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Herein, we present the synthesis of two new dicobaloxime complexes, [{ClCo(dmgH),(4-PyCOO)},-
Zn(DMF),] (1) and [{ClCo(dmgH),(4-PyCOO)},Cd(H,0)3(DMF).4H,O (2) bridged by isonicotinate-Zn(n)
and Cd(1) moieties. These complexes were synthesized upon reaction of a monomeric
chlorocobaloxime [ClCo(dmgH),(4-PyCOOH)] with Zn(NOs),-6H,O and Cd(OAc),-2H,0 in a methanol/
DMF solvent mixture. Both complexes are fully characterized by UV-Visible, FT-IR, and NMR (*H and
BC{H)) spectral studies. The solid-state structures are also determined by single-crystal X-ray
crystallography. In complex 1, Zn (i) metal ions reside within a four coordinated distorted tetrahedral
geometry (ZnO,4) formed by two oxygen atoms of isonicotinate connected to cobaloxime units and two
oxygen atoms of DMF molecules. In complex 2, the Cd(i) metal ion exhibited distorted octahedral
geometry (CdOg), with two oxygen atoms of isonicotinate that connect to cobaloxime units, one DMF,
and three water molecules. The Co(i) metal center of cobaloxime units in both complexes 1 and 2
displayed distorted octahedral geometry with two dmgH units in the equatorial plane whereas chloride
ion (Cl7) and the nitrogen atom of isonicotinate occupy the axial coordination sites. The redox
behaviour of both complexes was studied by cyclic voltammetry at variable scan rates in deoxygenated
DMF/H,O (95:5) solution using 0.1 M TBAPFg as the supporting electrolyte and a glassy carbon (GC)
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Accepted 17th October 2023 couples Co"'/" and Co''/Co' are observed in the reductive scan. Furthermore, complexes are investigated
as electrocatalysts for proton reduction in the presence of acetic acid (AcOH) and complex 1 exhibited
impressive electrocatalytic activity compared to complex 2 and monomer. The stability study indicated

the retention of molecular structural integrity during HER electrocatalytic experiments.
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Introduction

The development of renewable energies is receiving great
attention in response to the problems associated with the use
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of non-renewable fossil fuels (coal, oil and natural gas). The
conversion of solar energy into storable chemical fuels utilizing
photo- and/or electrocatalytic systems is a convincing energy
conversion method, which converts water into hydrogen and
oxygen."™ Molecular hydrogen is found to be the ultimate clean
energy source because of its high energy density (120-142 MJ Kg *),>
and also burning of hydrogen produces only water as a waste
product. However, the development of efficient catalysts for the
widespread production of hydrogen based on non-precious and
earth abundant metals is a long-term goal for inorganic che-
mists. Interestingly, the biological hydrogenases that catalyze
the reversible reduction of proton, contain 3d transition metals
such as iron and nickel.® These biological catalysts operate
under weakly acidic aqueous conditions at very low overpoten-
tials with 1000 s~* turnover frequency.”® The active sites of
natural hydrogenases inspired the design of earth abundant
metal complexes as model compounds of hydrogenases.’™?
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Many of these complexes operate in organic solvents with
organic acids as proton sources. In particular, cobaloximes
i.e. pseudo-octahedral cobalt complexes of glyoximato equator-
ial ligands and two trans-axial ligands have been extensively
studied and showed hydrogen evolution at relatively lower
overpotential."*° Initially, cobaloximes were synthesized and
studied to mimic the Vitamin By, chemistry,>** but due to
their rich coordination chemistry, these have been utilized in
many catalytic reactions as well as in organic synthesis.>**° In
the present time, cobaloxime complexes have been identified as
one of the most active series of molecular catalysts for electro-
catalytic and photocatalytic hydrogen production because of
their low cost, easy synthesis and tuning of catalytic properties
by changing the substituents in the equatorial and/or axial
ligands.19’20’37’39‘51_59

It has been shown that the HER catalytic activity of cobalox-
imes is affected by the substituents at carbon of equatorial
dioximes as well as axial pyridine ligands.>®***° The substitution
of the electron withdrawing group at dioxime carbon of cobalox-
ime resulted in the easy reduction of Co(um) to Co(i) but at the
same time this makes it weakly nucleophilic toward protonation,
hence poor HER activity has been observed.®® Although the
substitution of bridging protons with -BF, has increased the
stability of cobaloximes, it has resulted in poor HER activity.""
However, using electron donating substituents in the axial
pyridine ligand increases the catalytic activity.®>®® All these
results have indicated that varying substituents in the equatorial
dioximes as well as axial pyridine ligands affect the HER activity
of the cobaloximes. The majority of electro/photocatalytic hydro-
gen evolution reactions are catalyzed by mononuclear chloroco-
baloximes either in solution state or after immobilization on to
the surface of solid supports.’®*>7° Recently, Ott and coworkers
have reported cobaloxime based metal organic framework thin
films as an electrocatalyst for the hydrogen evolution reaction.’

Gupta and co-workers reported the two-dimensional assem-
bly of organocobaloxime with zinc(u) metal ion based paddle
wheel center, Zn,((OOCR),.”" This assembly was formed from
[MeCo(dmgH),(4-PyCOOH)], isonicotinic acid and Zn(NOs),-
6H,O in DMF solvent. Isonicotinic acid is a versatile linker
and has been used for the synthesis of a variety of metal-
organic frameworks. Using a previous approach as described by
Gupta and co-workers,”! we came up with an idea that chloro-
cobaloxime containing isonicotinic acid as one axial ligand,
[ClCo(dmgH),(4-PyCOOH)], can be assembled to form a coor-
dination polymer network. However, this resulted in the for-
mation of dicobaloxime assemblies from [ClCo(dmgH),(4-
PyCOOH)] (vide infra) with all our tried conditions.

