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A nickel(II) complex with the newly synthesized dicarboxamide ligand [H2LBZ][(CF3SO3)Cl] 
was explored as a water oxidation catalysis. All the synthesized compounds were characterized 
by IR and NMR spectroscopy, thermogravimetry, and single-crystal XRD analysis. The super-
ior kinetics of the water oxidation reaction in the presence of the NiII catalyst was shown by an 
enhanced current of 4535 A (pH 8) or 8900 A (pH 10) at an overpotential of 186 mV in a cyclic 
voltammogram. Controlled potential electrolysis demonstrated that the catalyst was stable dur-
ing the water oxidation experiment. These results are akin to those for other reported nickel 
catalysts.

Key words: catalytic water oxidation, dicarboxamide ligands, nickel(II) complex, homo-
geneous catalysis, pincer ligands.

One of the most challenging tasks for researchers in 
the 21st century is the production of green and sustainable 
energy from renewable sources.1—5 Water is the only cheap 
and abundantly available source of electrons and protons 
for natural aerobic photosynthesis as well as artifi cial 
photosynthesis. The water oxidation is an attractive re-
search area since it involves studies of a complicated 
mechanism of the rearrangement of diff erent bonds like 
O—O bond formation and multiple proton-coupled elec-
tron transfer resulting in O2 evolution with the generation 
of four electrons and four protons6 as shown in Eq. (1). 

2 H2O    O2 + 4 H+ + 4e–. (1)

Utilization of water as a source of hydrogen and oxygen 
in energy production needs highly effi  cient water oxidation 
catalysts (WOCs).7

Transition metals capable of transforming into high 
oxidation states during the water oxidation catalytic cycle 
make them an ideal choice to serve as a central atom of 
the main core of the catalyst. Among transition metals, 
a Ni catalyst is a superior choice for the construction of 
molecular systems for water oxidation because cyclic 
voltammetry (CV) of the complex shows no crossover, the 
catalytic current and concentration exhibit a direct rela-

tionship, no catalytic response is given by free Ni ions at 
acidic or neutral pH, no current enhancement occurs 
during repeating CV cycles, and no current is observed at 
the working electrode at the end of electrolysis.8—10 Thus, 
an iron/nickel coordination polymer with carboxylate 
ligands for the water oxidation reaction was recently de-
veloped.11 This polymer demonstrated good catalytic 
activity with an onset potential E0 = 1.4 V. Spiccia and 
co-workers9 presented nickel bound to oxygen donors like 
[Ni(OH2)6]2+, [Ni(tacn)2]2+ (tacn is 1,4,7-triazacyclo-
nonane), [Ni(tacn)(OH2)3]2+, and [Ni(cyclen)(OH2)2]2+ 
(cyclen is 1,4,7,10-tetraazacyclododecane) for oxidation 
of water at pH 9.2. Water oxidation catalysis at neutral pH 
was carried out by Han et al. 10 using the cationic nickel(II) 
complex with meso-tetrakis(4-N-methylpyridyl)porphyrin 
at pH 10.8.

In homogeneous water oxidation catalysis, the design 
of catalyst plays a crucial role. Extremely active catalysts 
contain coordinated water molecules,10—14 such as the 
aquo nickel complex [Ni(mep)(H2O)2](ClO4)2,12 Mayer´s 
blue dimer,13 a catalyst with cis aqua, cis labile sites,10 or 
a dimer with two water molecules coordinated in a similar 
manner.14 These complexes have more intricate redox 
properties due to facilitated gain or loss of protons.15 
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Similarly, using ligands that predominantly involve oxygen 
atoms in the fi rst coordination sphere, rather than more 
readily oxidizable nitrogens slows down the rate of unde-
sired catalyst degradation. Hydrogen bonding also boosts 
the kinetics of the water oxidation reaction.16—18

Basicity of ligand atoms speeds up proton transfer that 
may lower the overpotential needed for water oxidation. 
Thummel’s group used ligands capable of hydrogen bond-
ing and proton transfer for excellent WOCs.19 In the same 
way, introducing Brønsted base, i.e. the interface of the 
OH– ions with high-valent atoms, can facilitate the pro-
ton-coupled electron transfer and has remarkable eff ects 
on the reaction mechanism.20,21 These features motivated 
researchers to develop transition metal WOCs based on O 
donor ligands. 

