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l structure and water oxidation
activity of [Ru(terpy)(bipy)Cl]+ complexes: influence
of ancillary ligands on O2 generation†

Rekha Dhiman, Namita Singh, Bharat Ugale and C. M. Nagaraja *

Four new Ru(II) complexes, [RuII(MeMPTP)(bpy)Cl]PF6 (1), [RuII(MeMPTP)(dmbpy)Cl]PF6 (2), [RuII(MeMPTP)-

(dmcbpy)Cl]PF6 (3) and [RuII(MeMPTP)(Pic)2Cl]PF6 (4) [where, MeMPTP ¼ 40-(4-methylmercaptophenyl)-

2,20:60200-terpyridine, bpy ¼ 2,20-bipyridine, dmbpy ¼ 4,40-dimethyl-2,20-bipyridine, dmcbpy ¼
4,40-dimethoxycarbonyl-2,20-bipyridine and pic ¼ 4-picoline] were synthesized and characterized via

various spectroscopic techniques. The molecular structures of the complexes 1 and 2 were determined

by single crystal X-ray diffraction analysis. Catalytic activity for chemical oxidation of water of the

complexes 1–4 reveals that the rate of O2 evolution follows the trend 1 > 4 > 2 > 3. Except the

unsubstituted complex 1, the catalytic rate for O2 generation of 2 and 4, containing electron-donating

(–CH3) groups, is higher than that of 3, bearing an electron-withdrawing (–COOMe) group on the bpy,

while the turn over number (TON) of the complexes follows an opposite trend. The difference in the

water oxidation activity of the complexes has been correlated to the effect of the substituents on the

ancillary ligands in facilitating the electron density on the Ru(II) center to achieve the higher oxidation

states required for the water oxidation catalysis. Interestingly, water oxidation study of the complexes

1–4 fills the missing gap between the well-studied mononuclear ruthenium complexes based on terpy/

bpy and the MeMPTP/phen ligands.
Introduction

Over the past few decades, signicant advances have beenmade
in the eld of homogeneous water oxidation catalysis for the
development of articial photosynthesis by efficiently splitting
water into O2 and H2.1–3 Among the immense library of water
oxidation catalysts reported thus far, ruthenium complexes
based on polypyridyl ligands have shown better activity owing to
the low catalytic potential of Ru(II) resulting in lower kinetic
barrier and higher catalytic efficiency.4–6 Particularly, the study
by Thummel and coworkers has shown that mononuclear
octahedral complexes of ruthenium containing a terpyridine
(terpy) ligand along with bpy/py and halide co-ligands have very
good catalytic activity for chemical oxidation of water to
generate O2.7 Furthermore, the systematic investigation of the
effect of substituents (electron-donating and -withdrawing) on
polypyridyl ligands containing mononuclear ruthenium
complexes, such as [Ru(terpy)(bpy)(OH2)]

2+, on the water
oxidation activity has been reported by Berlinguette and
co-workers.8,9 Interestingly, they observed that electron-
of Technology Ropar, Rupnagar 140001,
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withdrawing groups (EWGs) on the bpy ligand resulted in
lower catalytic activity for O2 evolution and higher catalytic
turnover numbers (TONs). Conversely, the presence of electron-
donating groups (EDGs) accelerated catalytic rates while
decreasing TONs.8,9

On the other hand, Verani and co-workers studied water
oxidation activity of mononuclear ruthenium complexes of 4-
functionalised-terpyridine ligand, MeMPTP having –SMe (–R)
group as an electron releasing group on terpyridine and phe-
nanthroline coligands [RuII(terpy-R)(phen-X)Cl]+.10 Their study
on the inuence of the substituents (EWGs and EDGs) on phen-
X ligand for catalytic water oxidation revealed an opposite trend
for TON compared to those of terpy/bpy systems studied by
Thummel and Berlinguette groups. In this regard, we were
interested to know the reactivity pattern of mononuclear
ruthenium complexes containing the missing combination of
ligands (i.e. MeMPTP/bpy) and their electronic effects on the
water oxidation activity of the complexes. Therefore, to ll the
missing gap between terpy/bpy and MeMPTP/phen systems, we
herein report the synthesis of four complexes, [RuII-
(MeMPTP)(bpy)Cl]PF6 (1), [RuII(MeMPTP)(dmbpy)Cl]PF6 (2),
[RuII(MeMPTP)(dmcbpy)Cl]PF6 (3) and [RuII(MeMPTP)(pic)2Cl]
PF6 (4) [where MeMPTP ¼ 40-(4-methylmercaptophenyl)-
2,20:60200-terpyridine, bpy ¼ 2,20-bipyridine, dmbpy ¼ 4,40-
dimethyl-2,20-bipyridine, dmcbpy ¼ 4,40-dimethoxycarbonyl-
2,20-bipyridine and pic ¼ 4-picoline] and their water oxidation
RSC Adv., 2017, 7, 39325–39333 | 39325
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properties in the presence of an aqueous solution of CeIV. Single
crystal X-ray structure determination of the complexes 1 and 2
revealed octahedral coordination of RuII. Catalytic investigation
of the complexes 1–4 for chemical oxidation of water in the
presence of CeIV followed the trend 1 > 4 > 2 > 3 for the rate of O2