Although the synthesis and characterization of ligand
bridged dicobaloximes have been reported in the literature,
their applications in electro/photocatalytic hydrogen evolution
and oxygen evolution reactions have rarely been reported.”>”*
Therefore, in our continuous effort to understand the HER
activity based on new cobaloximes complexes, we report the
synthesis and characterization of rare dicobaloxime complexes
bridged by isonicotinate-Zn(i)/Cd(u) moieties from mononuc-
lear [ClCo(dmgH),(4-PyCOOH)]. Complexes are well
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characterized by combining analytical techniques such as UV-
Visible, FT-IR and multinuclear NMR (*H and **C{*H}) spectral
studies. Single crystal X-ray structures have also been deter-
mined for both the dicobaloximes. Furthermore the electro-
chemical properties of both dicobaloximes have been studied
by cyclic voltammetry (CV). The CV studies revealed that
dicobaloxime complexes exhibited similar redox properties.
The spectroscopic and electrochemical studies have indicated
that the both cobaloxime units in the dicobaloximes are
identical. Furthermore, the electrocatalytic activities of com-
plexes are investigated in the proton reduction to molecular
hydrogen under homogeneous conditions using the DMF/H,0
(95:5) solvent at the glassy carbon electrode. Dicobaloxime 1
and 2 exhibited electrocatalytic proton reduction activity at two
different potentials. Initially a weak HER activity was observed
due to Co™ cobaloxime species, which was followed by a strong
catalytic response for hydrogen evolution possibly associated
with Co' species of cobaloxime.

Results and discussion

Synthesis and spectral characterization of dicobaloximes 1
and 2

When the solutions of Zn(NOj3),-6H,0 and Cd(OAc),-2H,0 were
independently  reacted with  mononuclear  complex
[CICo(dmgH),(4-PyCOOH)] in methanol/DMF (80/20, v/v) mixed
solvent in a 2: 1 molar ratio, it resulted in the formation of the
heterometallic trinuclear complexes 1 and 2 in good yield
(Scheme 1). We also attempted the synthesis of molecular
assemblies of [ClCo(dmgH),(4-PyCOOH)] through coordination
with Zn(u) or Cd(n) metal ions with varying ratios of cobaloxime
and Zn(u)/Cd(u) metal salts and also in the presence of added
isonicotinic acid but in all cases dicobaloxime complexes were
isolated as shown in Scheme 1.

The Zn(u) and Cd(u) metal center bridged dicobaloximes (1
and 2) are obtained as dark brown solids, which are air and
moisture stable. Complexes are insoluble in common organic
solvents (dichloromethane, acetone, chloroform and acetoni-
trile) and sparingly soluble in water and methanol, but soluble
in DMSO. Dicobaloxime complexes (1, 2) and monomer
[CICo(dmgH),(4-PyCOOH)] are fully characterized by UV-Vis,
FT-IR, and "H and "C{'H} NMR spectral analyses (Fig. 1 and
Fig. S1-S10, ESIf). Furthermore, the solid state structures of
both complexes have also been confirmed using a single crystal
X-ray diffraction (SCXRD) method. Phase purity of the bulk
samples of both dicobaloximes 1 and 2 were ascertained by
comparing the experimental PXRD patterns with the respective
simulated powder patterns obtained from the single crystal
data. The peak position of the experimental and the simulated
PXRD patterns matched well revealing its phase purity (Fig. S11
and S12, ESIT). The combined spectroscopic studies showed
that both cobaloxime units in dicobaloxime complexes are
identical. Therefore, the characteristic features of one cobalox-
ime unit are observed, which has been further corroborated by
electrochemical studies (vide infra).
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Scheme 1 Synthesis of dicobaloximes (1 and 2).

Fourier transform infrared (FT-IR) spectra were recorded
and used as a primary characterization technique for the
dicobaloximes. The FT-IR spectrum of [Co(dmgH),(4-
PyCOOH)CI] shows a strong signal at ~1720 cm ™' which is
attributed to the vc—o (Fig. S9, ESIT). However, the IR spectra of
complexes 1 and 2 display signals at 1667 and 1651 cm '
respectively for the vc—o stretching. The decrease in stretching
frequency (vc—o) of the -COOH functional group of isonicoti-
nic acid indicated the coordination of carboxylate with Zn or Cd
metal ions. A similar observation is made toward v¢—o of DMF
where a decrease in the stretching frequency of ~-CHO (vc—o)
from 1685 ¢cm ' (uncoordinated DMF) to 1643 cm ' (Zn
complex) and 1610 cm™ " (Cd complex) is observed indicating
that the DMF molecule is also coordinated to the Zn and Cd
metal ions (Fig. S7 and S8, ESIY).