In order to gain high oxidation states of transition 
metals during water oxidation catalytic cycle, the reso-
nance of electrons at the metal center and ligand is an 
attractive concept. Redox-active ligands based on pyri-
dine-based pincers as well as strongly electron donating 
carboxylates and oxalates were found very active for water 
oxidation catalysis,19,22,23 e.g. dicarboxylate-ligated cata-
lysts described by Sun´s24 and Llobet´s25,26 groups (the 
corresponding ligands are shown below). 

Therefore, a ligand with these functionalities can present 
unforeseeable challenges and thus used in this work. 
Herein, we reported the synthesis and characterization of 
the new [H2LBZ][(CF3SO3)Cl] proligand used for the 
generation of an ONO-pincer ligand. We also prepared 
a nickel(II) dimer with one nickel atom coordinated with 
pyridine possessing a pendant dicarboxamide pincer ligand 
and the other nickel atom-coordinated water. This com-
plex showed excellent catalytic activity towards water 
oxidation at basic pH values. 

Results and Discussion

The [H2LBZ][(CF3SO3)Cl] proligand was synthesized 
in two steps by (i) reacting pyridine-2,6-dicarbonyl di-
chloride with 4-aminopyridine to give N,N´-bis(2-pyr-
idinyl)-2,6-pyridinedicarboxamide (compound 1) and (ii) 
subsequent benzylation of pendant pyridine arms to form 

target proligand 2. The IR spectrum of proligand 2 showed 
a broad N—H stretching band at 3431 cm–1. A sharp C=O 
band appeared at 1691 cm–1. Stretching frequencies for 
aromatic C—H bonds occurred at 3063 cm–1. The weak 
aliphatic stretching vibrations for a sp3 carbon atom at 
2993 cm–1 revealed the presence of the benzyl group. 
Breathing or skeleton vibrations of aromatic rings appeared 
at their characteristic regions.27 The 1H NMR spectrum 
of proligand 2 showed a NH proton singlet signal at  13.19 
and proton signals of the aromatic ring at  9.14—7.41. 

Single-crystal XRD supported the suggested structure 
of proligand 2 (Fig. 1, a). Selected bond lengths (d) and 
bond angles () are given in Table 1. These values matched 
well with the specifi ed ranges given in the literature.28 
Importantly, the crystal structure of proligand 2 clearly 
confi rms the successful benzylation of pendant pyridines 
of N,N´-bis(2-pyridinyl)-2,6-pyridinedicarboxamide (1). 
Figure 1, b illustrates the packing and hydrogen bonding 
in [H2LBZ][(CF3SO3)Cl].

The complexation of proligand 2 with NiII was carried 
out by substitution of dimethoxyethane (DME) and chlo-
ride anions from [Ni(DME)2Cl2]. During the complex-
ation reaction, the C—N bond of carboxamide in the 
[H2LBZ][(CF3SO3)Cl] proligand (2) was hydrolyzed in 
the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene 
(DBU) via base-catalyzed hydrolysis.29—33 The general 
hydrolysis reaction is shown in Scheme 1. 

Scheme 1

2,6-Pyridinedicarboxylic acid was further deprotonated 
to yield the dianionic ONO-pincer ligand that acted as 
a tridentate ligand for NiII. In the dimer, the NiII atom is 

Table 1. Selected bond lengths (d) and bond angles () of 
the proligand [H2LBZ][(CF3SO3)Cl] (2)

Bond d/Å Angle /deg

C(1)—N(1) 1.334(2) N(1)—C(1)—C(2) 123.6(2)
C(5)—N(1) 1.333(2) N(1)—C(1)—C(6) 117.8(2)
C(6)—O(1) 1.208(2) O(1)—C(6)—N(2) 124.4(2)
C(6)—N(2) 1.367(3) O(1)—C(6)—C(1) 121.3(2)
C(12)—N(3) 1.496(3) N(2)—C(6)—C(1) 114.3(2)
C(19)—O(2) 1.216(2) N(2)—C(7)—C(11) 117.8(2)
C(19)—N(4) 1.375(3) C(19)—N(4)—C(20) 126.9(2)
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surrounded by two negatively charged ligands, and the 
second negative charge is balanced by the second NiII 
atom that is surrounded by fi ve coordinated aquo ligands.

