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Magnetic study and DFT analysis of a doubly
carboxylato-bridged Co(n) derivative anchored
with a ‘scorpionate’ precursor as a potential
electrocatalyst for heterogeneous H, evolutiont

Kuheli Das,®9 Belete B. Beyene, (2 **9 Chiara Massera, () © Eugenio Garribba, 2
M. S. El Fallah,® Antonio Frontera, 2 f Chen-Hsiung Hung*® and
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A new doubly carboxylato-bridged Col(i) dinuclear complex, [Co(bdtbpza)(NCS)], (1), was obtained in a
satisfactory yield by employing a ‘scorpionate’-type precursor, bdtbpza {bis-(3,5-di-tert-butylpyrazol-1-
yl)acetate}, and was then structurally characterized. Single-crystal X-ray diffraction analysis revealed that,
in 1, each Co(i) is penta-coordinated, leading to a distorted trigonal-bipyramidal geometry within the
coordination environment of N3O,. Weak antiferromagnetic coupling within the Co(i) ions in 1 was found
based on the isotropic spin Hamiltonian H = —J(S;:S,) for the S; = 3/2 system. For evaluating the spin
density distribution and the mechanism for the magnetic exchange coupling, DFT analysis was performed,
with the calculated result agreeing the experimental magnetic data. A study into electrochemical H; evol-
ution, involving cyclic voltammetry (CV), controlled potential electrolysis (CPE), and gas chromatographic
(GC) analyses of the graphite electrode modified with the cobalt complex in a neutral agueous solution
revealed the high catalytic activity of the complex with a low overpotential toward H,O reduction. The
faradaic efficiency of the catalyst was found to be 83.7% and the di-cobalt catalyst-modified electrode
displayed quite an interesting H,-evolution activity compared with that of bare electrodes. These results
are encouraging for the future potential application of 1 in water splitting.

Introduction

The consequential climate change and incessant global
warming due to the massive emission of greenhouse gasses
(such as CO,) pose an urgent challenge to the sustainable
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years. This has directed research efforts towards the develop-
ment of renewable and carbon neutral fuels.” Electrochemical
hydrogen evolution from the reduction of water or proton
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route for future hydrogen supply.® Organic precursors with
metals such as Co, Ni, Fe, and Cu as central and active parts of
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studied.*” In recent decades, cobalt complexes of various
macrocyclic ligands such as polypyridines, porphyrins, Schiff
bases, phthalocyanines, and other macrocycles have been
investigated and employed as efficient electrocatalysts for
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play a significant role in catalysis, the presence of more than
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one metal center in the catalyst contributes to its better
activity. Although metal complexes of Schiff bases have already
been used as electrocatalysts for H, evolution,’ research is
ongoing, mainly focused on mononuclear molecular catalysts
to work in organic solvents upon the addition of H,O or acid
as a proton source. Moreover, there are a few studies in the lit-
erature about heterogenous catalysis in neutral aqueous solu-
tions employing dinuclear metal complexes,® but the reported
metal derivatives are not anchored with pyrazole-based ligand
systems.

Turning our focus to sterically bulky bis(pyrazolyl)acetate
precursors,'" we synthesized a new dinuclear Co(n) derivative,
[Co(bdtbpza)(NCS)], (1), in a satisfactory yield, whose structure
was elucidated through X-ray diffraction analysis on single
crystals. The dinuclear cobalt complex was deposited onto an
electrode surface by continuous sweeping during cyclic voltam-
metry and used for electrochemical H, evolution in a neutral
aqueous solution. Our catalytic activity study using CV and
CPE showed unprecedented catalytic activity and low overpo-
tential when compared with the control experiment with bare
electrodes. The evolution of H, gas was detected by gas chro-
matographic (GC) techniques employing a TCD detector and
its amount was determined using the calibration curve of stan-
dard hydrogen. Different spectroscopic techniques, such as
infrared spectroscopy (IR), ultraviolet-visible (UV-Vis), and
electron paramagnetic resonance (EPR), were employed for the
characterization of the dinuclear Co(u) derivative 1. DFT study
was performed to gain insights for a theoretical interpretation
of the temperature-dependent magneto-structural correlations
of complex 1.