All UV-Vis absorption spectra were recorded in DMSO
solvent in a 10~° molar concentration solution. The UV-Vis
absorption spectrum of free isonicotinic acid (Fig. S10, ESIt)
shows a strong absorption at 272 nm (0.56 x 10° M~ " cm ™) nm

Complex 1
—— Complex 2
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Fig.1 UV-Vis spectra of dicobaloxime complexes 1 and 2 in DMSO
solution at 10> molar concentration.
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attributed to the intraligand n-* transition” whereas monomer
chlorocobaloxime [CICo(dmgH),(4-PyCOOH)] (Fig. S10, ESIT) shows
absorption bands at 260 nm (2.80 x 10° M~' ecm™'), 305 nm
(0.75 x 10> M~ em ™), and 375 nm (0.14 x 10° M~ ' cm ™) due to
the intraligand n-n* and metal-ligand centered charge transfer
(LMCT) transitions. UV-Vis spectra of dicobaloxime complexes 1
and 2 exhibited very strong absorption bands at ~270 nm (~3.8 X
10°M ' em ') and ~305 nm (~1.8 x 10° M~ em™ "), and a weak
band at ~370 nm (~0.40 x 10> M~ ' ecm™ ") (Fig. 1). The UV-Vis
spectral studies indicated that isonictinic acid is coordinated to the
cobalt centre. It is also worth noting that the monomer and
dicobaloxime complexes have very similar absorption features
indicative of identical ligand coordination environments about
the metal centres.

Furthermore, the diamagnetic nature of dicobaloximes
allowed us to characterize dicobaloxime complexes using multi-
nuclear NMR spectroscopy. 'H and "*C{'H} NMR spectral data
for dicobaloximes 1 and 2 are given in the ESIT (Fig. S3-S6). The
signals in the 'H NMR spectra of the complexes are easily
assigned on the basis of the chemical shifts and their relative
intensities. The "H NMR studies of complexes 1 and 2 revealed
that NMR signals of the cobaloxime unit are not greatly affected
upon coordination with Zn(u) or Cd(u) metals due to the
diamagnetic nature and NMR peaks are consistent with the
molecular formulae proposed in Scheme 1. The resonance
signals for pyridyl protons (Py, and Pyg) of the axial isonicoti-
nate ligand are shifted slightly up-field (~0.1 ppm) in com-
plexes 1 and 2 as compared to mononuclear [CICo(dmgH),(4-
PyCOOH)] and appeared as two doublets at ~8.10 and ~7.71 ppm
in their proton NMR spectra. The resonance signals for O---H-O
appeared at ~18.45 ppm whereas dmgH(CHj;) protons appeared at
~2.30 ppm in both complexes 1 and 2. The additional peaks in the
proton NMR spectra at chemical shift values of 7.95, 2.89 and 2.73
ppm are attributed to the coordinated DMF molecules. Dicobalox-
imes are also characterised by ">C{*H} spectral studies where most
of the peak positions are similar to the mononuclear cobaloxime
except dmgH(CH;) carbon, which showed ~0.3 and ~0.5 ppm
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downfield shifts in complexes 1 and 2, respectively. The reso-
nance signals for methyl groups of coordinated DMF appeared
at ~31 and ~35 ppm whereas -CHO carbon appeared at
~167 ppm. The resonance signal for carboxylate carbon of
4-PyCOO was shifted downfield by ~3 ppm and appeared at
~167 and 167.9 ppm in dicobaloximes 1 and 2, respectively, in
comparison to the monomer. We also observed a downfield
shift of ~5 ppm in Py, carbon of dicobaloximes 1 and 2
compared to monomer chlorocobaloxime.

Single crystal X-ray structures

Single crystals of dicobaloximes 1 and 2, suitable for X-ray
crystallographic studies, were obtained upon slow evaporation
of solvent from methanol/DMF solution within 2-3 weeks.
Crystallographic data of all crystals and their structure refine-
ment details are presented in Table 1 while the selected bond
distances and angles are listed in Tables S2-S5 (ESIt)
Complex 1 crystallises in monoclinic space group C2/c
(Table 1). The asymmetric unit (ASU) consists of one
chloro(isonicotinate)cobaloxime unit, half Zn(u) ion and one
N,N’-dimethyl formamide (DMF) molecule. The Zn(u) centre is
coordinated in distorted tetrahedral fashion by two oxygen
atoms from two different chloro(isonicotinate)cobaloxime
units and two DMF molecules in ZnO, coordination (Fig. 2).
The distance between the zinc ion (Zn1) and carboxylate oxygen
atom (05) is 1.911(1) A where as in case of the coordinated DMF
molecule the distance (O7---Zn1) is found to be 2.008(1) A.
Within the chloro(isonicotinate)cobaloxime unit, the cobalt ion
is in a distorted octahedral environment (CoNsCl) formed by
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Fig. 2 The molecular structure of complex 1 with ellipsoids at 50%
probability showing the atom numbering scheme (hydrogen atoms are
omitted for clarity).

the four nitrogen atoms from dimethylglyoxime (Co1l---N1 =
1.892(2) A, Col---N2 = 1.889(2) A, Col---N3 = 1.886(2) A and
Co1---N4 = 1.890(2) A) in the equatorial plane and axial posi-
tions are occupied by one chloride ion (Co1---Cl1 = 2.241(1) A)
and one nitrogen atom from the isonicotinate (Col---N5 =
1.956(2) A). The Co-Cl and Co-N bond distances are found to
be similar to the precursor complex.® The complex does not
contain any lattice solvent molecules. Each discrete unit inter-
acts with the neighbouring unit using intermolecular non-
classical hydrogen bonding (C-H---O) (Table S1, ESIf). The
oxygen atom O2 of the chloro(isonicotinate)cobaloxime unit
form the moderate intermolecular hydrogen bonding inter-
action with the DMF molecule (donor- - -accepter distances are
as follows: C16-H16C- - -02 = 3.376(3) A and C17-H17A---02 =
3.317(4) A). The carboxylate oxygen atom (06) also forms a weak
interaction with the DMF molecules from the neighbouring