The catalytic complex [(NiL2)(Ni(H2O)5)]•2H2O (3) 
was fully characterized by IR and NMR spectroscopy, 
thermogravimetric analysis (TGA), and single-crystal 
XRD. 

The IR spectrum of complex 3 showed peaks in their 
characteristic regions. A broad peak at 3357 cm–1 is due 
to (O—H) of coordinated water molecules. A weak aro-
matic C—H stretching occurred at 3035 cm–1, while 
a sharp peak of the amide carbonyl group was observed at 
1645 cm–1. Sharp peaks at 519 and 557 cm–1 indicated 
the presence of Ni—O and Ni—N bonds, respectively.34,35

The ORTEP diagram of dinuclear nickel(II) complex 3 
is shown in Fig. 2, a.

Complex 3 crystallizes in monoclinic space group 
P21/c. The coordination environment of the Ni(1) atom 
(NiN6) is an octahedron formed by six nitrogen atoms of two 
chelating ligands. The geometry of the Ni(2) atom is also 
octahedral (NiO6) and includes one oxygen atom of the 
amide group and fi ve oxygen atoms of water molecules. 
Selected bond lengths and bond angles of nickel complex 3 
are given in Table 2. All bond lengths and bond angles 
are in accordance with the literature values.36 Hydrogen 

bonding and the packing diagram of complex 3 are shown 
in Fig. 2, b. 

Thermal analysis revealed that the fi rst infl ection point 
observed at 350 C corresponds to the melting point of 
complex 3, while the second infl ection point above 500 C 
corresponds to decomposition of the metal complex into 
oxides (Fig. 3). The diff erential thermal analysis plot shows 
four endothermic and fi ve exothermic peaks. 

Catalysis of water oxidation by nickel(II) complex 3. 
The complex [(NiL2)(Ni(H2O)5)]•2H2O (3) possesses es-
sential structural characteristics of a good water oxidation 
catalyst.24,25 First, the pendant carboxyl groups conjugated 
to the central redox-active pyridine ring make it a non-
innocent ligand, which is an essential feature of a good 
ligand for WOC. The second salient feature of this dimer 
is the presence of water molecules coordinated to NiII that 
fi ts with the concept proposed by Mayer15 of more active 
WOCs. These characteristics of complex 3 motivated us 
to study its catalytic activity towards the water oxidation 
reaction.

Cyclic voltammetry of a 1 mM solution of catalyst 3 
was carried out at pH 8 and 10 in 0.1 M potassium phos-
phate buff er. Glassy carbon and Ag/AgCl electrodes were 
used as the working and reference electrodes, respectively. 

Fig. 1. ORTEP diagram (a) and the crystal packing and hydrogen bonding (b) of the proligand [H2LBZ][(CF3SO3)Cl] (2).
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As the reaction proceeds, oxygen bubbles were found 
evolving around the anode. Cyclic voltammograms are 

shown in Figs 4, a—c. The addition of catalyst 3 signifi -
cantly enhanced the peak current as compared to the blank 
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Fig. 2. ORTEP diagram (a) and the crystal packing and hydrogen bonding (b) of the nickel(II) complex [(NiL2)(Ni(H2O)5)]•2H2O (3).
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Table 2. Selected bond lengths (d) and bond angles () of nickel(II) complex 3

