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Understanding the seven coordination and O—O coupling pathway of the distinguished Ru-bda catalysts
is essential for the development of next generation efficient water-oxidation catalysts based on earth-
abundant metals. This work reports the synthesis, characterization and catalytic properties of a mono-
meric ruthenium catalyst Ru-bnda (H,bnda = 2,2’-bi(nicotinic acid)-6,6’-dicarboxylic acid) featuring
steric hindrance and enhanced hydrophilicity on the backbone. Combining experimental evidence with
systematic density functional theory calculations on the Ru-bnda and related catalysts Ru-bda
(Hybda = 2,2'-bipyridine-6,6'-dicarboxylic acid), Ru-pda (H,pda = 1,10-phenanthroline-2,9-dicarboxylic
acid), and Ru-biqa (Hybiqa = (1,1’-biisoquinoline)-3,3'-dicarboxylic acid), we emphasized that seven coor-
dination clearly determines presence of RuY=0 with high spin density on the Oguy—o atom, i.e. oxo with
radical properties, which is one of the necessary conditions for reacting through the O—O coupling path-
way. However, an additional factor to make the condition sufficient is the favorable intermolecular face-
to-face interaction for the generation of the pre-reactive [RuY=0--0=Ru"], which may be significantly
influenced by the secondary coordination environments. This work provides a new understanding of
the structure-activity relationship of water-oxidation catalysts and their potential to adopt I2M pathway
for 0—0 bond formation.
© 2020 The Authors. Published by ELSEVIER B.V. and Science Press on behalf of Science Press and Dalian
Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The increasing negative ecological impact and looming energy
crisis make artificial photosynthetic schemes for the storage of
solar energy into fuels, such as H, and hydrocarbons via reduction
of proton and CO, respectively, more and more attractive.! How-
ever, a major bottleneck of artificial photosynthesis is water oxida-
tion (2H,0 — O, + 4e~ + 4H", E; = 1.23 V vs NHE at pH = 0,
NHE = Normal Hydrogen Electrode), which is considered the ideal
way to provide abundant electrons and protons for the reduction
reactions [1]. Molecular catalysts provide a promising entry to

* Corresponding authors.
E-mail addresses: biaobiao@kth.se (B. Zhang), ahlqui@kth.se (M.S.G. Ahlquist).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.jechem.2020.06.036

intrinsically efficient water oxidation catalysts with low overpo-
tential, because both the steric and electronic structures of molec-
ular catalysts can be precisely adjusted, guided by deep
understanding of the catalytic mechanism, which is especially
accessible for molecular catalysts [2,3].

Among numerous molecular water-oxidation catalysts (WOCs)
developed in recent years [4-10], the most efficient ones to date
belong to the Ru-bda family of catalysts [Ru'(bda)(L),], which com-
prises a tetradentate bipyridyl-dicarboxylate bda (H,bda = 2,2'-bi
pyridine-6,6'-dicarboxylic acid) as equatorial ligand and two aro-
matic N-heterocycles as axial ligands L (Fig. 1) [11-15]. Kinetic
and density functional theory (DFT) studies indicated that O—O
bond formation with Ru-bda catalysts takes place by interaction
of two metal-oxo units (i.e. [2M pathway) [15-17]. The overpoten-
tial required by Ru-bda catalyst for water oxidation is lower than
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Fig. 1. Structures of the parent Ru(bda)(pic), catalyst and its derivatives Ru(bnda)(pic),,

acid).

200 mV, close to that of the natural oxygen-evolving complex
(OEC) in photosystem II (~160 mV) [14,15,17]. With using Ce'V
((NH4)2[Ce(NO3)g]) as the oxidant, a catalytic turnover frequency
(TOF) of Ru-bda catalysts comparable to the TOF of the in vivo
OEC can be achieved [14,15,17]. WOCs with excellent catalytic per-
formances have finally been obtained after thirty-years research;
unfortunately, they are based on Ru which is a noble metal and
ought to be replaced. To enlighten development of efficient
earth-abundant metal based WOCs [18-24], further investigation
of the coordination environment of the Ru-bda catalysts is thus
in high demand to understand the real reasons behind their out-
standing performance and unique 12M mechanism.

