.0—9.0 V/s in
ACN and 5.0-7.0 V/s in DMF solutions.

The CPC data were collected using a two-chambered glass
electrolysis cell. The working compartment was fitted with a glassy
carbon working electrode and Ag/Ag" reference electrode. The
auxiliary compartment was fitted with a Pt wire counter electrode.

The cell was washed and dried in an oven overnight before
conducting the experiments. In a typical experiment, the working
compartment was loaded with 0.30 mM catalyst, the desired acid
(CH;COOH or CF;COOH) at saturation conditions, and 0.1 M
TBAHFP in ACN or DMF solution. The auxiliary compartment was
filled with a 0.1 M TBAHFP in ACN or DMF solution. Before
electrolysis, both compartments were sparged with nitrogen for ~15
min. Data was collected at a constant applied potential equal to the
potential required for i, in the CV studies. A control (blank) CPC
study was conducted and subtracted from experimental results. A
Gow-Mac series 400 GC-TCD fitted with a molecular sieve column
heated to 130 °C was used for the detection of hydrogen gas in the
head space of the CPC cell. Faradaic efficiency was determined using
an inverted H-shaped cell in which the evolved gas displaced the
volume of the solvent in the cathode compartment, calculated as V' =
#(r)*h. The evolved moles of hydrogen can be quantified by the
applying the conversion factor of 1 mol of gas corresponds to 22.4 L.

X-band electronic paramagnetic resonance (EPR) spectra was
collected in frozen ACN at 77 K temperature using a Bruker EMX
spectrometer. Electronic absorption spectra were recorded with an
Agilent 8453 diode array spectrometer.

Computational Methods. The reliability of computed potential
energy surface (PES) associated with particular reaction mechanism
employing density functional theory (DFT) is largely dependent on
the choice of the appropriate functional. To be consistent with the
previous studies, calculations were performed using B3LYP a hybrid
functional and BP86 a GGA-type functional, as these two functionals
produce reliable agreement with experimental results.”**’ Optimiza-
tions were performed in the gas as well as in solution employing
PCM® and using the B3LYP and BP86 functionals* ™' with 6-
311g(d,p)52 and TZV/P basis set.”> The choice of the functional and
basis set was made to directly compare the results obtained with the
previously reported CuL! and NiL? In addition, natural bond orbital
(NBO) analysis were performed and the reduction potentials of the
redox events were computed using the B3LYP/6-311g(d,p) level of
theory and compared with the experimental data.”* Time-dependent
DFT (TD-DFT) calculations were performed to simulate the
absorption spectra of the neutral, monoreduced and direduced
species.’”*> All geometry optimizations were carried out under tight
convergence criteria, with no symmetry imposed. All reported
calculations were performed using Gaussian 09 software suite.’®
ChemCraft’” and GaussView were used for the graphical
presentation. All input coordinates are provided in the Supporting
Information.

B RESULTS AND DISCUSSION

Synthesis and Electrochemical Characterization. The
NiL' complex is obtained in high yields as an air and moisture
stable dark green solid by using previously reported methods.*’
The CV of NiL' in DMF solution displays two quasi-reversible
events in the cathodic region from 0 to —2.80 vs Fc*/Fc’, as in
Figure SI. The first event, E,;, = —1.83 V, is assigned to ligand
centered reduction, Ni(II)L'/[Ni(II)L'-]". A similar ligand-
centered event is reported for NiL? at a potential of —1.64 V.*’
The second event for NiL' at —2.45 V is assigned as metal-
centered Ni'! couple, which is similar to the reported Ni'/!
potential of —2.27 V for NiL% The irreversible oxidation event
at —1.30 V for NiL' is only observed after scanning through
the second reduction event. A similar unassigned feature is
observed in the CV of NiL%*’ Analysis of the cathodic current
for NiL! in DMF at the multiple scan rates from 0.1 to 0.5 V/s
were used to construct a Cottrell plot, shown in Figure S1,
establishing that the reduction is diffusion limited with a
diffusion coefficient of 2.74 X 107> cm?/s. The CV of NiL' in
ACN displays a similar quasi-reversible ligand- and metal-
centered events at —1.73 and —2.31 V, respectively, given in

DOI: 10.1021/acs.inorgchem.8b02110
Inorg. Chem. 2018, 57, 13486—13493


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02110/suppl_file/ic8b02110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02110/suppl_file/ic8b02110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02110/suppl_file/ic8b02110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02110/suppl_file/ic8b02110_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b02110/suppl_file/ic8b02110_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b02110

Inorganic Chemistry

Figure 1. The diffusion coefficient for NiL! in ACN is 5.01 X
10~° cm?/s.
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Figure 1. Scan rate dependent cyclic voltammograms of NiL'
recorded at scan rates at 0.1 V/s (bottom) to 0.5 V/s (top) in
ACN solutions with 0.1 M TBAHFP as supporting electrolyte. (Inset)
Cottrell plot of peak current versus the square root of scan rate.[Ec' =
purple squares, Ec” = red circles, Ea' = black circles, Ea> = green
triangles].