Results and discussion
Synthesis and characterization

The ‘scorpionate’-type precursor bdtbpza was derived accord-
ing to a literature procedure.'’ Here, the treatment of two
equivalents of 3,5-di-tert-butylpyrazole and an excess of potass-
ium hydroxide, potassium carbonate, and a small amount of
benzyltriethylammonium chloride, acting as the phase-trans-
fer catalyst, in dichloromethane yielded bis-(3,5-di-ter¢-butyl-
pyrazol-1-yl)methane (bdtbpzm). Later, the combination of
bdtbpzm and nBulLi in tetrahydrofuran under a CO, source

Scheme 1 Formation of complex 1.

This journal is © The Royal Society of Chemistry 2024
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gave the desired product (bdtbpza), which was washed in
pentane. A mixture of bdtbpza, CoCl,-6H,0, and NaSCN in
MeOH/H,0 solution furnished the dinuclear Co" derivative (1)
(see Scheme 1).

Complex 1 was isolated in good yield with perfect purity
and characterized by different spectroscopic analyses. The IR
spectra of the ligand and of the metal derivative were
measured in the range of 4000-400 cm™* (as KBr pellets). The
carboxylate group could be easily detected by infrared spec-
troscopy because of its strong, characteristic absorbance,
which disappears upon conversion to the acid form.'> The
strong band at 2970 cm™" in both the ligand and complex 1
could be attributed to the vy stretching of the -CH-COOH
moiety. The sharp band at 1740 cm™, corresponding to the
asymmetric stretching vibration of v,gcoo) in the free ligand,
was shifted considerably to much lower frequency at
1646 cm™*, indicating coordination between the metal ion and
the carboxylic moiety.”> The symmetric stretching band
Vsym(coo) Observed at 1366 cm™! remained almost unchanged
in 1 compared with the band for the free ligand. The fact that
the asymmetric bond decreased significantly with the increase
in bond length (due to the coordination to cobalt), whereas
the symmetric C=0 band remained invariant, is an indication
that only one O atom of the -COO group participated in
bonding, bridging two metal ions, while the other C=O
remained uncoordinated. Other intense bands were found in
the region of 1530-1540 cm™', which corresponded to
Vic—njpz- ' The strong sharp band at 2065 cm™" was attributed
to the stretching vibration y(scy).

Crystal structure

The molecular structure of 1 in the solid state was elucidated
through X-ray diffraction analysis on single crystals. It con-
sisted of a centrosymmetric, dimeric complex with the general
formula [Co(bdtbpza)(NCS)], [bdtbpza = bis(3,5-di-t-butylpyra-
zol-1-yl)acetate] that crystallizes in the monoclinic space group
P21/c (see Fig. 1). Its asymmetric unit comprises one Co(u)
cation, one mono-negative ligand bdtbpza, and one isothio-
cyanate anion.

Each Co(u) is penta-coordinated showing a distorted trigo-
nal-bipyramidal geometry, with a 75 value of 0.84 (where 75 = 0
represents a perfect square pyramid and 75 = 1 represents a
perfect trigonal bipyramid), following the classification intro-
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Fig. 1 Molecular structure of 1 with a partial labeling scheme of the
atoms belonging to the asymmetric unit. The symmetry code to gene-
rate the whole complex is —x, -y + 1, —z + 1. The H atoms of the tert-
butyl groups have been omitted for clarity.

duced by Addison and coworkers."® For the cobalt center Col,
the axial positions are occupied by the nitrogen atom N 1S of
one isothiocyanate anion and by the acetate oxygen atom O1
(i=—-x, =y + 1, —z + 1) of the symmetry-related bdtbpza ligand,
which, along with O1, bridges the two metal centers Col and