evolution. Except the unsubstituted complex 1, the catalytic rates
of the complexes 2 and 4, containing EDGs (–CH3), were found to
be higher than that of 3 bearing EWG (–COOMe) on the bpy,
which is in accordance with the reactivity trend reported for
MeMPTP/phen and terpy/bpy systems. On the contrary, the TON
of the complexes followed the trend (3 > 1 > 2 > 4) similar to that
of the well-known terpy/bpy systems but opposite to that of the
MeMPTP/phen systems mentioned before. The difference in the
water oxidation activity of the complexes 1–4 has been correlated
to the effect of the substituents on the ancillary ligands in facil-
itating the electron density at the Ru(II) center to achieve its
higher oxidation states required for water oxidation catalysis. The
study reported here lls the missing gap between the mono-
nuclear ruthenium complexes based on terpy/bpy reported by
Thummel and Berlinguette groups and the MeMPTP/phen
ligands reported by Verani group and brings out the differences
in the electronic inuence of bpy and phen ancillary ligands.

Experimental
Materials and methods

The reagents including 2,20-bipyridine (bpy), 4,40-dimethyl-2,20-
bipyridine (dmbpy), and 4,40-dicarboxylic acid-2,20-bipyridine
(dcbpy) were obtained from Sigma Aldrich Chemical Company.
RuCl3$xH2O was purchased from Arora Matthey Ltd. Solvents
were puried by the standard literature procedures prior to use.
Furthermore, 4,40-dimethoxycarbonyl-2,20-bipyridine (dmcbpy),11

40-(4-methylmercaptophenyl)-2,20:60200-terpyridine (MeMPTP)12

ligands and the complexes [RuII(DMSO)4Cl2],13 [Ru(MeMPTP)
Cl3]9a and [RuII(MeMPTP)(DMSO)Cl2]10 were synthesized accord-
ing to the reported literature procedure.

Elemental analysis (C, H, and N) of the samples was carried
out using a Thermo Fischer Flash 2000 elemental analyzer.
Fourier transform infrared (FTIR) spectra of the samples were
recorded with the KBr pellets on a Thermo Scientic Nicolet
iS10 FT-IR spectrometer in the 4000–400 cm�1 region. UV-vis
absorption spectra were recorded on a UV-2600 240V Shi-
madzu spectrophotometer. 1H and 13C NMR spectra were ob-
tained on a 400 MHz JEOL JNM-ECS spectrometer. Chemical
shis (d) are given in ppm relative to residual solvent (DMSO-d6,
d ¼ 2.5 ppm for 1H NMR and 77.16 ppm for 13C NMR) and
coupling constants (J) in Hz. LCMS-ESI (liquid chromatography
mass spectrometry) spectra were recorded on a Bruker impact-
HD spectrometer. Electrochemical measurements were carried
out using an Autolab PGSTAT302N system. Cyclic voltammetry
(CV) experiments were performed at room temperature in a one-
compartment cell equipped with Ag/AgCl as a RE (reference
electrode) (3 M KCl), a glassy carbon (2 mm diameter) as a WE
(working electrode) and a platinum foil as a CE (counter elec-
trode) in CH3CN containing TBAPF6 tetrabutylammonium
hexauorophosphate (0.1 M) as a supporting electrolyte at
a scan rate of 100 mV s�1.
39326 | RSC Adv., 2017, 7, 39325–39333
Synthesis of [RuII(MeMPTP)(bpy)Cl]PF6 (1)