Electrocatalytic Hydrogen Evolution: CV Studies. The
performance of NiL' as an electrocatalyst for the hydrogen
evolution reaction was evaluated under a series of four
conditions in which the solvent (ACN or DMF) and proton
source (CH;COOH or CF;COOH) were systematically
varied. The acids and solvents in this study were chosen to
directly compare the HER activity of NiL' with the previously
reported complexes.””*****>%% The highest TOF was
observed in ACN with CH;COOH. Notably, the lowest
TOF for NiL' was observed in DMF with CF;COOH, which
were the only conditions reported for NiL%

The addition of CH;COOH (pKa = 23.51)* to NiL' in
ACN introduced a catalytic current at —2.35 V vs Fc*/Fc’,
given in Figure 2. Initially, the catalytic to peak current ratio
(ica/ ip) increase linearly with increasing acid concentration.
The value of i.,/i, saturates when the concentration of
CH;COOH reaches 12.60 mM. After establishing these acid
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Figure 2. CVs of 0.30 mM NiL' in ACN solution with 0.1 M
TBAHFP collected at scan rate of 0.5 V/s with 0, 1.4, 2.8, 4.2, 5.6, 7.0,
8.4,9.8, 11.2, and 12.6 mM (top) CH;COOH concentrations. Inset:
Plot of ic,/i, vs [CH;COOH] for 0.30 mM NiL' at scan rate of 0.2
(red circles), 0.5 (blue squares), and 1.0 (purple triangles) V/s.

saturated conditions, the scan rate was increased until the scan
rate independent region was observed at 7.0 V/s. Using FOWA,
a TOF of 4200 s™' was determined with an overpotential of
0.53 V.

The electrocatalytic activity of NiL' in ACN was accessed
using CF;COOH (pKa = 12.65)%° as a proton source. As
shown in Figure 3, there is an increase in the cathodic current
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Figure 3. CVs of 0.30 mM NiL' in ACN solution with 0.1 M
TBAHFP collected at scan rate of 0.2 V/s with 0, 6, 8, 10, 12, 14, 16,
and 18 mM (top) CF;COOH concentrations. Inset: Plot of icat/ iy VS
[CF,COOH] for 0.30 mM NiL! at scan rate of 0.2 (red circles), 0.5
(blue squares), and 1.0 (purple triangles) V/s.

at —1.65 V and —2.26 V vs Fc*/Fc” upon successive additions
of CF;COOH. The presence of two catalytic waves suggests
the mechanism is more complex than with CH;COOH and
may involve multiple pathways. For the sake of comparison, we
will focus on the process occurring at the more cathodic
potential (E,,/, = —1.90 V vs Fc'/Fc’). Acid saturation occurs
when the concentration of CF;COOH reaches 18.0 mM.
Under acid saturating conditions, i, becomes scan rate
independent at 7.0 V/s. Using FOWA, a TOF of 1300 s™' is
calculated with an overpotential of 0.67 V. The decrease in the
HER activity with CF;COOH may be attributed to differences
in dimerization of the two acids in ACN. For example, the loss
of dimerization of CF;COOH due to heteroconjugation with
water in ACN solutions has been shown to lower HER
activity.éo

Using a similar approach, the catalytic activity of NiL' for
HER was evaluated in DMF with CH;COOH and CF;COOH.
Successive additions of CH;COOH (Figure 4) or CF;COOH
(Figure S) to DMF solutions of NiL' showed increases in
cathodic current at —2.62 and —2.10 V, respectively. Acid
saturation occurs at 9.80 mM with CH;COOH and 32.0 mM
with CF;COOH. Under scan-rate-independent conditions, 5.0
V/s, a TOF of 1200 s™' at an overpotential of 0.85 V is
observed with CH;COOH, while a TOF of 120 s~ is observed
with CF;COOH. The lower activity in DMF as compared to
ACN solutions can be associated with the stabilizing hydrogen
bonding interactions between the N—H groups in the ligand
framework and the DMF solvent.*”