Table 1 Selected bond lengths [A] and angles [°] for 1

Co1—N18 1.975 (3) N1S—Co1—N4' 100.60 (11)
Co1—N2! 2.041 (2) 01—Co1—N4! 125.06 (9)
Co1—N4' 2.057 (2) N2'—Co1—N4'" 97.48 (10)
Co1—O01 1.980 (2) N1S—Co1—O1' 175.84 (10)
Co1—O1' 2.327(2) 01—Co1—01" 70.57 (9)
N1S—Co1—O01 113.33 (10) N2'—Co1—01' 77.77 (9)
N1S—Co1—N2! 98.81 (11) N4'—Co1—O01' 77.66 (9)
01—Co1—N2! 117.21 (9)
Symmetry code: (i) —x, =y + 1, —z + 1.
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Cot' at a distance of 3.522(1) A. The atoms O1 (acetate), N2/,
and N4' (imidazole) complete the coordination in the equator-
ial positions. Overall, bdtbpza acts as a tetradentate bridging
ligand forming two five-membered chelation rings (O1-C1-
C2-N3-N4 and N2-N1-C2-N3-N4) at an angle of 65.44(3)°
with respect to each other. The bond distances and angles are
in the normal range for this type of compounds (see Table 1
for selected geometrical parameters).

In the crystal, the main supramolecular contacts directing
the packing are C8-H8B---S1S(—x + 1,—y + 1,—z + 1) inter-
actions, which give rise to chains running along the ag-axis
direction of the unit cell [C8-H8B---51S: 3.840(4) A and 171.1
(2)°], held together by dispersion forces (see Fig. 2 and 3).

A search in the Cambridge Structural Database (CSD,
Version 5.38, update August 2018)'® for dimeric complexes
containing the ligand bdtbpza yielded three hits with the ref.
codes BEDLAY,"” CUMNOP, and CUMNUV.'® BEDLAY and
CUMNUV are a Fe(u) and a Co(u) complex, respectively; the
coordination mode of bdtbpza is analogous to the one dis-
played in the title compound, but with chloride (BEDLAY) or
nitrate (CUMNUV) instead of isothiocyanate as counter ions
completing the coordination sphere of the metal, which has a
distorted trigonal-bipyramidal geometry. In the case of
CUPNOV, which is a copper coordination compound, the
binding mode of bdtbpza is different, and involves both
oxygen atoms of the acetate moiety bridging the two metal
centers, yielding a square-pyramidal coordination completed
by the nitrate anion acting as a monodentate ligand.

Electronic spectra

The UV-Vis absorption spectrum of complex 1 was recorded in
HPLC grade methanol in the region of 200-800 nm (see
Fig. 4). The free ligand showed mainly a strong band at
230 nm (probably due to = — n* transitions) along with other
weak bands around 260 nm.'® The metal complex exhibited
high energy bands at 214 and 281 nm, which are analyzed
below and were shifted with respect to the ligand due to com-

Fig. 2 View of the supramolecular chains formed by 1 along the a-axis direction of the unit cell. The C—H-.-S interactions are represented as blue
dotted lines. For clarity, only the H atoms involved in the interactions are shown.
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Fig. 3 Crystal packing of 1 viewed down the crystallographic a axis,
highlighting different chains held together by dispersion forces. H atoms
have been omitted for clarity. The b and c axis are represented in green
and blue, respectively.
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Fig. 4 Electronic spectrum of complex 1, measured in methanol; inset
shows an enlargement of the 400—-700 nm region.

plexation. In the spectrum, a much weaker, less well-defined
and broad band originated at lower energy regions (470 and
520 nm) associated with transitions involving the metal orbi-
tals. This is a specific indication of a Co(u) derivative with the
metal in a five-coordination environment.>

TD-DFT calculations, detailed in the ESI,} were conducted
to investigate the bands in complex 1. The full analysis is avail-
able in the ESI,¥ with key findings discussed here. The first
significant band according to the TD-DFT calculations was
found at 579 nm with an oscillator strength of 0.0033, which
aligns reasonably with the experimental band observed at
520 nm. This band, characterized as S, — S;, excitation,
involves transitions primarily from HOMO — LUMO+3 and
HOMO-1 — LUMO+2, among others. Given that the HOMO