[RuII(MeMPTP)(DMSO)Cl2] (100 mg, 0.165 mmol), bpy (26 mg,
0.165 mmol) and triethylamine (0.2 mL) were added in CH3OH
(20 mL) and reuxed overnight under N2 atmosphere. The
resulting solution was reduced to one third volume and NH4PF6
(207 mg, 1.2 mmol) was added. The dark-red precipitate formed
was ltered through a frit under N2 atmosphere. The isolated
solid was washed with cold CH3OH and further puried by
column chromatography using neutral alumina with
CH2Cl2 : CH3CN (9 : 1). Yield: 58 mg (55%). Good quality crystals
of 1 suitable for X-ray diffraction analysis were grown by slow
evaporation of an ACN solution (5mL) of 1 (2mg) in a vial at room
temperature. 1H NMR (DMSO-d6): d ¼ 10.11 (d, J ¼ 4.5 Hz, 1H),
9.17 (s, 2H), 8.95 (d, J ¼ 8.2 Hz, 2H), 8.92 (d, J ¼ 7.3 Hz, 1H), 8.65
(d, J¼ 8.2 Hz, 1H), 8.36 (t, J¼ 7.8 Hz, 1H), 8.31 (d, J¼ 8.2 Hz, 2H),
8.08 (t, J ¼ 6.8 Hz, 1H), 8.03 (t, J ¼ 7.8 Hz, 2H), 7.78 (t, J ¼ 7.8 Hz,
1H), 7.63 (d, J ¼ 5.5 Hz, 2H), 7.57 (d, J ¼ 8.2 Hz, 2H), 7.43 (d, J ¼
5.4 Hz, 1H), 7.39 (t, J¼ 6.4 Hz, 2H), 7.08 (t, J¼ 6.4 Hz, 1H), 2.63 (s,
3H) (Fig. S1†). 13C NMR (DMSO-d6): 14.4 (–SCH3). MS: m/z ¼
648.0297 [C32H25ClN5RuS]

+. IR (KBr, cm�1): 1558m, 1540m, 1432
m, 1420 m for C]N and C]C stretching of pyridine rings, 836s
for PF6. Anal. calcd for [C32H25N5RuClSPF6]: C, 48.46; H, 3.81; N,
8.83; S, 4.04. Found: C, 48.62; H, 3.92; N, 8.72; S, 4.19.
[RuII(MeMPTP)(dmbpy)Cl]PF6 (2)

Complex 2 was prepared following a procedure similar to that
used to prepare 1 except for the amount of reactants and solvents
used as follows: [RuII(MeMPTP)(DMSO)Cl2] (250mg, 0.413mmol),
dmbpy (76 mg, 0.413 mmol), triethylamine (0.5 mL), NH4PF6
(155 mg, 0.95 mmol) and CH3OH (50 mL). Yield: 133 mg (48%).
Good quality crystals of 2 suitable for X-ray diffraction analysis
were grown by slow evaporation of an ACN solution (5 mL) of 2
(2mg) in a vial at room temperature. 1HNMR (DMSO-d6): d¼ 9.91
(d, J ¼ 5.5 Hz, 1H), 9.15 (s, 2H), 8.93 (d, J ¼ 7.8 Hz, 2H), 8.79 (s,
1H), 8.51 (s, 1H), 8.31 (d, J ¼ 8.7 Hz, 2H), 8.01 (t, J ¼ 7.8 Hz, 2H),
7.92 (d, J ¼ 5.4 Hz, 1H), 7.63 (d, J ¼ 5.0 Hz, 2H), 7.55 (d, J ¼ 8.7,
2H), 7.39 (t, J ¼ 6.4 Hz, 2H), 7.20 (d, J ¼ 5.9 Hz, 1H), 6.90 (d, J ¼
5.9 Hz, 1H), 2.74 (s, 3H), 2.62 (s, 3H), 2.31 (s, 3H) (Fig. S2†). 13C
NMR (DMSO-d6): 20.9 and 20.4 (Py-CH3), 14.3 (–SCH3). MS:m/z ¼
676.0059, [C34H29ClN5RuS]

+. IR (KBr, cm�1): 1691 m, 1611 m,
1476 m, 1405 m of pyridine rings (for C]N and C]C stretching),
2983w and 2881w for aliphatic CH3 group, and 841s for PF6

�.
Anal. calcd for [C34H29ClN5RuSPF6]: C, 49.73; H, 3.56; N, 8.53; S,
3.90. Found: C, 50.01; H, 3.71; N, 8.39; S, 3.81.
Synthesis of [RuII(MeMPTP)(dmdcbpy)Cl]PF6 (3)

Complex 3 was prepared following a procedure similar that
used to prepare 1 except that dmdcbpy (44.92 mg, 0.165 mmol)
was used in the place of bpy. Yield: 71.36 mg (58%). 1H NMR
(DMSO-d6): d ¼ 10.33 (d, J ¼ 6.1 Hz, 1H), 9.39 (s, 1H), 9.22 (s,
2H), 9.11 (s, 1H), 8.96 (d, J¼ 7.9 Hz, 2H), 8.48 (d, J¼ 6.1 Hz, 1H),
8.32 (d, J ¼ 7.9 Hz, 2H), 8.05 (t, J ¼ 7.3 Hz, 2H), 7.79 (d, J ¼
5.5 Hz, 1H), 7.62 (d, J¼ 5.5 Hz, 2H), 7.58 (d, J¼ 7.9 Hz, 2H), 7.46
(d, J ¼ 5.5 Hz, 1H), 7.34 (t, J ¼ 6.7 Hz, 2H), 4.10 (s, 3H), 3.85 (s,
3H), 2.63 (s, 3H) (Fig. S3†). 13C NMR (DMSO-d6): 164.8, 164.0
This journal is © The Royal Society of Chemistry 2017
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Table 1 Crystal data and structure refinement parameters for
complexes 1 and 2