Table 1 Crystal data and structure refinement parameters for complexes 1 and 2

2

Identification code 1

Empirical formula C34H;50Cl,Co,N1,044Zn
Formula weight 1104.99
Temperature/K 100(2)

Crystal system monoclinic

Space group C2/c

alA 20.9563(11)

b/A 19.5207(11)

c/A 11.4806(6)

of° 90

BI° 101.314(2)

y/° 90

Volume/A® 4605.2(4)

zZ 4

Peateg €M > 1.594

pw/mm™* 1.420

F(000) 2272.0

Crystal size/mm’ 0.220 x 0.130 x 0.090
Radiation MoKa (4 = 0.71073)

20 range for data collection/® 5.758 to 50
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters 4043/0/302
Goodness-of-fit on 1.046

Final R indexes [I > 2o (I)] R; = 0.0250, WR, = 0.0593
Final R indexes [all data] R, = 0.0296, WR, = 0.0631
Largest diff. peak/hole/e A3 0.35/-0.38

CCDC Number 2233029

28131

New J. Chem.

24 <h<24-23<k<23-13<[<13

4043 [Rinc = 0.0338, Rsigma = 0.0205]

C34H4C0,C1,N;,0,,Cd
1278.13

100(2)

monoclinic

P2,/c

9.7747(5)

22.7674(12)

23.7065(12)

90

96.191(2)

90

5245.0(5)

4

1.619

1.213

2624.0

0.127 x 0.056 x 0.052
MoKa (4 = 0.71073)

5.138 to 50

11 <h<11,-27 < k<27,-28<1<28
59463

9236 [Rine = 0.0632, Rsigma = 0.0423]
9236/40/722

1.049

R, = 0.0374, wR, = 0.0729
R, = 0.0537, wR, = 0.0793
0.58/—0.42

2233030
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unit (donor- - -accepter distance; C16-H16A. - -06 = 3.599(3) A).
There are moderate p- - - interactions (Fig. S13, ESIT) between
the oxygen atoms (04 and O1) of the cobaloxime unit and
centroid (i1) of the pyridine ring (04---i1 = 3.223 (1) A and
01---i1 =3.700(1) A). In addition, the terminal chloride ion also
forms a weak non classical bonding with the methyl group of
glyoxime (donor: - -accepter distance; C1-H1C- - -Cl1 = 3.758(2)
and DMF molecule (C16-H16B- - -Cl1 = 3.861(3) A (Fig. S14 and
Table S1, ESIT).

Complex 2 crystallises in monoclinic space group P2,/c
(Table 1). The asymmetric unit (ASU) consists of two
chloro(isonicotinate)cobaloxime unit, one Cd(u) ion, two N,N’-
dimethyl formamide (DMF), and seven water molecules (Fig. 3).
Both the DMF molecules are disordered where one is coordi-
nated to Cd(u) ion and the other is present in the lattice. Out of
seven water molecules present in the ASU, three are coordi-
nated to Cd(u) ion whereas four aqua molecules are present in
the lattice. Overall Cd(u) ions form a six coordination mode
(CdOg) with one DMF, three water molecules and two isonico-
tinate ion that binds the Cd(u) ion in monodentate fashion. It
has been revealed from the crystal structure that solvent
molecules occupy the four equatorial sites of the octahedral
Cd(u) center and both axial sites are occupied by isonicotinate
of two cobaloxime units. This arrangement makes the two
cobaloxime units identical. The distance between the cadmium
ion (Cd1) and carboxylate oxygen atoms (O5 and O11) are found
to be 2.323(2) A and 2.252(3) A respectively where as in the case
of the coordinated DMF molecule the distance (013---Cd1) is
found to be 2.265(3) A. Within the first chloro(isonico-
tinate)cobaloxime unit, the Co1 ion is in a distorted octahedral
environment (CoN;Cl) formed by the four nitrogen atoms from
dimethylglyoxime (Co1- - -N1 = 1.899(3) A, Co1- - N2 = 1.895(3) A,
Col---N3 = 1.900(3) A and Co1- - -N4 = 1.894(3) A), one chloride
ion (Col---Cl1 = 2.237(1) A) and one nitrogen atom from the
isonicotinate (Col---N5 = 1.956(3) A). For the second
chloro(isonicotinate)cobaloxime unit, the distorted octahedral
environment (CoN50) formed by the four nitrogen atoms from
dimethylglyoxime (Co2- - N6 = 1.883(3) A, Co2- - -N7 = 1.899(3) A,
Co2---N8 = 1.900(3) A and Co2- - -N9 = 1.898(3) A), one chloride
ion (Co2---Cl2 = 2.229(1) A) and one nitrogen atom from the
isonicotinate (Co2- - -N10 = 1.957(3) A) showed similar coordina-
tion bond distances. The lattice water molecules O4W, O5W,

NO o
05 Ca1 oM N10
N3PlIna N7 r.

o1wW @o2w

Fig. 3 Diagram showing the binding of the cobaloxime unit and Cd(i)
centre with 50% probability ellipsoids (disordered fraction of coordinated
DMF, lattice solvent molecules and hydrogen atoms are omitted for
clarity).
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O6W and O7WA form non-bonding interactions with the dis-
crete unit (donor---accepter distance; C22-H22C---O4W =
3.337(5) A, Cl1---O5W = 3.191(3) A, C5-H5C---O6W =
4.695(5) A, O7WA-H7WB- - -03 = 2.784(4) A) (Table S1, ESIY}).
Within O4W and O5W water molecules, there exist strong
hydrogen bonding interactions and the donor---acceptor dis-
tance between them was found to be 2.771(1) A. Apart from this,
there exist several other strong hydrogen bonding interactions
between the lattice water molecules (Table S1, ESIT). The three-
dimensional architecture formed by the discrete unit is shown in
Fig. S15 and S16 (ESIt).