This journal is © The Royal Society of Chemistry 2024
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and HOMO-1 are delocalized across both metal and ligand,
while the LUMOs are localized at the metal centers, this band
exhibited characteristics of both ligand-metal charge transfer
(LMCT) and metal-metal charge transfer (MMCT). Plots of the
relevant molecular orbitals are provided in the ESI, Fig. S2 and
Table S1.1 Other significant bands at 296 (f = 0.0344) and 292
(f = 0.0269) nm from the TD-DFT matched an experimental
band at 281 nm, corresponding to Sq — Syg and Sy — S,o exci-
tations. This band involved multiple transitions: HOMO—-5 —
LUMO+3, HOMO—-4 — LUMO+2, HOMO-1 —» LUMO+3, and
HOMO — LUMO+2, featuring a mix of LMTC and MMCT
characteristics, as detailed in the ESL{ The highest energy
band predicted at 214 nm was not observed in the TD-DFT
analysis, likely because it exceeded the upper limit of the cal-
culated states, capped at the S, state.

EPR spectra

The EPR spectra were recorded on a polycrystalline powder of
1 as a function of the temperature. The spectra measured at
298, 180, and 77 K are shown in Fig. 5. The spectrum at room
temperature was almost silent with only a weak absorption at
1576 Gauss (as indicated by the arrow in Fig. 5). This weak
resonance could be attributed to the “forbidden” AMg = +2
resonance, often observed in the case of dinuclear metal com-
plexes (e.g., with Cu") in a doublet spin state.>' The small dis-
tance between the two Co" ions would support the magnetic
interaction between the two paramagnetic centers. With
decreasing temperature, a broad absorption centered at geg ~
4.2 was revealed. Superimposed to the signal, AMg = +2 reso-
nance at 1572-1574 Gauss was also detected.

The EPR theory predicts g = 4.33 for high-spin octahedral
Co™ complexes,** and an intense band in the range of 6.3-6.7
for trigonal-bipyramidal Co™ species.?® Overall, the lack of the
signal at 298 K,>* the “forbidden” AMjg = +2 resonance, and the
appearance of the broad signal between gegr ~ 7 and gegr ~ 3
were features indicative of a dinuclear high-spin Co™ complex.

Magnetic property

The analysis of magnetic properties of complex 1 in the form
of a ymT vs. T plot (where yy; is the molar magnetic suscepti-
bility for two Co”* ions) is shown in Fig. 6. The value of yT at
300 K was 4.40 cm® mol ™" K, slightly higher than that expected
for two isolated spin-only ions (yy7 = 3.75 cm® mol ™" K for two
isolated S = 3/2 ions). This indicates a g factor higher than 2.0,
which was probably due to the effects of the magnetic an-
isotropy associated with each high-spin Co() ion. When lower-
ing the temperature, the y\T product continuously decreased
and reached a minimum of 2.45 cm® mol™ K at 2 K.

The shape of this curve can be caused by either the spin-
orbit coupling (SOC) of each Co(u) ion, antiferromagnetic
exchange between the two Co(u) ions, or both.*® It is well
known that orbital angular momentum is totally or partially
quenched depending on the ligand field symmetry,® and its
effect is strongly related to the symmetry around the metal ion.
To the best of our knowledge, from a magnetic point of view
there are only a few cases of studies on Co(u) either with a tri-

Dalton Trans., 2024, 53, 9358-9368 | 9361
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Fig. 5 X-band EPR spectra of the polycrystalline powder of 1: (a) at 298 K, (b) 180 K, and (c) 77 K. The position of the “forbidden” AMs = +2 reso-

nance is indicated by the black arrow.
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Fig. 6 Plot of ymT vs. T for complex 1. The solid line corresponds to the
best fit (see text). The inset shows the plot of the reduced magnetization
M/Np vs. applied field H at 2 K.