Next, the order of the reaction with respect to the catalyst
was evaluated. The catalytic current was measured at four
different NiL' concentrations (0.125, 0.25, 0.50, and 0.75 mM)
under acid saturating conditions of 12.6 mM CH;COOH. A
linear relationship was established upon plotting the i, versus
[NiL'], corresponding to a first-order dependence on the
concentration of the catalyst, Figure S10.
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Figure 4. CVs of 0.30 mM NiL! in DMF solution 0.1 M TBAHFP
collected at scan rate of 0.2 V/s with 0, 2.8, 4.2, 5.6, 7, 8.4, and 9.8
mM (top) CH;COOH concentrations. Inset: Plot of i,/ i, vs
[CH,COOH] for 0.30 mM NiL' at scan rate of 0.2 (red circles), 0.5
(blue squares), and 1.0 (purple triangles) V/s.
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Figure 5. CVs of 0.30 mM NilL' in DMF solution with 0.1 M
TBAHFP collected at scan rate of 0.2 V/s with 0, 4, 8, 12, 16, 20, 24,
and 32 mM (top) CF;COOH concentrations. Inset: Plot of ic,/i, vs
[CF;COOH] for 0.30 mM NiL! at scan rate of 0.2 (red circles), 0.5

(blue squares), and 1.0 (purple triangles) V/s.

To gain further insights into the mechanism, the kinetic
isotopic effect for HER catalysis by NiL' was measured using
deuterated acids.”>**°! In separate experiments, CV data were
collected with 0.30 mM NiL' in ACN or DMF with successive
additions of the deuterated acids CD;CO,D or CF;CO,D. For
acetic acid, KIE (H/D) values of 0.75 and 0.64 were obtained
in ACN and DMEF, respectively. Slightly lower values of 0.54
and 0.57 were obtained for CF;CO,H/CF;CO,D in ACN and
DMEF, respectively. In all the cases, the value of KIE is less than
one indicating an inverse isotope effect, which is similar to that
reported from Gray and Fukuzumi for HER via a metal hydride
intermediate.*

Electrocatalytic Hydrogen Evolution: CPC Studies.
The stability of NiL' as an electrocatalyst for HER was
evaluated in ACN and DMF by conducting CPC experiments
over a period of 4 h, as in Figure 6 and Table 1. Electrolysis of
ACN solutions containing 0.1 M TBAHFP, 0.30 mM NilL},
and 12.60 mM CH;COOH at a constant potential of —1.90 vs
Fct/BE® resulted in a total charge passed of 27.56 C,
corresponding to 1.43 X 107* moles of H, produced with a
turnover number (TON) of 48. Gas chromatography thermal
conductivity (GC-TCD) was used to analyze the headspace
sample confirming H, as the gaseous product. Similar
experiments with CF;COOH (18.0 mM) for 4 h yielded a
net charge of 13.67 C associated with a TON of 24. The lower
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Figure 6. CPC of 0.30 mM NiL! in 0.1 M TBAHFP with 12.6 mM
CH;COOH (red), 18.0 mM CF;COOH (purple) in ACN solutions,
with 9.8 mM CH;COOH (green), 32.0 mM CF;COOH (brown) in
DME solutions. CPC with no NiL! in 0.1 M TBAHFP with 9.8 mM
CH;COOH (light blue), and 32.0 mM CF;COOH (blue) in DMF
solutions.

Table 1. CPC Results

entry solvent acid q (C) n (x 107%) TON
1 ACN CH;COOH 27.56 1.43 48
2 ACN CF;COOH 13.67 0.71 24
3 DMF CH;COOH 7.26 0.38 13
4 DMF CF,COOH 1.69 0.087 3

TON relative to CH;COOH is consistent with the lower TOF.
The same trend is observed for CPC data collected in DMF
solution. With CH;COOH (9.80 mM) a TON of 13 is
obtained after 4 h in DMF. When the proton source in DMF is
changed to CF;COOH (32 mM), the TON is lowered to 3.
The relatively low TON, with respect to the TOF, is attributed
to the fact that only catalyst at the electrode surface is actively
generating the hydrogen, but the bulk concentration of the
catalyst is used to calculate the TON values.