Electrochemical properties of dicobaloximes (1 and 2)

The electrochemical properties of dicobaloximes 1 and 2 were
studied by cyclic voltammetry (CV) and compared with those of
its monomer [ClCo(dmgH),(4-PyCOOH)] to determine the
reduction potentials that further relate the electrocatalytic
proton reduction activity (vide infra). The two reduction events
are observed in each case (Fig. 4a). The CV of 1 shows a
reversible redox wave at Ej, ca. = —1.00 V (scan rate =
0.1V s~!), which is assigned to the Co™" couple. The reductive
feature associated with the Co™" redox couple is observed as a
quasi-reversible redox wave at —0.58 V. The CV responses of
Cd(u) bridged dicobaloxime 2 is similar to that of Zn(u) bridged
dicobaloxime 1 and exhibited a reversible redox wave at E;, ca.
—0.88 V (scan rate = 0.1 V s~ %), which is assigned to the Co"™"
couple. The reductive features associated with the Co™" redox
couple are poorly defined in this case and observed as an
irreversible wave at ca. —0.42 V.*’ It is observed that
the potential of the Co™" couple is shifted cathodically by
~190 mV and ~70 mV in complexes 1 and 2, respectively,
relative to that of the Co™" couple observed in the mononuclear
form ([ClCo(dmgH),(4-PyCOOH)]). A relatively more cathodic
shift in the reduction potentials for Co™' was observed as
compared to Co™" in complexes 1 and 2 and with respect to
the monomer indicating an increase in electron density on the
Co(u) center with the coordination of isonicotinate to Zn(u) and
Cd(n) ions in respective complexes. It is also interesting to note
that complex 1 exhibits a quasi-reversible Co™" redox peak
compared to irreversible Co™" in complex 2 and monomer
(Fig. 4a).

The electrochemical studies of dicobaloximes indicated that
both cobaloxime units are identical and hence electrochemical
redox responses associated with one cobalt center are observed.
The peaks currents of complexes 1 and 2 are higher relative to
the monomer because of the redox activity by two Co centers.
Furthermore, Zn(u) and Cd(u) metal ions are redox inactive but
these metal ions affect the electronic properties of the cobalt
center upon coordination with cobaloxime units and formation
of dicobaloxime. The Co"™" redox couple in complex 1 exhibits
enhanced reversible and additionally quasi-reversibility in
Co"™™ compared to complex 2 and monomer. Therefore, this
may cause complex 1 to exhibit the enhanced electrocatalytic
activity. Furthermore, the scan rate variation did not show any
significant change in the redox properties in the negative
potential window for these complexes (Fig. S17a and c, ESIf).
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Fig. 4 Cyclic voltammograms recorded in DMF: water (95/5, v/v) containing 0.1 M [NBu4l[PF¢| as the supporting electrolyte at 0.1 V s* containing (a)
1 mM of monomer [ClCo(dmgH),(4-PyCOOH)] (red trace), complex 1 (blue trace), and complex 2 (purple trace), and (b) 1 mM complexes in the presence
of 8 mM acetic acid and the dotted black CV is recorded in 8 mM acetic acid.

The peak current varies linearly with the square root of the scan
rate and follows the Randles-Sevcik equation. This confirms
the diffusion-controlled electron transfer behaviour. The diffu-
sion coefficients were determined from the slope (see Fig. S17b
and d, ESI{) of peak current (i) versus square root of scan rate
(v*/) using Randles-Sevcik eqn (1), given as

1)

1/2
iy = 0.4463nFA[Co(I11)] <%>

RT

where, i, = peak current, n = 1 (number of electrons transferred),
A = 0.07 cm® (working electrode area), F = 96500 C mole "
(Faraday constant), R = 8.314 ] K~ ' mole™ " (gas constant), T =
298 K (temperature), D.,. = diffusion coefficient of catalyst, and
v = scan rate (V s'). The diffusion coefficients for complexes 1
and 2 were obtained as 3.40 x 107° and 3.03 x 107> cm s °,
respectively. The characteristic redox potentials and diffusion
coefficients are listed in Table 2.

After the electrochemical characterization and redox beha-
viour studies of dicobaloximes, we investigated the electroca-
talytic ability of these complexes for the reduction of proton to
the dihydrogen in the presence of acetic acid (AcOH) as a
proton source. We recorded the CV of complexes 1, 2 and
monomer in the presence of 8 mM AcOH (Fig. 4b). It is
interesting to note that complex 1 exhibits an enhanced elec-
trocatalytic performance for hydrogen production as compared to
complex 2 and monomer. The magnitude of the onset potential
for proton reduction follows the order as 1 (—1.26 V)< 2 (—1.41V) <
monomer (—1.61 V). Furthermore, we have extensively analysed
complexes 1 and 2 by varying the acid and complex concentration
in the subsequent sections.