gonal-bipyramidal symmetry (TBP) or square-pyramidal sym-
metry (SP),>” contrary to octahedral or tetrahedral Co(r) com-
plexes, which have been intensively studied.”® The magnetism
of high-spin Co(u) complexes of a TBP or SP symmetry can be
divided into two classes: (a) a regular SP or TBP symmetry
where the ground term has an orbital angular momentum,
and the spin-orbit treatment is valid; (b) a highly distorted
lower symmetry case, where the spin-orbit coupling effect is
dissipated for both of them. However, slight distortion can
cause a non-completely quenched SOC.>® Based on the com-
ments above, the magnetic susceptibility data for 1 were ana-
lyzed first by using a conventional isotropic spin Hamiltonian
H = —] (8;:S,) for the S; = 3/2 system. All attempts to fit the
magnetic data by using the PHI program®’ failed, and no satis-
factory fits were achieved by considering the crystal-field

9362 | Dalton Trans., 2024, 53, 9358-9368

effects. Indeed, the only successful fit was based upon an iso-
tropic exchange J in the dinuclear unit taking into account the
SOC effects (S = 3/2 and L = 1). The best fit of the experimental
data gave the following parameters J = —0.43 cm ™", g = 2.05,
and A (spin-orbit parameter) = —39.3 cm™" with an error R =
6.637 x 107", where R = Y[(rmT)exp — (rmT)eat] /2 (tmT)exp - In
the fitting process, the orbital reduction factor ¢ was fixed as
1.1.>° The reduced molar magnetization (M/Nf) per Co(u)
dinuclear unit tended to 3.6 electrons for 1 (inset Fig. 6). This
value is less than that expected for two isolated Co(u) ions not
coupled (5-6NfS). This feature agrees with the weak antiferro-
magnetic coupling within the Co(u) ions. The small exchange
coupling parameter found (J) could be related to the poor
overlap between the equatorial (short distance: 1.980 A) and
axial (long distance: 2.327 A) orbitals that participate in the
magnetic pathway leading, in this way, to almost negligible
coupling.

DFT calculations

We used B3LYP/6-31+G* calculations (broken-symmetry
approach, see theoretical methods) to evaluate the magnetic
coupling constant J in 1. The theoretical value of J
(-2.98 cm™) was in reasonable agreement with the experi-
mental one (—0.43 cm™') and confirmed the weak antiferro-
magnetic coupling. To investigate the mechanism for the mag-
netic exchange coupling, the spin density distribution was ana-
lyzed. The atomic spin population values on the Co metal
centers and the donor atoms of the ligands are included in
Fig. 7 along with the spin density plots for the high-spin and
low-spin (broken-symmetry) configurations. For the high-spin
(HS) configuration (see Fig. 7a), the Mulliken spin population
data showed that some of the spin (ca. 0.32 e) was delocalized
through the ligands, and the rest (2.68 e) was supported by the
Co ions in both the “broken-symmetry” wave function and the
high-spin state for complex 1 (a and f spin states are rep-
resented by blue and green signs, respectively). The broken-
symmetry spin population values at the magnetic centers were

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Spin density (contour 0.004 e A=3) plots in the high-spin (a) and low-spin (b) configurations of complex 1. Positive spin is represented in blue
and negative spin in green. Spin density at selected atoms is also given. The tbutyl groups and H atoms have been omitted for the sake of clarity.

+2.68 e and ~10% of the spin was delocalized to the ligand
framework. The spin on the acetate O-atoms was 0.06 e in the
HS state and +0.01 e in the broken-symmetry state of complex
1, consequently, the bridging oxygen atoms mediate the mag-
netic exchange. The low spin density observed in the bridging
O atoms of the HS state agreed with the small experimental
exchange coupling.

Plots of the magnetic orbitals are given in Fig. 8 showing
the main contribution of the d atomic orbitals of the Co atoms
along with an almost negligible contribution of the p orbitals
of the bridging O atoms, thus revealing a minimum overlap of
the orbitals that participate in the magnetic pathway.