Bond d/Å Angle /deg Angle /deg

C(1)—N(1) 1.329(03) N(1)—C(1)—C(2) 121.4(02) N(1)—Ni(1)—N(2) 174.9(08)
N(1)—Ni(1) 1.959(02) N(1)—C(1)—C(6) 112.2(02) N(1)—Ni(1)—O(2) 78.2(08)
N(2)—Ni(1) 1.969(02) C(1)—N(1)—C(5) 121.5(02) O(2)—Ni(1)—O(4) 155.1(07)
O(2)—Ni(1) 2.098(18) C(1)—N(1)—Ni(1) 118.4(17) N(1)—Ni(1)—O(8) 107.8(08)
O(4)—Ni(1) 2.156(17) C(7)—O(4)—Ni(1) 113.9(16) O(2)—Ni(1)—O(6) 95.3(08)
O(8)—Ni(1) 2.165(18) C(13)—O(5)—Ni(2) 133.8(17) O(5)—Ni(2)—O(9) 172.9(08)

Fig. 3. TG (1) and DTA (2) curves for the nickel(II) complex 
[(NiL2)(Ni(H2O)5)]•2H2O (3).
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Fig. 4. CV curves of complex 3 in 0.1 M K3PO4 buff er at diff erent pH values (a) and at scan rates v = 10—1000 (b) and 100—750 mV 
s–1 (c); (a) the initial buff er in the absence (1) and in the presence of nickel complex 3 (C = 1•10–3 mol L–1) at pH 8 (2) and 10 (3).
Note. Fig. 4 is available in full color on the web page of the journal (https://link.springer.com/journal/volumesAndIssues/11172).
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buff er solution at both selected pH values. It can be seen 
that the higher the pH value the larger the area of voltam-
mogram, which refl ects the faster kinetics of the water 
oxidation reaction. When the homogeneous solution of 
catalyst 3 was scanned in the range from +0.2 to +1.7 V 
at pH 8, the CV curve shows an intense irreversible peak 
current of 4535 A at 1.57 V (see Fig. 4, a). Figures 4, b,c 
show the eff ect of diff erent scan rates on peak currents at 
two diff erent selected pH values. It was found that the onset 
potential for water oxidation in the presence of complex 3 is 
ca. 1.18 V vs Ag/AgCl with an overpotential of 186 mV, 
which is in agreement with the best catalysts for homo-
geneous water oxidation reactions (300—600 mV).37

Bulk electrolysis (controlled potential electrolysis) was 
performed at  = 1.6 V to check the stability of the catalyst. 
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The time vs. current curve (Fig. 5) shows no signifi cant 
current fl uctuations within 1 h. This clearly reveals that 
there is no degradation of electro-active species during 
the controlled potential electrolysis experiment. However, 
during initial 500 s the current was low but after ca. 800 s, 
it increased. This can be attributed to the time required to 
establish an equilibrium in the catalyst diff usion process.

Table 3 summarizes the electrochemical parameters 
of selected nickel catalysts in the water oxidation reaction. 

In summary, a new proligand [H2LBZ][(CF3SO3)Cl] 
(2) was successfully synthesized by treating pyridine-2,6-
dicarbonyl dichloride with 4-aminopyridine followed by 
benzylation of the pendant pyridine arms. The redox-
active NiII complex was synthesized by the reaction of 
proligand 2 with [Ni(DME)2Cl2] in the presence of non-
nucleophilic base. In situ base-catalyzed hydrolysis of the 
carboxamide group of proligand 2 yielded a tridentate 
dicationic ONO-pincer ligand to give the nickel(II) com-
plex [(NiL2)(Ni(H2O)5)]•2H2O (3). The single-crystal XRD 
analysis demonstrated that complex 3 is a dimer with one 
NiII atom surrounded by two ONO-pincer ligands (L) and 
another NiII atom is surrounded by fi ve coordinated water 
molecules and the oxygen atom of the ligand. The synthe-
sized NiII complex 3 immensely increased the kinetics of 
the water oxidation reaction. The increased rate of the 
water oxidation reaction was shown by an enhanced cur-
rent, i.e., 4535 A (pH 8) and 8900 A (pH 10) at an 
overpotential of 186 mV. Controlled potential electrolysis 

revealed the robustness of the catalyst for the water oxid-
ation reaction.