Compound 1 2
Empirical formula C32H25ClF6N5PRuS C34H29ClF6N5PRuS
Formula wt 793.12 821.17
Crystal system Monoclinic Triclinic
Space group P21/c (no. 14) P�1 (no. 2)
a (Å) 13.0582(6) 10.991(5)
b (Å) 19.8028(9) 13.475(5)
c (Å) 11.9764(6) 13.856(5)
a (deg) 90 64.503(5)
b (deg) 97.347(2) 75.699(5)
g (deg) 90 66.929(5)
V (Å3) 3071.5(3) 1696.5(12)
Z 4 2
rcalc. (g cm�3) 1.715 1.608
m (mm�1) 0.788 0.716
F(000) 1592 828
Rens collected 54 801 70 617
Indep. rens 7608 8436
GOF 1.01 1.05
R1

a/wR2
b [I > 2s(I)] 0.0796 0.0395

R1/wR2 (all data) 0.2026 0.0989

a R1 ¼
PkF0| � |Fck/

P
|Fo|.

b wR2 ¼ [
P

w(Fo
2 � Fc

2)2/
P

w(Fo
2)2]1/2.
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(–COO), 53.3, 53.1 (–OMe) and 14.3, 14.0 (–SCH3). MS: m/z ¼
764.0672 [C36H29ClN5O4RuS]

+. IR (KBr, cm�1): 1583 m, 1532 m,
1470 m, 1429 m (for pyridine rings), 1725s (due to –COO),
838.75s. Anal. calcd for [C36H29ClN5O4RuSPF6]: C, 47.56; H,
3.21; N, 7.70; S, 3.53. Found: C, 47.71; H, 3.35; N, 7.83; S, 3.64.

Synthesis of [RuII(MeMPTP)(Pic)2Cl]PF6 (4)

Mixture of [Ru(MeMPTP)Cl3] (100 mg, 0.177 mmol), triethyl-
amine (0.3 mL) and excess of 4-picoline (10 mL) were heated at
100 �C for 13 h. Aer cooling, hexane (10 mL) was added to the
reaction mixture. The resultant precipitate was ltered and
washed with hexane to remove unreacted 4-picoline. The
residue was dissolved in water (5 mL) and aq. solution of
NH4PF6 (100 mg in 3 mL) was added. The resulting solid was
ltered, washed with water and dried under vacuum. Further-
more, the complex was puried by column chromatography
over silica gel with DCM/acetone (1 : 1). Yield: 44.64 mg (37%).
1H NMR (DMSO-d6): d ¼ 9.17 (d, J ¼ 5.5 Hz, 2H), 9.05 (s, 2H),
8.22 (d, J ¼ 8.5 Hz, 2H), 7.50 (d, J ¼ 8.5 Hz, 2H), 8.90 (d, J ¼ 8.5,
2H), 7.86 (t, J ¼ 6.7 Hz, 2H), 8.17 (t, J ¼ 7.9 Hz, 2H), 7.77 (d, J ¼
6.1 Hz, 4H), 6.91 (d, J ¼ 6.1 Hz, 4H), 2.59 (s, 3H), 2.08 (s, 6H)
(Fig. S4†). 13C NMR (DMSO-d6): 20.0 (–PyMe), 14.3 (–SCH3). MS:
m/z ¼ 678.1032 [C34H31ClN5RuS]

+. IR (KBr, cm�1): 1594 m, 1533
m, 1499 m, 1425 m for pyridine rings, 835.97s for PF6

�. Anal.
calcd for [C34H31ClN5RuSPF6]: C, 49.61; H, 3.80; N, 8.51; S, 3.90.
Found: C, 50.03; H, 3.88; N, 8.68; S, 4.02.

X-ray structural determination

Single crystal X-ray structural data of the compounds (1 and 2)
were collected on a Bruker D8 Venture PHOTON 100 CMOS
diffractometer using an INCOATEC micro-focus source and
graphite monochromated MoKa radiation (l ¼ 0.71073 Å). The
program SAINT14was employed for the integration of diffraction
proles, and absorption correction was performed with the
SADABS program.15 The structures were initially solved by SIR
92 16 and further renement was done with a full matrix least
square technique using SHELXL-2013 17 andWinGX system (Ver
2013.3).18 All of the non-hydrogen atoms were located from the
difference Fourier map and rened anisotropically. All of the
hydrogen atoms were xed by HFIX at ideal positions and
included in the renement process using riding model with
isotropic thermal parameters. All of the crystallographic and
structure renement data of complexes are summarized in
Table 1. Selected bond lengths and angles of compounds 1–2
are summarized in Table S1.† The crystallographic information
le is deposited with the CCDC numbers 1447199 and 1447200
for compounds 1 and 2, respectively.†