Both the equatorial bda ligand and two axial ligands of Ru-bda
catalysts play an essential role in establishing the catalytic activity
[25,26]. The facile manipulation of the axial ligands allowed for
studies on dozens of different Ru-bda catalysts to reveal the effects
of axial ligands on catalysis, such as the electronic effect, -7 stack-
ing and other non-covalent effects [15,27-30]. Nevertheless, the
adjustments of axial ligands in most of cases influenced only the
rate of catalytic water oxidation, and did not lead to deviation from
the 12M mechanism, which comprises the most unique feature of
Ru-bda catalysts and is responsible for the high activity.

To fundamentally understand the outstanding activity of Ru-
bda catalysts for water oxidation, it is necessary to investigate
the bda backbone in more detail by designing closely related ana-
logues. However, reports on modified bda ligands are rare, due to
the synthetic challenge of introducing substituents. Gao et al.
and Concepcion et al. researched the electronic effect by introduc-
tion of —Br and —CF3 substituents to the bda backbone, respec-
tively [31,32]. Replacing the equatorial ligand bda with other
polypyridyl backbone ligands containing carboxylates, e.g. pdc
(Hapdc = 2,6-pyridinedicarboxylic acid) [33,34], pda (Hpda = 1,1
0-phenanthroline-2,9-dicarboxylic acid) [35] and tda (Hytda = (2,
2':6',2"-terpyridine)-6,6"-dicarboxylic acid) [36-38], switches the
0—0 bond formation pathway from I2M to water nucleophilic
attack (WNA), the pathway commonly observed for polypyridyl
ruthenium catalysts [4,39-41]. Effects of replacing the carboxylate
groups with phosphonate groups has been independently reported
by the Grotjahn and Concepcion groups [42-44]. Recently, the
Duan group replaced the bda ligand with a 2,2’-bipyridine-6,6'-di
carbothioate (bct) ligand and studied a mononuclear Ru-bda ana-
logue, the Ru(bct)(pic),, which was found to be transformed into
the Ru(bda)(pic), during electrochemical and chemical oxidation
[45]. In addition, effects of the coordination numbers and charge
of the Ru¥=0 species on the pathway of 0—0 bond formation have
been disclosed by displacing one of the carboxylate for a pyridyl
[46]. Catalytic performance and catalytic mechanism variations
of Ru-bda based catalysts have also been studied within
supramolecular systems [47,48].
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Based on these results it is apparent that the mechanistic distinc-
tion is dominated by the unique configuration and coordination envi-
ronment in the equatorial plane of the Ru-bda catalysts. Herein, we
investigate the influence of steric hindrance and hydrophilicity char-
acter of the bda backbone by substituting the 3,3’-positions with two
sterically hindered carboxyl groups, reporting a monomeric ruthe-
nium catalyst Ru(bnda)(pic), (Ru-bnda, Hybnda = 2,2’-bi(nicotinic
acid)-6,6'-dicarboxylic acid, pic = 4-picoline). Mechanistic insights
on water oxidation catalyzed by the Ru-bnda under acidic conditions
were revealed by the observed electrochemistry, time-resolved ESI-
HRMS as well as O,-evolution kinetic studies, and were further
rationalized by DFT calculations.

2. Experimental
2.1. Materials and synthesis

The cis-Ru(DMSO0),4Cl, was prepared according to previously
published methods [49]. 70% HNO5 (99.999% purity), (NH4),[Ce™(-
NO3)s], other reagents and solvents were purchased from Sigma-
Aldrich and used without further purification unless noted other-
wise. Ultra pure water (18.2 MQ-cm™!) for all the reactions or mea-
surements was obtained from a Milli-Q purification system.