Electrocatalytic Hydrogen Evolution: Control Experi-
ments. To confirm that the HER observed is associated with
NiL! in solution and not due to surface adsorbed complex or
degradation products, a series of control experiments have
been undertaken. First, blank CVs collected in the presence of
CH,COOH or CF,COOH without the addition of NiL'
showed no measurable current at potentials associated with
hydrogen evolution (Figures S15—S18). A series of CVs were
recorded with NiL' in ACN or DMF in the presence of acid to
confirm HER activity. Then, the glassy carbon working
electrode was removed from solution and washed with the
deionized water but not polished. Immersion of the electrode
into a fresh working solution containing acid and electrolyte
showed no observable catalytic current upon sweeping the
potential in the cathodic region. This indicates that HER
activity is due neither to a film of the catalyst nor its
degradation product being strongly absorbed on the electrode
surface. To further probe whether the film formation on the
working electrode surface was responsible for catalysis, a dip
test was performed after CPC (Figure $19).>*¢"*

To probe if the first step of catalysis could involve
protonation of the catalyst, the titration of NiL' with acid
was monitored in the UV—visible region.22 The electronic
spectra of NiL' in ACN or DMF did not significantly change
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upon the addition of either CH;COOH or CF;COOH. The
results are consistent with a mechanism in which reduction of
NiL' is required prior to protonation. Reduction of NiL' in
ACN with cobaltocene to [NiL']™ yields an S = 1/2 radical
species. The EPR spectrum of [NiL']™ displays a rhombic
signal with a narrow g-value spread, g, = 2.02, g, = 2.00, and g;
= 1.983, that is inconsistent with a Ni(I) assignment (Figure
S26). The average g-value of 2.003 indicates the reduction is
ligand-centered.”” Addition of CF;COOH to the reduced
sample results in no significant change in g-values indicating
that the radical of Ni(HL') remains ligand centered
confirming ligand-centered protonation.

Proposed Homogeneous HER Mechanism. A proposed
ECEC (E = electron transfer, C = chemical reaction; i.e.,
protonation) mechanism for HER is shown in Scheme 2. The

Scheme 2. Proposed HER Mechanism with NiL'
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mechanism is supported by computational investigations as
described below. An alternate, EECC mechanism cannot be
completely excluded. In either case, the first step of the cycle is
ligand centered reduction of NiL' by one electron to yield
[Ni(II)L'-]". Protonation of [Ni(II)L'-]~ occurs at a non-
coordinated hydrazino-N to generate Ni(II)(HL'-). Reduction
of Ni(II)(HL") yields the metal hydride species, [HNi(III)-
L"]", which reacts with external proton in the solution to
generate hydrogen. The mechanism is consistent with
experimental results that indicate the reaction is first-order
with respect to the catalyst. Additionally, the catalysis requires
reduction prior to protonation, and the KIE is consistent with
the formation of a metal hydride. The proposed mechanism
involves four key Ni complexes that were evaluated by DFT
investigations.

Computational Studies. The proposed complexes in
Scheme 2 were optimized by DFT wusing the B3LYP
functional**° with the 6-311g(d,p)52 basis set and the BP86
functional*™** with the TZV/P basis set.”> The former was
previouslzr used by our group to investigate the HER catalysis
by CuL!,”* while the latter was employed by Straistari et al. for
NiL%* Geometry optimization were carried out in gas phase,
as well as in solution phase using PCM.*®

The neutral Nil' catalyst model was optimized as a
restricted singlet (S = 0) using initial geometrical parameters
taken from the previously reported crystal structure.”® The
optimized metal—ligand bond distances and angles are within
0.1 A and 2.2° respectively, of the experimental values (see
Table S1). Reduction of NiL' by one electron yields a doublet
electronic state (S = 1/2) best described as the Ni(II)-ligand
radical [NiL'-]™ with 95% of the spin density on the ligand

13490

framework as determined with B3LYP/6-311g(d,p) in the
solution phase. Similar results were obtained in the gas phase
using B3LYP/6-311g(d,p) and with BP86/TZV/P in the gas
and solution phases. The assignment of the first reduction as
ligand centered is consistent with the previously reported
calculations of [NiL*]~.>’ On the basis of the spin density
distribution, the second reduction is assigned to be metal-
centered reduction from Ni(II) to Ni(I) (Figure S28).

The theoretical prediction of the standard redox potentials
for both reduction events in ACN solutions was obtained using
Born—Haber cycle with B3LYP/6-311g(d,p) (Scheme S1).
The standard ferrocene couple (Fc'/Fc® = 4.988) was used as
a reference electrode.’” The first reduction which is assigned as
ligand-centered reduction was computed to be —2.04 V, while
the second reduction event assigned as metal-centered was
predicted to be —2.55 V (Table S3). These values were found
to be in good agreement with the experimental values (E. =
—1.73 V and E2? = —2.31 V) considering that the computation
of reduction potential usin§ B3LYP functionals requires a
consistent shift of —0.48 V.°

TD-DFT calculations were performed to simulate the
neutral and the reduced species of NiL' (Figure S29). The
absorption spectrum is dominated by one major band in the
range of 300—500 nm consistent with experimental data. In
neutral NiL' absorption band at 386 nm was assigned to the
electronic transition from mixed metal-ligand to ligand
orbitals. For monoreduced and direduced species band at
390 and 446 nm demonstrates ligand to ligand and metal—
ligand to ligand orbital transition, respectively (Table S2).