Oxygen evolution measurements

The O2 evolution measurements were carried out in acidic
aqueous solutions containing complex 1–4 (pro-catalyst) along
with [[Ce(NO3)6](NH4)2] (550 mg, 1 mmol) and CF3SO3H (3 mL,
pH ¼ 1) in the ratio of 500 : 1 equiv. using Clark-type oxygen
electrode (Hansatech instrument, Oxygraph Plus). Before each
measurement, a fresh Teon membrane was applied over the
electrode tip, and the probe was calibrated in oxygen-free
This journal is © The Royal Society of Chemistry 2017
(N2 purge) followed by oxygen saturated deionized water. The
CeIV solution was purged with N2 to provide an oxygen-free
solution, and then the Ru(II) complex (0.1 mg) dissolved in
acetonitrile (100 mL) was introduced by a syringe through
a septum. The generated O2 (nmol ml�1) was measured and
recorded against time by a Clark type electrode.19 Furthermore,
to calculate the turnover number (TON ¼ [maximum amount of
O2 evolved]/[catalyst] in moles) for complexes 1–4, the water
oxidation reactions were carried out in a 10 mL round bottom
ask capped with a rubber septum under ambient conditions.
(NH4)2[Ce(NO3)6] (CAN) (550 mg, 1 mmol) and CF3SO3H (3 mL,
pH ¼ 1) were stirred together and an ACN solution of the
complex to be studied (100 mL, 6.3 � 10�4 M) was injected
through the septum. The mixture was stirred for 24 h. The
amount of O2 generated was measured via gas chromatography
by injecting the head gas of reaction vessel using an air tight
syringe. The GC system used was a PerkinElmer Clarus 580 GC
with a thermal conductivity detector and a 5 Å molecular sieve
column operating at 60 �C with helium as the carrier gas. The
calibration was carried out with air as the standard (21% O2).

Results and discussion

The complexes 1–3 were synthesized by the reaction of
[RuII(MeMPTP)(DMSO)Cl2] with bpy, dmbpy and dmcbpy
ligands, respectively, whereas complex 4 was synthesized by the
reaction of [Ru(MeMPTP)Cl3] complex with excess of 4-picoline
(Scheme 1). All the complexes (1–4) were puried via column
chromatography.

Structural characterization of complexes 1 and 2

Single crystals of the complexes (1 and 2) suitable for the X-ray
diffraction study were grown by slow evaporation of the ACN
RSC Adv., 2017, 7, 39325–39333 | 39327
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Scheme 1 Schematic pathways of the preparation of complexes 1–4.
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solutions of the complexes. Good quality crystals were selected
aer careful examination with a polarized microscope and
mounted on a glass ber. Crystal structure determination
reveals that both 1 and 2 are isostructural, with the Ru(II) center
adopting octahedral geometry satised by MeMPTP and bpy/
dmbpy in 1/2 along with a chloride ligand (Fig. 1a and b). The
MeMPTP ligand acts as a chelating tridentate donor and coor-
dinates to Ru(II) through two axial and one equatorial sites. The
remaining equatorial sites are occupied by two N atoms from
bpy/dmbpy and a chloride ligand. In the complexes, the Ru(II)–
NMeMPTP bond distances fall in the range of 1.951(2)–2.070(2)
Å and the Ru(II)–N1 bond distance involving central pyridine
nitrogen of MeMPTP is relatively shorter than the terminal ones
(Table S1†). The bond distances of Ru–N bipy vary from 2.039(2)
to 2.084(2) Å. In both complexes, the bond distance of the
Ru(II)–N4 trans to the chloride ligand is shorter than that of
Fig. 1 ORTEP diagrams of (a) [RuII(MeMPTP)(bpy)Cl]+ (1) and (b)
[RuII(MeMPTP)(dmbpy)Cl]+ (2) at 50% probability level. The hydrogen
atoms, solvent molecules and counter anion are omitted for clarity.