Synthesis of the Hybnda ligand [50]. 2.08 g (10 mmol) of 2,9-dime
thyl-1,10-phenanthroline, 0.80 g (20 mmol) of NaOH and 10 g
(63.30 mmol) of KMnO, were mixed in 75 mL of water. The mix-
ture was refluxed for 8 h and the precipitate was filtered off. The
filtrate was then treated with activated carbon and concentrated
to 40 mL. The obtained solution was acidified to pH 1.5 with con-
centrated hydrochloric acid. The formed white product was recrys-
tallized from water (yield: 2.35 g, 71%). 'H NMR (400 MHz, D,0):
8.20 (d, 2H, J = 8 Hz), 850 (d, 2H, ] = 8 Hz). HRMS: m/
z = 330.9815 [M—H], calcd. for C;4H;N,0g 331.0202. Found: C,
50.2; H, 2.8; N 8.2. Calcd. for C;4HgN,0g: C, 50.6; H, 2.4; N, 8.4.

Synthesis of Ru-bnda (1). A mixture of cis-Ru(DMSO),Cl,
(194 mg, 0.4 mmol), Hybnda (133 mg, 0.4 mmol), and triethy-
lamine (300 pL) was refluxed in methanol (15 mL) overnight under
N, atmosphere. An excess of 4-methylpyridine (1 mL) was added,
and the solution was refluxed for another 5 h. The solvent was
removed. The crude product was purified by silica gel column
chromatography using MeOH/CH,Cl, (v/v 1:10) as eluent to isolate
the complex Ru-bnda (79 mg, 32%). Two drops of acetic acid were
added to the eluent to protonate the carboxyl groups of the catalyst
backbone. 'H NMR (400 MHz, D,0): 2.22 (s, 6H), 7.03 (d, 4H,
J =8 Hz), 7.61 (d, 4H, ] = 8 Hz), 8.02 (m, 4H). '3C NMR (101 MHz,
D,0): 19.51, 125.27, 125.71, 132.20, 143.43, 149.29, 151.21,
153.71, 160.29, 170.14, 174.77. HRMS: m/z = 619.0393 [M+H]",
calcd. for CygH,0N40gRu 619.0403. Found: C, 50.3; H, 3.6; N 8.9.
Calcd. for Cy6H,0N4OgRu: C, 50.6; H, 3.3; N, 9.1.
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2.2. Physical methods

The NMR spectra were recorded with 400 MHz Bruker Avance
spectrometer. Mass spectrometry was measured on a Q-Tof Micro-
mass spectrometer (Manchester, England). Ex-situ mass spectrom-
etry measurements to capture the Ru" and Ru" intermediates
were carried out by using an LTQ-Orbitrap XL Micromass spec-
trometer (Thermo Scientific, USA). Electrochemical measurements
were performed with a CHI 650e potentiostat. The cell was
equipped with a glassy carbon disk (¢ = 3 mm) as the working elec-
trode, a platinum wire as the counter electrode, and an Ag/AgCl
(3 M) electrode as the reference electrode. Potentials vs. NHE were
determined by adding +0.197 V to the potentials measured versus
Ag/AgCl (3 M) electrode. Oxygen evolution curves were recorded
by a pressure sensor and calibrated with the actual quantity of
0, as determined by gas chromatography (Shimadzu, Model GC-
2014). The detailed experimental procedures are available in our
previous reports [11]. The bulk electrolytic experiments of the
Ru-bnda solution were carried out in a H-type two chamber cell
under helium atmosphere with Pt mesh as counter electrode and
carbon foam or a large Pt mesh as working electrode. For the Far-
adaic efficiency detection, the amount of oxygen evolution during
electrolysis at 1.6 V was quantified by GC-2014.

Crystals of Ru-bnda suitable for single crystal X-ray diffraction
were obtained by slowly evaporating acetic acid into an aqueous
solution of Ru-bnda. The diffraction data were measured using
Mo Ko radiation on a Bruker D8 VENTURE single crystal X-ray
diffractometer equipped with a PHOTON II CPAD detector and
kappa geometry goniometer. The crystal was kept at 100 K during
data collection. The crystal structure was solved and refined by
SHELXT and SHELXL respectively [51]. All the non-hydrogen atoms
were refined with anisotropic displacement parameters. The posi-
tions of all hydrogen atoms were determined upon examination of
difference Fourier maps and their isotropic displacement parame-
ters were fixed with respect to the parent carbon or oxygen atom.
Details of crystal data (CCDC 1884248), data collection and struc-
ture refinements are summarized in Tables S1 and S2. These data
can be obtained free from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