Experimental

Unless otherwise specifi ed, all chemical reactions were car-
ried out under an inert atmosphere. All solvents and chemicals 
of analytical grade were purchased from Sigma. Solvents were 
dried prior to use. Single-crystal X-ray analysis was performed 
using an Agilent Super Nova diff ractometer (Agilent Tech-
nologies), (Mo-K = 0.71073 Å, graphite monochromator, 
 scan mode (University of King Abdul Aziz, KSA). Single 
crystals of the proligand [H2LBZ][(CF3SO3)Cl] (2) were grown 
as follows: proligand 2 was dissolved in methanol containing 
silver trifl ate, silver chloride that formed was fi ltered off , and the 
solution was allowed to slowly evaporate. Crystals of complex 3 
suitable for single-crystal XRD were obtained by slow evaporation of 
its solution in distilled water. The structures were solved using 
the SHELXL-97 software. Data collection, indexing, and pro-
cessing were carried out using the CrystalAlisPro software pack-
age. Crystallography data for compounds 2 and 3 are given in Tables 
1 and 2. The IR spectra were recorded using a Perkin Elmer 
Spectrum 400 FT-IR spectrometer in the range of 4000—
400 cm–1 as KBr pellets. The NMR spectra were measured at 
300 K using a Bruker Avance spectrometer at 300 MHz (1H) and 
75 MHz (13C) using Me4Si as the reference for 1H NMR spectra. 
The carbon signal of DMSO-d6 ( 39.43) was used as the refer-
ence for 13C NMR spectra. Elemental analysis for C, H, and 
N was carried out on a Thermo Scientifi c Flash 2000 Elemen-
tal Analyzer. Thermogravimetric analysis was performed on 
a DTG-60H instrument (Shimadzu, Japan). The TG and DTA 
an  alyses (see Fig. 3) were carried out under a nitrogen fl ow 
(50 mL min–1) in the temperature range of 20—900 C. Elec-
trocatalytic studies (cyclic voltammetry and controlled potential 
electrolysis) were performed using a CHI760 electrochemical 
workstation (CH Instruments, Inc.). A cell with a three-electrode 
system (7 mm2 glassy carbon working electrode, Pt mesh coun-
ter electrode, and Ag/AgCl reference electrode) was used for the 
analyses. Electrochemical studies were carried out using 0.1 M 
potassium phosphate buff er as the electrolyte. A homogeneous 
solution of catalyst 3 was scanned in the range from +0.2 to 
+1.7 V at a scan rate of 100 mV s–1. 

Synthesis of N,N´-bis(pyridin-2-yl)-2,6-pyridnedicarboxamide 
(1). A 100-mL two-neck round-bottom fl ask was charged with 
pyridine-2,6-dicarbonyl dichloride (2.04 g, 10.00 mmol, 1.00 eq.) 

Fig. 5.  Controlled potentiometry of the complex 
[Ni2(L)2(H2O)5]•2H2O (3).
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Table 3. Comparison of the catalytic parameters of the complex [(NiL2)(Ni(H2O)5)]•2H2O (3) with other water oxidation 
electrocatalysts

Complex Electrolyte  E/V E0/V /mV pH I/mA Ref.

[(NiL2)(Ni(H2O)5)]•2H2O  0.1 M K3PO4 1.57  1.18 (vs. Ag/AgCl) 186 8.0 4535  Present work
[(NiL2)(Ni(H2O)5)]•2H2O 0.1 M K3PO4 1.57  1.18 (vs. Ag/AgCl) 186 10.0 8900 Present work
[Ni(meso-L´)]2+ 0.1 M Na3PO4 1.41 0.99 (vs. NHE) 170 7.0 770 38
NiFe2O4 0.05 M K3PO4  1.50 0.80 (vs. SCE) 430 8.0 >650  39
NiFe-DH 1 M KOH 1.40 0.90 (vs. RHE) 258 13.6 1420  40
NiFeP 1 M KOH 1.40 0.90 (vs. RHE) 258 13.6 6450  40