39328 | RSC Adv., 2017, 7, 39325–39333
Ru(II)–N5 due to higher electro-negativity of the chloride ligand.
The bond distances and angles of both complexes are found
comparable with those from the similarly reported Ru-terpy
based complexes (Table S1, ESI†).
Red-ox properties of complexes 1–4

The redox behaviour of complexes 1–4 was investigated in ACN,
and the results are shown in Fig. 2. The electronic environment
of the Ru(II) center in these complexes varies due to the presence
of electron-withdrawing and-donating functional groups and it
is reected in the RuII/RuIII redox potentials of the complexes,
which are in the range of 0.77–1.01 VAg+/Ag. Among them, the un-
substituted complex 1 shows RuII/RuIII couple at 0.83 VAg+/Ag,
while for complex 3, with an electron-withdrawing substituent,
the RuII/RuIII couple presents a higher oxidation potential at
0.94 VAg+/Ag. The high value of redox potential for 3 suggests that
the electron-withdrawing COOMe group does not favor the
generation of RuIII state. However, 2 and 4, with electron-
donating methyl groups, show relatively lower red-ox poten-
tials of 0.78 and 0.79 VAg+/Ag, respectively. The observed trend in
Fig. 2 Cyclic voltammograms for the RuII/RuIII couple in 4.0 �
10�4 mol L�1 ACN/TBAPF6 at 100 mV s�1.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 UV-vis absorption spectra of the complexes (1–4) in 5� 10�5 M
ACN.
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the red-ox potentials is in accordance with what was described
for the similar complexes reported before.10,20
Electronic behavior of complexes 1–4

The UV-vis absorption spectra of complexes (1–4) recorded in
ACN at room temperature are shown in Fig. 3. All complexes
show broad absorptions with the maxima around 520 and
Fig. 4 (a) O2 generation as a function of time measured with the Clark e
First-order plot for the rate of O2 generation of the complex 2. (c) O2 gen
complexes 1–4.

This journal is © The Royal Society of Chemistry 2017
320 nm. The absorption maximum at 520 nm has been attrib-
uted to Ru(II) / terpy (MeMPTP) metal-to-ligand charge
transfer (MLCT) transition, while the absorption band at
320 nm can be ascribed to p / p* transition. The small vari-
ance in the absorption maxima of the complexes could be
arising due to the different substituent groups on the bipy in the
complexes 2, 3 and the presence of pic ligands in 4.

Catalytic activity of 1–4 for water oxidation

The reactivity of all four complexes for water oxidation catalysis
was evaluated bymeasuring the rate of O2 generated in an acidic
aqueous solution of (NH4)2[Ce

IV(NO3)6] (CAN) containing the
complexes with the ratio of 500 : 1 equiv. using a Clark oxygen
electrode of Oxygraph plus system. For the measurement, the
aqueous solution of CAN was injected into the electrode
chamber and degassed completely with N2 and then the
complex was added to the solution. Interestingly, the O2

evolution rates measured at different concentrations of complex
2 reveal the rst-order kinetic behavior and the rate of O2

generation depends on the concentration of the catalyst (Fig. 4a
and b). Furthermore, all four complexes show an induction
period required for the conversion of chlorido-complexes (pro-
catalysts) into more active aqua-substituted counterparts. As
shown in Fig. 4c, the complexes 1, 2, 3 and 4 show the induction
periods of about 230, 104, 453, and 119s, respectively. Similar
lectrode catalyzed by different concentrations of the complexes 2. (b)
eration as a function of time measured with the Clark electrode for the

RSC Adv., 2017, 7, 39325–39333 | 39329
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Table 2 Electronics, red-ox and water oxidation properties of
complexes (1–4)

Complex
lmax

a (nm) 3,
(M�1 cm�1)

Eox1/2 (V/Ag/
AgCl in ACN)b TONc

Rated � 10�6

(mol L�1 s�1)

1 516, 308/20 800 0.83 407 9.0
2 519, 305/18 200 0.78 266 3.9
3 527, 323/17 600 0.94 480 2.6
4 525, 324/10 000 0.79 117 6.6

a UV-vis spectra recorded in 5 � 10�5 M ACN. b Cyclic voltammograms
of (1–4) complexes recorded as 4.0 � 10�4 mol L�1 in ACN with 0.1 M
TBAPF6 as the supporting electrolyte using a 100 mV s�1 scan rate at
room temperature in an inert atmosphere; WE ¼ glassy carbon, RE ¼
Ag/AgCl, and CE ¼ platinum foil. All potentials listed versus Ag/AgCl.
c (NH4)2[Ce(NO3)6] (550 mg), CF3SO3H (pH ¼ 1), and the complex (6.3
� 10�4 M) for 24 h. d CF3SO3H (pH ¼ 1), (NH4)2[Ce(NO3)6] (550 mg)
and the complex (0.1 mg in 100 mL in ACN).
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observations of longer induction periods for complexes con-
taining electron-withdrawing groups and vice versa have been
reported.7a,10 Furthermore, the rate of O2 generation catalyzed
by the complexes was estimated bymeasuring the linear portion
of the O2 evolution curves aer the induction period (Fig. 4c)
and the values are tabulated in Table 2. The highest rate was
observed for complex 1, followed by 4 and 2 containing electron-
donating (–Me) group, while complex 3, with an electron-
withdrawing group on bipy, showed a lower rate. The
observed rate of O2 generation follows similar trend observed
for analogous complexes containing 1,10-phenanthroline-based
auxiliary ligands reported by Verani and co-workers.10