2.3. Theoretical study

All DFT calculations for the estimation of Gibbs free energies
were carried out with the Jaguar 8.3 program package by Schrodin-
ger LLC [52]. Molecular geometries were optimized using Becke’s
three-parameter hybrid functional and the LYP correlation func-
tional (B3LYP) [53] with D3 correction of Grimme et al. [54,55]
and the LACVP** basis set [56]. Single-point energy corrections
were performed with the B3LYP-D3 functional using LACV3P**++
basis set augmented with two f-functions on the metal. To identify
the transition states of [2M mechanism, we probed the potential
energy surface by scanning the terminal O-O bond distance
[RuY=0...0=Ru"] of the antiferromagnetic open shell singlet. To
identify the transition states of WNA mechanism, two additional
water molecules were included. Frequency calculations were per-
formed on the optimized geometries to verify that the geometries
correspond to minima or first-order saddle points (transition
states) on the potential energy surface (PES). On the basis of the
gas phase optimized geometries, the solvation energies were
estimated by the single-point calculations using the Poisson-Boltz-
mann reactive field implemented in Jaguar 8.3 (PBF) in water. The
Gibbs free energy was defined by the following equation
G = E(B3LYP-D3/LACV3P**++ 2f on Ru) + Ggo + ZPE + Hpgg —
TS,08 + 1.9 kcal/mol (a value being a concentration correction to
the free energy of solvation which by default is calculated at 1 M
(g) to 1 M (aq) in Jaguar).

3. Results

The H,bnda ligand was readily obtained by one step oxidation
of the commercially available 2,9-dimethyl-1,10-phenanthroline
and subsequent acidification (Figs. S1-S3) [50]. Ru-bnda was then
prepared by a two-step one-pot procedure according to the syn-
thesis of Ru-bda complex (Fig. S1). The obtained Ru-bnda was char-
acterized by "H NMR (Nuclear Magnetic Resonance), 13C NMR and
HR ESI-MS (High Resolution Electrospray lonization Mass Spec-
trometry) (Figs. S4-S6). The 'H NMR spectrum of Ru-bnda agrees
with a C,, symmetrical structure of the complex under NMR con-
ditions. The formation of Ru-bnda was further confirmed by HRMS
(m/z: [M+H]" calcd. for 619.0403; found 619.0393). The UV/Vis
spectrum of Ru-bnda shows metal-to-ligand charge transfer
(MLCT) transition bands at 430 nm (shoulder) and 540 nm (shoul-
der), and strong m-n* transition absorptions originated from the
ligands between 200 nm and 350 nm (Fig. S7).

The steric conformation of the Ru-bnda was revealed by X-ray
diffraction analysis on a single crystal obtained from acidic aque-
ous solution (Table S1, Table S2 and Fig. 2). In general, Ru-bnda
presents a very similar primary coordination sphere as Ru-bda.
The inherent twist introduced by two sterically hindered carboxyl
groups in the Hpbnda ligand leads to no obvious distortion of the
equatorial coordination geometry of Ru-bnda. The O1—Ru1—02
angle of 116.36¢ is still much larger than the ideal 90° of an octa-
hedral configuration, although it is smaller than the 122.99° and
130.5° observed for Ru-bda and Ru-pda, respectively. However,
as expected, there are distinct differences in the the secondary
coordination spheres of Ru-bnda. The two hindered carboxyl
groups are clearly bent, and the two pyridine rings in the bnda
plane are slightly bent with a dihedral angle of 18.3° (Fig. 2), intro-
ducing strain in the equatorial coordination to the ruthenium cen-
ter. Moreover, the introduced hydrophilicity on the back of the Ru-
bnda is readily observable in the crystal packing structure of Ru-
bnda, where the Ru-bnda molecules are packing back to back with
hydrogen bonds between carboxyl groups and carboxylate groups
on neighboring complexes, and also with water molecules in
between complexes which also form hydrogen bonds with the car-
boxylate groups (Fig. 2).