Electro-catalytic proton reduction to dihydrogen

The results of electrocatalytic studies with varying AcOH con-
centrations are displayed in Fig. 5. The main features are: (i) the
current of the catalytic peak remains unchanged upon the
addition of more than 50 mM of AcOH for Complex 1 with i./

New J. Chem.

Table 2 Comparison of redox properties for Co'"/Co' of 1 mM of com-
plexes 1, 2 and monomer containing 0.1 M TBAPFg in DMF/H,O (95/5, v/v)
at a scan rate of 100 mV s~*

Complex Epc/V (Co"/Co") Epa/V (C0'/CO™) AE,/V E°/V  Deye (em® s7Y)

1 —1.04 —0.96 0.08 —1.00 3.40 x 107?
2 —0.94 —0.83 0.11 —0.88 3.03 x 10™°
Monomer —0.85 —-0.77 0.08 —0.81 —

ip =72 and 20 mM of AcOH for complex 2 with i./i;, = 16 (Fig. 5¢
and Fig. S18a, b, ESIt), suggesting that complex 1 is a more
efficient electrocatalyst as compared to complex 2, (ii) the
strong catalytic wave appears for complex 1 at a catalytic half-
wave potential (E.a) of —1.58 V, whereas the relatively weaker
catalytic wave appears for complex 2 at E.,., of —1.63 V upon
the addition of 8 mM AcOH (see Fig. 5a and b), (iii) the main
electrocatalytic event occurs at the more negative potential with
respect to the reduction potential for complex 1 (—1.04 V) and 2
(—0.94 V) for Co™" (Table 2) showing that the active catalytic
species contains a reduced Co(1) intermediate that results in the
formation of Co(m)-H intermediate in the presence of AcOH.
The weak catalytic waves at less negative potentials are asso-
ciated with Co(u) cobaloxime species formed upon substitution
of C1~ with a solvent molecule and continuous presence of Co™
species in the reaction solution. The initial weak catalytic wave
followed by a strong catalytic hydrogen evolution wave at Ecag/o
of —1.58 V (complex 1) and —1.63 V (complex 2) are attributed
to the one electron reduction of Co'™-H to a highly basic Co"-H
intermediate species, which undergoes protonation to produce
the molecular hydrogen and generate the Co catalyst. The high
electron density on Co™ in complex 1 as compared to 2 and
monomer results in the facile protonation of Co™ and yield of
Co™-H. The observed mechanistic trend is in coherence with

56,62,76 and cobalt metal

earlier studies for various cobaloximes
based complexes.”””® The characteristic peaks and onset

potentials for the HER are listed in Table 3.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 5 Variation of the catalytic peak current of 1 mM complexes (a) 1, and (b) 2 with increasing concentration of acetic acid. (c) Dependence of relative
catalytic peak current (ic/i,) on the increasing concentration of acetic acid in 1 mM of complexes 1 and 2. 0.1 M TBAPF is used as a supporting electrolyte

and CVs are recorded at 0.1V s~* scan rate.

Fig. 5¢ shows that the catalytic peak current (i.) increases
with increasing concentration of AcOH. The i./7, versus varying
AcOH concentration in DMF/H,O solution with 1 mM of
complexes 1 and 2 at 0.1 V s~ ' shows linear dependence in
the low AcOH concentration regime and therefore follows the
second order catalytic rate on acid concentration. However, in
the high AcOH concentration limit, the catalytic peak current
becomes independent of AcOH and therefore, the proton
reduction follows the zero-order kinetics.’®*° Also, the catalytic
current increases with increasing concentrations of complex 1
in 8 mM AcOH concentration (Fig. S19a, ESIt). The plot of i,
versus various concentrations of complex exhibits the linear
dependency that indicates the first-order catalytic rate with
respect to catalyst concentration (Fig. S19b, ESIt). The mathe-
matical formulation of catalytic current depending on the acid
and catalyst concentrations following a catalytic reaction
(second-order in acid and first-order in catalyst concentration)

is given by®!
ie = nFA[Co(II1)]y/ Dk gps[H*]2 )

where n is the number of electrons transferred (2 for the
reduction of proton to dihydrogen) and ks is the rate constant
of the reaction. In the high AcOH concentration limit in Fig. 5c,
the i./i, becomes acid independent therefore the rate constant
(kops) or the turnover frequency (TOF) are estimated using the
following eqn (3)%*%3 as

ic n RTkObS
R 3
iy 04463\ Fu G)

The ko is estimated from the acid independent i./i, value
for complexes 1 and 2. The estimated k.ps values and other
characteristic potentials are listed in Table 3.

Proposed mechanism

Based on the electrochemical experimental analysis and con-
sideration of previously reported mechanisms for Co™ chloro
complexes,”®®*777% the plausible mechanism is proposed in
Fig. 6. The electrochemical CV experiment in Fig. 5 suggests
that initially, the Co™ complex was reduced to Co" species

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023

Table 3 Electrochemical properties of 1 mM of complexes 1, 2, and
monomer in DMF/H,0 (95/5, v/v) with 0.1 M TBAPF¢ and 8 mM AcOH at a
0.1V s7* scan rate

Complex E°PSy Ecara/V i/t kobs/s ™
1 —1.26 —1.58 72 1006

2 —1.41 —1.63 16 49
Monomer —1.61 —1.86 — —

following the one-electron reduction process. Furthermore, the
dissociation of the chloro ligand results in the formation of
five-coordinate Co'™ species which undergoes subsequent one-
electron reduction to yield a highly nucleophilic Co' as a
reactive intermediate. The Co' species is quickly protonated
and generates the Co™-H intermediate.”® Co™-H is further
reduced to a highly basic Co"-H intermediate which undergoes
protonation to generate H,. The protonation of Co"-H to
generate H, has been considered a rate limiting step.®* This

Fig. 6 Plausible mechanism of the hydrogen evolution reaction by dico-
baloxime bridged by isonicotinate-Zn(i)/Cd(n).