-5.439 eV

-5.475 eV ()

Electrochemical characterization

The electrochemical redox properties of the compound were
studied by cyclic voltammetry (CV) in DMSO using graphite as
the working electrode, Pt as the counter electrode, and Ag wire
as the reference electrode at RT and at scan rate of 0.1 V s™".
The results (as shown in Fig. 9) indicated the reversible redox
process at E;;, = —0.68 V vs. NHE, which was assigned to the
reduction couple Co**/Co™. Moreover, a weak irreversible oxi-
dation peak was observed at E;,, = —0.2 V vs. NHE, which was
due to the possible oxidation of Co(u) to Co(m). The ligand as

well as the cobalt salt were electrochemically silent in the

-5.478 eV

Fig. 8 Magnetic orbitals (a—f) and energies retrieved from the broken symmetry solution of complex 1; t-Butyl groups and H-atoms omitted for the

sake of clarity. Isosurface value for plotting orbitals is 0.04 a.u.

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 CV plot of 1 mM catalyst in DMSO using graphite as the working
electrode, Pt as the counter electrode, and Ag wire as the reference
electrode at RT and at a scan rate of 0.1V s™2.

potential range where the metal-ligand complex showed redox
peaks. Thus, the redox potential peaks observed were due to
the metal ion (as explained above), and not due to the ligand
or free metal salt.

The catalytic-type irreversible reduction current at E;, =
—1.2 V vs. NHE may be due to catalytic reduction of the
residual proton of the solvent by the metal complex. This
finding suggests the potential application of complex 1 for the
electrochemical reduction of protons/H,O to generate mole-
cular hydrogen.

Catalytic hydrogen-evolution study in aqueous solution

Inspired by the promising catalytic current of the complex in
an organic solvent, a hydrogen-evolution catalysis study was
conducted in neutral aqueous solution by using a catalyst-
modified graphite electrode as the working electrode, Pt as the
counter electrode, and Ag wire as the reference electrode, at RT
and at a scan rate of 0.1 V s~ (Fig. 10). The catalyst-modified
electrode was obtained by using continuous swiping tech-
niques of the electrode in a solution of the catalyst in which it
was swept for 100 cycles in the potential window from +1.25 to
—1.25 V vs. NHE. The modified electrode was then taken out
and immersed in DMSO and then water for 5 m in each
solvent to remove any loosely attached catalyst. Then, taking
the catalyst-modified electrodes, cyclic voltammetry (CV) and
CPE (controlled potential electrolysis) experiments were per-
formed. As can be seen from Fig. 10, the catalyst-modified
electrode showed enhanced catalytic current with reduced
overpotential (black curve) when compared with the control
experiment (bare electrode, red curve).

Thus, the reduction catalytic peak was sharply amplified at
Ey;» = —0.48 V vs. NHE for a catalyst-modified electrode. For
the bare electrode, the catalytic current started to grow at E;, =
—1.05 V vs. NHE, with an overpotential of 530 mV, indicating a
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Fig. 10 CV plot in 2 M Kpi using graphite as the working electrode, Pt
as the counter electrode, and Ag wire as the reference electrode at RT
and at a scan rate of 0.1V s™*.

tremendous catalytic current enhancement at lower potential
for the catalyst-modified electrode in neutral aqueous solution.
To further explore the catalytic activity of the modified
electrode, we conducted a controlled potential electrolysis at
—1.4 V vs. NHE for 30 m. The amount of charge accumulated/
current passing through the system was higher for the catalyst-
modified electrode when compared with the control experi-
ment with bare electrode (Fig. 11).

The electrolysis was carried out in an air-tight electro-
chemical system at —1.4 V vs. NHE, producing 61.8C of charge
after 30 m. Since 1 mol of electron is equal to 1 F or 96 485C,
the charge produced after 30 m (61.8C) is equal to 639 pmol of
electrons. To generate 1 mol of H,, two moles of electrons are

60

e Bare Electrode

e Catalyst Modified Electrode

50

Charge (C)
w
o
1

20
10
0 . . . . .
| | | | | |
0 5 10 115 20 25 30
Time (min)

Fig. 11 CPE plot in 2 M Kpi at pH 7, using graphite as the working elec-
trode, Pt as the counter electrode, and Ag wire as the reference elec-
trode at RT and at an applied potential of —1.4 V vs. NHE.
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Fig. 12 GC chromatogram of the headspace gas before and after bulk
electrolysis at different time intervals. The headspace gas was analyzed
following the controlled potential electrolysis of the catalyst-modified
glassy carbon electrodes in 2 M potassium phosphate buffer solution
(pH 7), at room temperature.

required (2H" + 2e” = H,). Accordingly, assuming under 100%
faradaic efficiency, 639 pmol of electrons are equivalent to
319.5 pmol of H,. Following controlled potential electrolysis,
the headspace of the reaction was analyzed by GC, as shown in
Fig. 12.