Electrochemical behavior of Ru-bnda was studied by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) in a
0.1 M CF3SOsH aqueous solution mixed with 30% 2,2,2-
trifluoroethanol (TFE), which is used to enhance solubility of Ru-
bnda. A redox peak at 0.73 V was obviously visible in the CVs of
Ru-bnda (Fig. S8a) at scan rate of 0.1 V s~!. Further oxidation steps
and a distinct catalytic peak can be observed in the CV at low scan
rate (Fig. 3). Two weak oxidation peaks near by the water-
oxidation peak were displayed in the DPV of Ru-bnda at 1.04 V
and 1.29 V (Fig. 3). The first oxidation peak at 0.73 V was assigned
to the Ru"/Ru™ couple according to the bulk electrolysis experi-
ment, where it clearly indicated a one-electron oxidation
(Fig. S8b). The following two peaks at 1.04 V and 1.29 V can be
respectively attributed to the Ru™/Ru" and Ru"/RuY couples
[11]. Compared with the parent Ru(bda)(pic),, the Ru"/Ru'™ redox
potential of 1 is over 100 mV higher due to the effect of the two
back carboxyl groups, while Ru"™/Ru"“ and Ru'V/RuY redox
potentials are similar to those of the Ru(bda)(pic),, indicating the
negligible effect of two back carboxyl substituents on the Ru'! -
Ru'Y and Ru" — Ru" steps [11]. A more detailed comparison of the
electrochemical properties of the parent Ru-bda, Ru-bnda, Ru-pda,
and Ru-biqa catalysts is provided in Table 1 and discussions below.

The catalytic activity of Ru-bnda was evaluated in 0.1 M
CF3SO3H containing a large excess of ceric ammonium nitrate
(Ce') as oxidant. Because the solubility of 1 is worse than the par-
ent Ru(bda)(pic), in the acidic solution, a large amount of TFE
co-solvent is required to prepare the stock solution of 1 for the
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distances (A)

Ru1-01 2.138 Ru1-02 2.138

Ru1-N1 1.91 Ru1-N2 1.91

Ru1-N3 2.085 Ru1-N4 2.085
angle (°)

01-Ru1-02 116.36

Fig. 2. (a) Crystal structure of Ru(bnda)(pic), determined by single crystal X-ray diffraction. Inset shows the planar equatorial coordination geometry and the bending of two
sterically hindered carboxyl groups. Solvent molecules and most hydrogen atoms are omitted for clarity. (b) Packing of Ru(bnda)(pic), in the crystal. The picoline axial ligands

and some hydrogen atoms on the complex are omitted for clarity.
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Fig. 3. CV and DPV of Ru-bnda (1) in a 0.1 M CF3SOsH aqueous solution mixed with
30% TFE. Working electrode is a glassy carbon electrode. Scan rate of CV is 10 mV/s.
For DPV scan, amplitude is 50 mV, pulse width is 50 ms, and pulse period is 0.5 s.
Current scale is not applicable for the DPV curve.

oxygen evolution test. The oxygen evolution plot was monitored
by a pressure sensor and the amount of oxygen produced was cal-
ibrated by gas chromatography. A total TON of 480 was obtained
for Ru-bnda within 3 min (Fig. S9). The initial TOF of 10 s~! was

Table 1

obtained from the curve of oxygen evolution in the first 30 s.
TOF achieved for the Ru(bda)(pic), is 19 s~! under comparable con-
ditions, indicative of similar catalysis rates for both complexes
[11]. The kinetics of catalytic water oxidation by Ru-bnda was fur-
ther investigated via monitoring the initial rate of oxygen evolu-
tion (over 0-30 s) at various concentrations of Ce'V and Ru-bnda
(Fig. 4). The kinetic results revealed that water oxidation catalyzed
by 1 is zero-order in Ce'V (Fig. S10) and second-order in Ru-bnda
catalyst with a reaction rate law: rate = 309.8 mmol~! s=! [? x
[1]% and a deduced rate constant of 309.8 mmol~' s~' L2 x [1]. It
indicates that a binuclear catalytic process is involved in the
rate-determining step of water oxidation catalyzed by the Ru-
bnda, the same as the I2M mechanism adopted by the parent Ru
(bda)(pic), catalyst.