New J. Chem.
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Fig. 7 The dashed black trace corresponds to 8 mM AcOH solution before the catalytic experiment, the solid red trace is after the catalysis experiment,
and the blue trace corresponds to CV in 8 mM AcOH solution at a 100 mV s scan rate.

suggests that the catalytic activity can be regulated by enhan-
cing the basicity of this species via introducing the electron
donating substituents to the cobaloxime.

Stability of complexes

Complexes 1 and 2 were highly stable in the absence and
presence of 25 mM acetic acid as time dependent UV-Vis
spectroscopy measurement confirms no substantial spectral
changes over a period of 24 h (Fig. S20, ESIt). Additionally,
the rinse experiment was performed, which confirms no sig-
nificant current difference in CV (Fig. 7) which was recorded in
the presence of 8 mM AcOH in DMF/H,O containing 0.1 M
TBAPF6 at 0.1 V s~ ! before and after the experiment for both
complexes 1 and 2. This confirms the molecular electrocatalyst
driven HER process in the solution rather than the working
electrode surface modified with the deposition of nanoparticu-
lated materials during the electrocatalytic experiments. This
also suggested that the molecular integrity of these catalysts is
maintained during electrocatalysis.

Conclusions

The present work describes the synthesis and characterization
of two new dicobaloxime complexes bridged by Zn(u) and Cd(u)
metal ions. The single crystal X-ray structures of dicobaloximes
revealed the distorted tetrahedral and octahedral geometries
around Zn(n) and Cd(u) metal ions, respectively. The geometry
around the cobalt center in the cobaloxime unit is distorted
octahedral with two dioximes ligands occupying the equatorial
plane and axial coordination is occupied by chloride and
nitrogen of isonicotinate ligands. The combined spectroscopic
and electrochemical studies indicated that two cobaloxime
units are identical and therefore, the characteristic features of
only one cobaloxime unit are observed. Electrochemical studies
showed Co™ ™ at a less negative potential and the Co™" redox
couple at higher negative potentials. Furthermore, dicobalox-
imes are active catalysts for the electrochemical proton

New J. Chem.

reduction to dihydrogen in DMF/H,0 solution. Initially, weak
HER waves are observed at less negative potentials associated
with Co™ cobaloxime species and a strong catalytic HER event is
observed at a more negative potential which is attributed to the
Co' cobaloxime centric HER process. The stability studies of
dicobalximes via rinse experiments show the molecular integ-
rity of complexes maintained during electrocatalytic proton
reduction.

Experimental section
General methods and materials

All reactions were carried out in the open and at room tem-
perature unless specifically mentioned. Solvents were purified
using standard procedures and dried before use according to
the requirements.®* All of the commercially available reagents
of analytical grade were purchased from Sigma-Aldrich, Spec-
trochem, S. D. Fine Chemicals, or Avra and were used as
received without further purification. Melting points of the
complexes were determined in open capillaries with a Gallen-
kamp apparatus and are uncorrected. FT-IR spectra in the
4000-400 cm ™' region were recorded as KBr disks using a
PerkinElmer FT-IR spectrophotometer. 'H and *C{'H} NMR
spectra were obtained in DMSO-d¢ on a JEOL ECZ500 MHz FT
NMR spectrometer. Tetramethylsilane (TMS) was used as an
internal standard for recording the NMR spectra. UV-visible
absorption spectra in solution (DMSO) state were obtained on a
Shimadzu UV-1800 instrument.

Single crystal X-ray diffraction (SCXRD)

Both the single crystal data were collected on a Bruker APEX-III
D8 Quest diffractometer fitted with an Oxford 700Plus cryostat
Cryosystems and MoKo. monochromator radiation (A = 0.71073 A)
using an Incoatec InS microsource. Data integration was per-
formed using standard procedures and the SAINT®*® package. The
absorption corrections and other systematic error corrections
were performed using SADABS.*””®® The structures were solved

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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by SHELXT and refined using SHELXL-2019.*° X-Seed”® was
employed as the graphical interface for the SHELX program suite.
Hydrogen atoms were placed in calculated positions using riding
models for complexes 1 and 2.

The DMF molecules in complex 2 are severely disordered
which are modelled successfully. The coordinated DMF mole-
cule is disordered into two fractions (0.8 and 0.2) whereas the
lattice DMF molecule is disordered over three positions (0.65,
0.2 and 0.15 fractions). Only the major fractions are refined
anisotropically in the case of DMF. Out of seven water molecules,
one lattice water molecule (O7W) is disordered over two fractions
(O7WA and O7WB) where the lower fraction with 0.2 occupancy
(OW7B) is refined isotropically. The rest of the water molecules
are refined anisotropically. The hydrogen atoms for all water
molecules were located using the riding model. For water
molecules, non-bonding interactions are calculated with the
major fraction as well as non-disordered lattice water molecules.