Protonation of [NiL'-]™ can potentially occur at Ni, S, N*
(hydrazino), N'(coordinated), or N* (pendant amine). Each of
these sites were evaluated in the doublet ground state (S =1/
2). The calculations based on B3LYP/6-311g(d,p) solution
phase, given in Figure 7, favor protonation at the N2
(hydrazino) relative to N' (coordinated) by 2.85 kcal/mol.
All other protonation sites are disfavored by at least 12.56
kcal/mol. The solution phase computed using BP86/TZV/P
also favors protonation at N* over N' (5.95 kcal/mol; Figure
S43). Notably, gas phase calculations show nearly degenerate

o]

Ni-N°H o e
ot 15
4 S Ni-N'H

E(kcal.mole")

Figure 7. Energetic stability of the reduced/protonated species,
Ni(HL"), (S = 1/2, q = 0), B3LYP/6-311g(d, p) solution phase
calculations in ACN.
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energies for protonation at N' and N?, (Figures S30 and S40).
Our results somehow are different than those those of
Straistari, which regport preferential protonation at N' by 4
kcal/mol over N2.°

The reduction of Ni(HL'-) is complicated as it could result
in a singlet (S = 0) or triplet (S = 1) species and may involve
shifting of the proton from N2> The resulting complex was
evaluated in the solution phase using B3LYP/6-311g(d,p) at
multiple protonation sites in both spin states (Figure S33).
The structures corresponding to singlet states are discounted
based on the relatively high energies required for the H,
evolving step (see the Supporting Information). Representa-
tions of the lowest energy triplet structures are provided in
Figure 8. The lowest energy structure is the S-coordinate,
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e
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Figure 8. Energetic stability of the reduced/protonated/reduced
species, [Ni(HL'-)]~, (S =1, ¢ = —1) B3LYP/6-311g(d, p) solution
phase calculations in ACN.

metal hydride [HNi(L'-)]™. It is best described as Ni(III)-H
coordinated to the ligand radical (L'-)*". The next lowest
energy complex, which is protonated at N, sits 4.43 kcal/mol
higher in energy. It is analogous to the lowest energy structure
reported by Straistari for [Ni(HL?)]~.*” All other protonation
sites are significantly higher in energy.

The natural bond orbital (NBO) analysis was performed on
the lowest energy [HNi(L'-)]™ structure.”® The result indicates
the formation of the NiH™ (Figure S39). Considering the
NBO results, the final step of catalysis involves the reaction of
[HNi(L")]~ with H* generating H,. The reaction occurs
without the second protonation of the ligand. The transition
state (TS) involving the H, evolution was located using the
B3LYP/6-311g(d,p) in solution modeled via PCM (Figure 9)
and characterized by a single imaginary frequency of i 1786
cm™". The relatively low energy barrier of 10.5 kcal/mol of TS
supports the formation of hydrogen from the [H-NiL'-]~ on
interaction with the external proton from the acid in the
solution.

B CONCLUSION

The redox active framework of thiosemicarbazone ligands can
serve as a charge carrier for electrocatalysis in the presence or
absence of a transition metal ion. With respect to HER, both
the ligand and the metal of thiosemicarbazone complexes can
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Figure 9. Energy profile and transition state for hydrogen evolution
with NiL!. (A) TS representation [H---HNiL'-].

serve as the site of proton reduction. As we have detailed
previously, the HER mechanism for metal bis-
(thiosemicarbazone) complexes depends on the number of
d-electrons and the relative energy of the ligand- and metal-
centered orbitals. Previously, our group reported strictly
ligand-centered HER for ZnL' with the metal serving a
structural role.”> All reductions and bond making/breaking
reactions occur on the ligand. In contrast, HER with Cul!
occurs through metal-assisted ligand-centered reactivity.”> The
bond making/breaking reactions remain on the ligand center,
but the metal serves as an electron reservoir. Recently,
Straistari et al. reported PdL? as a HER catalyst that is
proposed to follow the same mechanism as CuL'*® In the
current paper, we report that bond breaking/making shifts
from the ligand to the metal center for NiL'. In this ligand-
assisted metal-centered reaction, the ligand serves as the
electron reservoir. The mechanism is consistent with the
suggestion that a catalytically active Ni(III)-H is responsible
for H, evolution with NiL2 Further, the results of the current
manuscript provide the first DFT support of a Ni(III)-H as an
intermediate on the reaction surface for HER. A metal hydride
pathway was also anticipated for CoL? although that remains
to be confirmed.*
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