To further investigate the catalytic mechanism, HR ESI-MS was
employed to track the intermediates involved in the catalytic
water oxidation by Ru-bnda. To probe the various intermediate
oxidation states, 1, 2, 3 and 8 equivalents of Ce!V were added to dif-
ferent 1.0 mM solutions of Ru-bnda in 0.1 M CF3SOsH under fast
stirring. The resulting oxidized mixtures were immediately
injected into the HR ESI-MS instrument. Fig. S11 shows the mass
spectra of Ru-bnda after slow addition of 1, 2, 3 and 8 equivalents
of Ce'¥ to Ru-bnda solutions. For the [Ru"(bnda)(pic),] complex, the
observed main MS peak is 619.0393 (C,gH,oN4OgRu + H*, calcd.
m/z = 619.0403), indicating the Ru" oxidation state (Fig. S6). After
addition of 1 equivalent of Ce'V to a solution of Ru-bnda, the mass
spectrum showed a salient cluster at m/z = 618.0334, which is the
molecular ion peak of the [Ru"(bnda)(pic),]* (Co6H20N4OgRu, calcd.
m/z = 618.0325) species, produced by one-electron oxidation of the

Comparisons between the parent Ru-bda, Ru-bnda, Ru-pda, and Ru-biqa catalysts in redox potentials, TONs, TOFs and O—O bond formation pathways.

Catalysts Eqj2 (V) TONs® TOFs (s~1)° 0—O0 formation pathways
Ru“/'” Rum/lv RuIV/V

Ru-bda [11] 0.60° 1.07¢ 1.25¢ 2010 19 12M

Ru-bnda 0.73¢ 1.04¢ 1.29 480 10 12M

Ru-pda [35] 0.97¢ 1.36° - 310 0.1 WNA

Ru-biga [59] 0.67 1.11° 1.30" 87 0.63 WNA

2 TONs = moles of produced O, per mole of catalyst by using Ce'V oxidant.

0.1 M CF3SO3H aqueous solution mixed with 25% acetone.
0.1 M CF3SO3H aqueous solution mixed with 30% TFE.
0.1 M CF3SO3H aqueous solution mixed with 10% acetonitrile.

n a2 n T

TOFs = moles of produced O, per mole of catalyst per second by using Ce'V oxidant.

f 0.1 M CF5S0sH aqueous solution mixed with 20% TFE. More details about experimental conditions can be found in the references.
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Fig. 4. (a) Oxygen-evolution plots at various concentrations of Ru-bnda (1):
0.016 mM, 0.032 mM, 0.048 mM, 0.064 mM, 0.080 mM and 0.096 mM. (b) Plot of
initial rate of oxygen evolution vs. [Ru-bnda]?. [Ce"V] =0.2 M, and V = 3 mL, 0.1 M
CF5SOsH.

initial Ru'((bnda)(pic), catalyst. For the addition of 2 equivalents of
Ce' to the solution of Ru-bnda, the mass spectrum of Ru-bnda, as
expected, revealed another distinct mass-to-charge signal at
635.0348, which can be assigned to the [Ru"(bnda)(pic),(OH)]*
(Ca6H21N4OgRu, calcd. m/z = 635.0352) intermediate species. No
new species other than the [Ru"(bnda)(pic),]" and [Ru"(bnda)
(pic),(OH)]" were observed when 3 or 8 equivalents of Ce'V was
added. Although the Ru¥Y = 0 and RuV—0—0—Ru" intermediates
are not found in the last two mass spectra, this does not necessarily
indicate their absence. Similarly, only Ru and Ru'Y involved inter-
mediates have been identified for the parent Ru(bda)(pic), catalyst
through 12M 0—O bond formation pathway, indicating the chal-
lenge of detecting these intermediate species with high reactivity
and low stability by MS [13]. In contrast, a dioxygen intermediate
[Ru™—0—0] in the WNA catalytic cycle usually can be tracked
under similar ex-situ mass spectrometry experiment [57,58]. Over-
all, the results of ex-situ HR ESI-MS investigation support that cat-
alytic water oxidation by Ru-bnda goes through an 12M pathway.