The amount of H, was measured using the calibration
curve equation for standard H,. After 30 m of electrolysis, a GC
chromatogram with a peak area of 6000 was obtained and the
amount of H, from GC (practical yield) was estimated to be
267.5 pmol of H,. Hence, the faradaic efficiency of the catalysis
was 83.7%. Since it is difficult to evaluate the amount of cata-
lyst loaded onto the electrode surface, we could not determine
the TON/TOF of the catalyst in this study.

Conclusion

A new di-carboxylato-bridged Co(u) derivative incorporating
the precursor bdtbpza {bis-(3,5-di-tert-butylpyrazol-1-yl)acetate}
was furnished and several spectral studies were executed for
its characterization. The magnetic study revealed that there
was a weak antiferromagnetic interaction between the two Co
(u) centers, which was also evidenced by density functional
theory calculations. Successively, we investigated the electro-
chemical hydrogen generation of a graphite electrode modified
with the complex (which was based on a cheap and earth-
abundant metal) in aqueous solution. The enhanced high
catalytic current with a low overpotential for the catalyst-modi-
fied electrode showed the quantitative evolution of hydrogen
and a promising potential application of the complex to be
used as an electrocatalyst for water splitting. Following the
encouraging results for electrochemical H, generation, in our
laboratory we are currently planning to work on photo-electro-
chemical CO, reduction by employing different metal com-
plexes with porphyrin moieties.
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Experimental section
Materials

All the experiments were carried out under aerobic conditions.
All solvents were of reagent grade and used without further
purification. CoCl,-6H,0O and sodium thiocyanate were pur-
chased from Aldrich Chemicals. 3,5-Di-tert-butylpyrazol, KOH,
K,CO3, and benzyltriethylammonium chloride were purchased
from Showa Chemicals. The ligand bis-(3,5-di-tert-butylpyrazol-
1-yl)acetic acid (bdtbpza) was prepared according to a litera-
ture procedure."*

Physical measurements

Microanalytical data (C, H, and N) were collected on a
PerkinElmer 2400 CHNS/O elemental analyzer. FTIR spectra
were recorded on a PerkinElmer RX-1 spectrophotometer in
the range of 4000-400 cm™" as KBr pellets. EPR spectra were
recorded from 0 to 10 000 Gauss as a function of an organic
solution on an X-band Bruker EMX spectrometer equipped
with a HP 53150A microwave frequency counter. The micro-
wave frequency was 9.40 or 9.41 GHz, the microwave power
was 20 mW (below the saturation limit with the ER4119 HS
resonator), the time constant was 81.92 ms, the modulation
frequency was 100 kHz, the modulation amplitude was 0.4 mT,
and the resolution was 8192 points. Magnetic measurements
were carried out at “Servei de Magnetoquimica (Universitat de
Barcelona)” on a polycrystalline sample (30 mg) with a
Quantum Design SQUID MPMS-XL magnetometer apparatus
working in the range of 2-300 K under a magnetic field of
approximately 5000 G. The diamagnetic corrections were evalu-
ated from Pascal’s constants.

Synthesis of the ligand

Synthesis of  bis(3,5-di-tert-butylpyrazol-1-yl)methane
(bdtbpzm). 3,5-Di-tert-butylpyrazol (3.00 g, 16.64 mmol), KOH
(3.60 g, 64.16 mmol), K,CO; (9.00 g, 65.12 mmol), and
benzyltriethylammonium chloride (0.5 g) were dissolved
together in dichloromethane (100 mL) and refluxed for 5 h.
After removing the salts by filtration, the filtrate was concen-
trated in vacuo to dryness. The white residue was dissolved in
water and extracted with pentane (2 x 150 mL). The organic
layer was dried over CaSO, and the solvent removed in vacuo.
The white residue was recrystallized from pentane to give the
desired product (bdtbpzm) as a white powder, which was dried
again in vacuo. Yield 2.40 g (77%).