Note. L´ is 5,5,7,12,12,14-hexamethyl-1,4,8,11-tetraazacyclotetradecane, DH is double hydroxide, E is the peak potential, 
E0 is the standard potential,  is the overpotential, NHE is the normal hydrogen electrode, SCE is the saturated calomel 
electrode, RHE is the reversible hydrogen electrode (the potential of RHE correlates to the pH value).
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and dichloromethane (30 mL) under an inert atmosphere. 
Another 50-mL round-bottom fl ask was charged with 4-amino-
pyridine (1.88 g, 20.00 mmol, 2 eq.), triethylamine (4.20 mL, 
5.79 g, 30.00 mmol), and dichloromethane (20 mL) and the 
obtained solution was transferred to the 100-mL fl ask. The result-
ing mixture was successively stirred at 0 C for 5—10 min, at 
room temperature for 2 h, and then refl uxed for 6 h. The reaction 
mixture was cooled to ambient temperature and the product 
obtained was fi ltered off . The dirty white precipitate was purifi ed 
by washing with a saturated NaHCO3 solution, distilled water, 
acetone, and diethyl ether until the pure white powder was ob-
tained. This powder was dried to give 1.80 g (55%) of the pure 
title product.41

Synthesis of proligand [H2LBZ][(CF3SO3)Cl] (2). Compound 
1 (500 mg, 1.56 mmol, 1 equiv.), benzyl chloride (7.21 mL, 
793 mg, 40 equiv.), and anhydrous MeCN (25 mL) were mixed 
in an evacuated 100-mL two-neck round-bottom fl ask. The 
reaction mixture was refl uxed for 10 h. After cooling to room 
temperature, the white precipitate was collected by fi ltration and 
washed with acetone and diethyl ether to give 800 mg (90%) of 
the pure title product. Found (%): C, 55.97; H, 4.55; N, 10.20. 
H27N5O2CF3O3SCl•2(H2O). Calculated (%): C, 55.92; H, 4.50; 
N, 10.17. 1H NMR (300 MHz, DMSO-d6), : 13.19 (s, 2 H, 
NH); 9.14 (d, 4 H, J = 7.2 Hz); 8.99 (d, 4 H, J = 7.2 Hz); 8.52 
(m, 2 H); 8.41 (dd, 1 H, J = 8.7 Hz); 7.54 (m, 10 H); 5.77 (s, 4 H). 
13C NMR (75.0 MHz, DMSO-d6), : 165.6, 152.9, 148. 145.5, 
140.9, 135.2, 129.6, 128.9, 128.2, 117.4, 62.2. IR, /cm–1: 3431, 
3229, 3213, 3063, 2993, 1691, 1579, 1512, 1453, 1326, 1157, 
1113, 732, 608. 

Synthesis of complex [(NiL2)(Ni(H2O)5)]•2H2O (3). A 50-mL 
two-neck round-bottom fl ask was charged with compound 2 
(0.250 g, 0.436 mmol, 1 equiv.), [Ni(DME)2Cl2] (0.108 g, 
0.480 mmol, 1.1 equiv.), and anhydrous MeCN (25 mL) under 
an inert atmosphere. Then DBU (0.199 mL, 1.31 mmol, 3 equiv.) 
was added and the mixture was refl uxed for 2 h. A yellow solid 
product precipitated from the reaction mixture. The reaction 
mixture was cooled to ambient temperature. The precipitate was 
fi ltered off , washed with acetone and diethyl ether, and dried to 
give 170 mg (63%) of complex 3. Found (%): C, 33.74; H, 5.69; 
N, 4.31. C14H20N2Ni2O15. Calculated (%): C, 33.79; H, 5.73; 
N, 4.29. IR, /cm–1: 3357, 3035, 1645, 1609, 1583, 1342, 1200, 
1163, 848, 771, 519. 

The authors greatly acknowledge the Higher Education 
Commission (HEC) of the Pakistan for the research 
funding.
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