On the basis of the above experimental results, we proposed a
typical I2M catalytic cycle for water oxidation by the Ru-bnda cat-
alyst as depicted in Fig. S12. The initial Ru'-bnda is a precatalyst,
which is oxidized and coordinates a water to form Ru"—OH, as
the lowest oxidation state in the catalytic cycle. Ru""—OH, is fur-
ther oxidized to RuY=0, which is hydrophobic [44] and displays
a radical character, i.e. high spin density on the O atom.
Consequently, two molecules of the Ru¥=0 (or Ru'V—0") couple
with each other in the rate-determining step to form a transient

RuV—0—0—Ru'V state, which immediately evolves one molecular
oxygen, re-coordinates two new H,O molecules and transforms
back to Ru"—OHs,.

DFT calculations were performed to further confirm the 12M
mechanism of water oxidation by Ru-bnda. Since the rate-
determining step of Ru-bda catalyzed water oxidation reaction is
proposed to be the O—0 bond formation step in the previous works
[15-17], this step with the RuY=0 species of the complex Ru(bnda)
(pic), has been researched in detail. We probed free energy profiles
of 0—0 bond formation by modeling the coupling reaction of two
Ru'V=0" radical species (Fig. 5). In this pathway the 0—O bond
formation step is exergonic with a reaction free energy of
—4.4 kcal/mol from the pre-reactive dimer to the product dimer,
and activation free energy of 8.3 kcal/mol from the pre-reactive
dimer to the transition state. The optimal O—O distance at the
transition state is 1.92 A. These findings are in good agreement with
Ru(bda)(pic), catalyst [11,15,16]. For comparison, we also calculated
the WNA pathway for the Ru-bnda, for which an activation free
energy of 16.3 kcal/mol was found to be much higher than that of
the di-radical coupling reaction, and which is endergonic required a
reaction energy of 3.5 kcal/mol. The lower activation free energy of
the coupling indicates that the reaction goes through the [2M path-
way which is consistent with the results of experimental studies.

4. Discussions

Factors such as seven-coordination configuration, large angle of
the O—Ru—O0 open site and low Ru oxidation potential resulting
from the two negative carboxylate groups, have been discussed
to explain why Ru-bda catalyst proceeds through the I2M mecha-
nism and is prominently active [15,17,25]. However, the parent
Ru-bda, Ru-bnda, Ru-pda, and Ru-biqa catalysts in Fig. 1 have sim-
ilar first coordination sphere environments, yet these Ru-based
catalysts not only show some differences in electrochemical pro-
cesses but also proceed through different O—O bond formation
pathways (Table 1).

These four catalysts may have different Ru"/Ru™ redox poten-
tials depending on the backbone structure and substituents, for
example, the Ru"/Ru™ redox potential of the Ru-bnda is much
higher than that of the Ru-bda and Ru-biga catalysts due to the
two electron-withdrawing carboxyl groups at a meta-position of
the bda pyridine ring. In contrast, their Ru"/Ru" and Ru"'/Ru" cou-
ples are found independent of the backbone ligands. Although the
Ru-pda showed significantly high potentials for Ru'/Ru™ and Ru'"!/
Ru'V, these values cannot be directly applied to compare with other
catalysts, because CH3CN, which may influence the electrochemi-
cal performance of Ru-bda based catalysts, was involved in its elec-
trochemical test [35]. The Ru-bnda, Ru-pda, and Ru-biqa catalysts
exhibit much lower TONs than the parent Ru-bda, indicating that
flexibility of the backbone ligand is very important to the stability
of this family of catalysts. The stabilities of the key [RuV—OH]* and
[Ru¥=0]" intermediates can be influenced by conformational
changes in the backbone ligands, including the distortion of the
bipyridine backbone and O—Ru—O/N—Ru—N planes [35]. Loss of
sufficient rotational flexibility as in the parent Ru-bda catalyst
may render the formation of those essential intermediates of the
Ru-bnda, Ru-pda, and Ru-biqa energetically demanding. Regarding
the O—O bond formation pathway, the Ru-bda and Ru-bnda form
0—O0 bond via I2M, while Ru-pda and Ru-biqa proceed through
WNA pathway [35,59]. This indicates that, in addition to the first
coordination sphere structure and flexibility of the backbone ligand,
there may be more elements that can favor the I12M pathway.