Synthesis of bis(3,5-di-tert-butylpyrazol-1-yl)acetic acid
(bdtbpza). A solution of bis(3,5-di-tert-butylpyrazol-1-yl)
methane (bdtbpzm) (2.30 g, 6.17 mmol) in tetrahydrofuran
(50 mL) was treated with nBuLi (1.6 M solution in hexane,
4 mL, 6.40 mmol) at —70 °C. The solution was allowed to
warm to —45 °C under a CO, source during a period of 4 h and
finally poured into 200 g of crushed dry ice. After reaching
room temperature, the solvent was removed in vacuo and the
white residue was dissolved in water (100 mL). The aqueous
solution was acidified with half concentrated HCI to pH 1 and
extracted with diethyl ether (3 x 100 mL). The combined
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organic layers were dried (Na,SO,4) and concentrated in vacuo
to give a honey-like yellow oil. The product was crystallized
within two days when stored at room temperature under air.
The white crystalline substance was washed with pentane to
unreacted  bis(3,5-di-tert-butylpyrazol-1-yl)methane
(bdtbpzm), which gave bdtbpza as a colorless powder. Yield
2.2 g (77%).

Synthesis of complex (1). To a methanol solution (10 mL) of
CoCl,-6H,0 (0.237 g, 1 mmol), bdtbpza (1 mmol) in 15 mL of
methanol was added under constant stirring. The resulting
green solution was kept boiling for 10 m. After that and still
under heat, a 10 mL water solution of NaSCN (0.081 g,
1 mmol) was added under constant stirring and then, the
mixture was kept undisturbed in a refrigerator. Dark-brown
rectangular-shaped single crystals of 1 were generated after
one week. These were separated by filtration and air-dried
before X-ray diffraction analysis. Yield: 0.64 g. Anal. calc. for
CsoH7504N,0S,C0,: C, 56.33; H, 7.38; N, 13.14. Found: C,
56.67; H, 7.17; N, 12.89%.

remove

X-Ray crystallography

The crystal structure of complex 1 was determined by X-ray
diffraction methods. Intensity data and cell parameters were
recorded at 293(2) K on a Bruker ApexII diffractometer (MoKa
radiation 4 = 0.71073 A) equipped with a CCD area detector
and a graphite monochromator. The raw frame data were pro-
cessed using the programs SAINT and SADABS to yield the
reflection data files.>® The structure was solved by Direct
Methods using the SIR97 program®? and refined on F,* by full-
matrix least-squares procedures, using the SHELXL-2014/7
program®® in the WinGX suite v.2014.1.>* All non-hydrogen
atoms were refined with anisotropic atomic displacements; the
carbon-bound H atoms were placed in calculated positions
and refined isotropically using the riding model with C-H
ranging from 0.93 to 0.98 A and Ujs,(H) set to 1.2-1.5Uq4(C).
The weighting scheme used in the last cycle of the refinement
was w = 1/[6°F,> + (0.0113P)> + 1.2694P], where P = (F,> + 2F %)/
3. The crystal data and experimental details for the data collec-
tion and structure refinement are reported in Table S2.f
Crystallographic data for the structure reported have been de-
posited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC 2337161.}

Theoretical methods

The magnetic properties of compound 1 were computed using
the Gaussian 09 package®® using density functional theory
(DFT) combined with the broken-symmetry approach.*® We
used the hybrid B3LYP?” functional and the 6-31+G* basis
set,”® because it is a good compromise between the size of the
systems and the accuracy of the method. We used the solid-
state geometry of the complex and we optimized the positions
of the hydrogen atoms. The a-HOMOs and }-HOMOs in the BS
state were considered as the magnetic orbital. For the TD-DFT
calculations, the MeOH solvent was simulated using the PCM
method*® and the first 40 excited states were considered.
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