Furthermore, the TON of the complexes was measured in
10 mL septum-capped round-bottomed ask (please see Experi-
mental part) and estimated from the amount of O2 generated aer
24 h by GC. Interestingly, all four complexes show good catalytic
activity with TON in the range of 100–500 (Table 2) and the trend
follows a reverse relation with the rate of O2 evolution. This
observation is in line with the reactivity trend reported for terpy/
bipy-based mononuclear ruthenium complexes containing
substituted bipy co-ligands as reported by Thummel and Berlin-
guette groups.7a,8
Fig. 5 (a) UV-vis spectral changes for 2 (5 � 10�5 M in ACN) upon additio
UV-vis spectral changes for oxidized 2 upon the reductive titration with

39330 | RSC Adv., 2017, 7, 39325–39333
The induction period required for the generation of active
catalyst has also been observed from time-dependent 1H NMR
studies of complex 2 in ACN-d3/D2O mixed solvents. The 1H
NMR stack plot (Fig. S5, ESI†) shows the gradual decrease in the
intensity of the signal at 10.3 ppm corresponding to H1 of
chlorido-complex and the appearance of a new peak at 9.8 ppm
upon exchange of the chloride by an aqua ligand. As the reac-
tion progresses, the intensity of the peak due to aqua-complex
gradually increases and that of chlorido-complex decreases.
Reactivity studies: oxidative titration of complex 2 with CeIV

To understand the reactivity pattern of chlorido-containing
pro-catalysts, UV-vis titrations have been carried out for
complex 2 as a representative example against CeIV. As shown
in Fig. 5a, the ACN solution of 2 shows an absorption band at
517 nm corresponding to RuII / terpy MLCT transition. The
addition of 1 equiv. of CeIV results in a signicant decrease in
the intensity of this band and the evolution of a new band at
413 nm can be ascribed to in situ generated RuIII species
(Fig. 5a). This observation indicates the partial oxidation of
RuII to RuIII. A further increase in the addition of CeIV from 1 to
4 equiv. results in a continuous decrease in the intensity of
RuII band at 517 nm and a rise in the intensity of the band due
to RuIII species at 413 nm. Moreover, the appearance of an
additional band at 364 nm, which can be attributed to in situ
formations of [RuIV ¼ O]2+ species, has been observed.10

Further addition of 5 equiv. of CeIV results in a complete
disappearance of RuII band and an increase in the intensity of
bands due to RuIII and [RuIV ¼ O]2+ species. These spectro-
scopic changes clearly support the complete oxidation of RuII

species by the addition of CeIV and the in situ formations of
high valent [RuIV ¼ O]2+ species.
Reductive titration of 2 with ascorbic acid (AA)

In order to further verify the oxidative conversion of RuII / RuIII

by CeIV, reverse titration was performed. A solution of complex 2
containing 5 equiv. of CeIV was titrated against AA as a reducing
agent. As shown in Fig. 5b, the addition of 1 equiv. of AA resulted
n of CeIV (1.25 � 10�3 M in aqueous triflic acid, 0–5 equiv., pH ¼ 1). (b)
AA (1.25 � 10�3 M, 0–5 equiv.) in ACN.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) UV-vis spectral changes for 2 (Ru2+) over time upon addition of CeIV (1.25 � 10�3 M) in aqueous triflic acid, 5 equiv. (pH ¼ 1). (b) First-
order rate plots for 1–4 complexes.
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in the reappearance of the characteristic RuII / terpy band at
517 nm and the intensity of RuIII and RuIV bands decreased,
indicating the regeneration of RuII species. A subsequent addition
of AA up to 5 equiv. led to the complete disappearance of the
413 nm band due to RuIII and the growth of the 517 nm band due
to RuII, conrming the reductive conversion of RuIII / RuII

species. In the complete redox cycle, no shi in the absorption
maxima is observed, suggesting the regeneration of the original
chlorido-complex, 2. This observation indicates that the redox
process possibly occurs through the formation of a seven-
coordinate intermediate.
Fig. 7 1H NMR spectra of complex 2 (a) before and (b) after treating wit

This journal is © The Royal Society of Chemistry 2017
Time-dependent decay of high-valent ruthenium species

As mentioned before, the addition of 5 equiv. of CeIV to an ACN
solution of 2 resulted in the appearance of two bands at 413 and
364 nm corresponding to in situ formations of RuIII and [RuIV ¼
O]2+ species, respectively, and the complete disappearance of
RuII / terpy MLCT band at 520 nm within 5 s as shown in
Fig. 6a. The relative rate of decay of the 364 nm band assigned to
high valent ruthenium-oxo species is calculated for the
complexes 1–4 from time-dependent UV-vis spectra along with
the rst-order decay constants, as shown in Fig. 6b. Interest-
ingly, the unsubstituted bipy complex 1 shows the highest rate
h CAN (excess) followed by reduction with AA.