Electrochemistry

Cyclic voltammetry experiments were carried out in deoxyge-
nated DMF/H,0 (95/5, V/V) solutions with 0.1 M TBAPF as the
supporting electrolyte. The working electrode (glassy carbon of
3 mm diameter) was polished with 0.3 um alumina slurry
followed by washing with ethanol and distilled water prior to
electrochemical measurements. The counter electrode was a
platinum wire and a standard Calomel electrode was employed
as the reference electrode. All potentials were referenced to the
SCE. A Metrohm Autolab M204 potentiostat was used for all
electrochemical measurements. Studies of electrocatalytic pro-
ton reduction were carried out by adding AcOH (Sigma-Aldrich).

Synthesis of [CICo(dmgH),(4-PyCOOH)]

The complex was synthesized following the procedure reported
in the literature.®® CoCl,-6H,0 (1.0 g, 4.2 mmol), dimethylglyox-
ime (1.10 g, 9.5 mmol) and NaOH (0.17 g, 4.2 mmol) were
dissolved in 95% ethanol (20 mL) and heated to 70 °C. Iso-
nicotinic acid (0.517g, 4.2 mmol) was then added and the
resulting solution was cooled to the room temperature. This
was followed by the passing of a stream of air through the
solution for 1 h, which resulted in the precipitation of a brown
solid. The solid precipitate was filtered and successively washed
with water (5 mL), ethanol (2 x5 mL) and diethyl ether
(3 x 5 mL). The product was obtained as a brown solid which
was used for further reaction without purification. Yield:
1.350 g (~70%). Mp: 210 °C. FT-IR (KBr, cm™'): 3449 (vo_p),
2925 (vc-n), 1720 (vc—o, carboxylate), 1560 (vc—y, dmgH), 1235
(¥n-0). "H NMR (500 MHz, DMSO-de): § 18.42 (s, 2H, OHO), 8.21
(d, J = 5 Hz, 2H), 7.85 (d, J = 5 Hz, 2H), 2.31 (s, 12H). **C{'H}
NMR (125 MHz, DMSO-de): 164.28, 152.41, 151.05, 141.05,
124.82, 12.35. UV-Vis: DMSO, ipqa (nm), ¢ (M~" ecm™): 260
(2.80 x 10°), 305 (0.75% 10°), 375 (0.14 x 10°).

Synthesis of [{CICo(dmgH),(4-PyCOO)},Zn(DMF),] (1)

[CIlCo(dmgH),(4-PyCOOH)] (100 mg, 0.223 mmol) was dissolved
in a 10 mL solvent mixture of MeOH and DMF (8:2 v/v) and
Zn(NO3),-6H,0 (33 mg, 0.111 mmol) was added to the solution.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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The reaction mixture was stirred for three hours at room
temperature followed by filtration to remove any solid and
the filtrate was kept aside for crystallization. Needle shaped
dark brown coloured crystals of complex 1 were obtained in
2-3 weeks. Yield: 40 mg (~33%). Mp: 200-204 °C. FT-IR
(KBr, cm™): v = 3439 (vo_p), 3068 (vc_n), 1667 (Vc—o, carbox-
ylate), 1643 (vc—o, DMF), 1563 (Vc—n, dmgH), v = 1242 (vn-o)-
'H NMR (500 MHz, DMSO-d): 18.45 (s, 4H, OHO), 8.10 (d, J =
5 Hz, 4H), 7.95 (s, 2H, DMF-CHO), 7.72 (d, J = 5 Hz, 4H), 2.89
(s, 6H), 2.73 (s, 6H), 2.30 (s, 24H). "*C{'"H} NMR (125 MHz,
DMSO-dg): 6 167.09, 162.57, 152.81, 150.88, 145.61, 125.42,
35.97, 30.94, 12.77. UV-Vis: DMSO, Amax (nm), ¢ M~ ' em™):
271 (3.95 x 10°), 309 (1.84 x 10°), 371 (0.42 x 10°).

Synthesis of [{CICo(dmgH),(4-PyCOO)},Cd(H,0);(DMF)].4H,0 (2)

[CICo(dmgH),(4-PyCOOH)] (100 mg, 0.223 mmol) was dissolved
in 10 mL solvent mixture of MeOH and DMF (8:2 v/v) and
Cd(OAc),-2H,0 (30 mg, 0.111 mmol) was added to the solution.
The reaction mixture was stirred for three hours at room
temperature followed by filtration to remove any solid and
filtrate was kept aside for crystallization. Needle shaped dark
brown coloured crystals of complex 2 were obtained in
2-3 weeks. Yield: 48 mg (~38%). Mp: 250-253 °C. FT-IR
(KBr, cm™): 3436 (vo_p), 2925 and 2852 (vcp), 1651 (Vc—o,
carboxylate), 1610 (Vc—o, DMF), 1551 (vc—n, dmgH), 1237
(Un-o)- "H NMR (500 MHz, DMSO-d¢): 18.46 (s, 4H, OHO),
8.09 (d, J = 5 Hz, 4H), 7.95 (s, 1H, DMF-CHO) 7.72 (d, J =
10 Hz, 4H), 2.89 (s, 3H), 2.73 (s, 3H), 2.31 (s, 24H). C{"H} NMR
(125 MHz, DMSO-dg): 6 167.93, 162.49, 152.70, 150.73, 147.10,
125.82, 35.96, 31.21, 12.80. UV-vis: DMSO, Amax (NM), &
M ' em™1): 271 (3.87 x 10°), 304 (1.84 x 10°), 370 (0.37 x 10°).
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