RSC Adv., 2017, 7, 39325–39333 | 39331
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of 9.0� 10�3 s�1 followed by 4 (5.3� 10�3 s�1), 2 (4.5� 10�3 s�1)
and 3 (1.8 � 10�3 s�1). This trend is in good agreement with the
rate of O2 evolution discussed before. In addition, the calculated
halime lives of the complexes for the decay of Ru-oxo species are
in accordance with the induction period observed for the rate of
O2 evolution (Table S2†)10.
Regeneration of the catalyst

The results mentioned in the previous sections suggest that the
catalytic core in the complexes is regenerated aer the catalysis.
For further conrmation, as a model example, we have recov-
ered complex 2 aer treating with an excess of CAN followed by
addition of AA. The addition of excess CAN in aq. triic acid
solution (pH ¼ 1) to the ACN solution of 2 resulted in the
formation of a green precipitate, which was isolated by ltra-
tion. 1H NMR spectrum of the precipitate in DMSO-d6 shows the
appearance of a broad peak indicating the formation of a para-
magnetic high oxidation state ruthenium complex. Further-
more, the addition of AA to this green precipitate resulted in an
instant conversion to a red solid that was isolated and analyzed
by ESI-MS, IR and 1H NMR spectroscopic techniques. 1H NMR
spectrum of the red solid obtained, shown in Fig. 7, revealed
that the peak at 9.9 ppm assigned to H1 proton of dmbpy ligand
did not show any shi in the regenerated complex suggesting
the retention of the original coordination environment around
the Ru(II). However, shis in the peaks at 9.2, 8.3 and 7.56 ppm,
corresponding to MeMPTP ligand, were observed. This indi-
cates the possible structural change associated with MeMPTP
ligand in the recovered complex. The ESI-MS analysis of the
regenerated complex shows the molecular ion peak at m/z
708.0774 which is 32 mass units higher than that of complex 2
(Fig. S6†). This difference could be attributed to oxidation of the
–SMe group of MeMPTP ligand to –SO2Me resulting in the
shiing of the peaks in 1H NMR spectrum (Scheme S1†).
Further evidence of the oxidation of the –SMe group of the
ligand was obtained by treating MeMPTP ligand with CeIV. The
resulting oxidized ligand shows IR peak at 1261 cm�1 corre-
sponding to S]O and ESI-MS peaks at 371.1092 and 387.1040
for SOCH3 and SO2CH3, respectively (Fig. S7†).
Conclusions

In conclusion, herein we investigated the water oxidation
activity of ruthenium complexes based on terpy derivative
(MeMPTP) along with substituted bpy/py and picoline ligands.
These systems bridge the gap between the well-known terpy/
bipy and MeMPTP/phen systems studied before. Interestingly,
the water oxidation measurements reveal that the catalytic rate
for the O2 generation by the complexes in the presence of CeIV

sacricial oxidant follow the trend 1 > 4 > 2 > 3. Except the un-
substituted complex 1, the complexes 2 and 4, with electron-
donating groups on bipy/py, show higher catalytic rate than
that of 3 containing electron-withdrawing substituent on bipy.
This observation has been attributed to the fact that the
electron-donating groups in 2 and 4 can enhance the electron
density of the metal and facilitate the formation of the high-
39332 | RSC Adv., 2017, 7, 39325–39333
valent ruthenium species required for catalytic oxidation of
water. However, the electron-withdrawing group (–COOMe) in 3
decreases the electron donation to ruthenium making it diffi-
cult to achieve the higher oxidation state species. Furthermore,
all complexes (pro-catalysts) require an induction period for the
catalysis and the rate of O2 generation follow the rst-order
relation. Importantly, the spectroscopic evidence for the in
situ formations of high-valent ruthenium-oxo (RuIV ¼ O)
species, which are considered as important intermediate
species in water oxidation catalysis, are observed. The TONs of
the complexes follow the trend (3 > 1 > 2 > 4) and the values are
comparable with those obtained for similar complexes reported
before. The observed catalytic rate of O2 generation and TON of
the complexes clearly demonstrate the inuence of substituents
on ancillary ligands on the water oxidation activity of the
complexes. The MeMPTP ligand, with an electron donating
–SMe group, supports the catalytic water oxidation activity of
the complexes; however, in the presence of CeIV it undergoes
oxidation to –SO2Me. More interesting aspects of this study are
that it completes the gap between the well-known terpy/bpy
systems studied by the groups of Thummel and Berlinguette
and the MeMPTP/phen systems studied by Verani and brings
out the differences in electronic inuence of bipy and phen
coligands and will be pivotal for the design of future water
oxidation catalysts.
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