In order to reveal what parameters trigger the switch of 0—0
bond formation between the WNA and I12M pathways, systematic
DFT calculations were carried out on these four catalysts. The
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I2M pathway

WNA pathway

31.89%

o
-~

$1.78,

Fig. 5. The calculated relative free energy profile of 0—O bond formation of Ru-
bnda for the I2M and WNA pathways. The relative Gibbs free energies are given in
kcal-mol~! and the bond lengths are given in A.

theoretical parameters from a DFT calculation that can be consid-
ered in the determination of the I2M mechanism are the spin den-
sity on the O atom in the RuY=0 state (Oryv—o) and the activation
free energy of forming the transition [RuY=0..-O=Ru"] dimer
[16,17,46,60,61]. Therefore, we focus on the steps related to these
two intermediates. The spin density on Oryy—o and activation free
energies for the I2M and WNA mechanism of the parent Ru-bda,
Ru-bnda, Ru-pda, and Ru-biqa catalysts are summarized in Table 2.

Interestingly, we found that the seven-coordinated RuY=0
states of these four catalysts not only have similarly high spin
density on the Oguv—o atom but also similar conformation with
approximate bond lengths and angles (Fig. 6a and Table 2),
indicating that high spin density on the Ogryy—o atom may be a
necessary but not sufficient condition to determine the adoption
of the I2M mechanism during catalysis. The activation free
energy for the formation of the transition [RuY=0...0=Ru"]
dimer from the pre-reactive states showed the I12M pathway
would be more favorable for all four catalysts without consider-
ing other potential factors.

These observations are consistent with previous reports
showing that formation of the pre-reactive state from two solvated
RuY=0 monomers is the sole determining factor for the efficiency
of Ru-bda catalysts [60-62]. Yan et al. also emphasized that, for a
bimolecular reaction, the major contributor to the overall reaction
barrier is the entropic term, a point that is intuitive but often over-
looked nonetheless [30]. Accordingly, the O—O bond formation
pathway of a Ru-bda derived catalyst is determined not only by
the nature of its Oryv—o but also other factors. We hypothesize
that O—O bond formation might be influenced by the whole

Table 2

Calculated spin density on Oguy—o, and activation free energies (kcal mol~!) of the
0—O0 bond formation for the I2M and WNA mechanism of the parent Ru-bda, Ru-
bnda, Ru-pda, and Ru-biga catalysts.

Catalysts  Spin density of AG{zm (keal AG” (wnay (keal
ORuv=0 mol ') mol 1)

Ru-bda 0.72225 6.9 20.6

Ru-bnda 0.72286 83 16.3

Ru-pda 0.71141 6.2 20.6

Ru-biga 0.72594 6.9 20.0

RuY(bnda)=0 RuY(biga)=0

(b) favorable intermolecular N’ o
face-to-face interaction \ hv o l\’\ /
—————»| Ru—~"--0—Ru
M 7Y I\
N—/O 0 /N
1S
Ru’
o~ Il Yo
o v 4 4
seven-coordinated Ru‘'=0 o <0 ?O
high spin density on the oxo /

N N/O o
ineffecti\":/NA QRII\I:O, \R"$0

u
intermolecular interaction / \0 I \0
N — p——

Fig. 6. (a) DFT-optimized structure of the [RuY(bda)=0], [Ru¥(pda)=0], [Ru¥(-
bnda)=0] and [Ru"(biqa)=0]. (b) Two alternative reaction pathways for seven-
coordinated RuV=0 species depending on the nature of the catalyst backbone.

coordination environment and the resulting changes in inter-
molecular interaction in aqueous solution (Fig. 6b).

5. Conclusions

This work presents the synthesis and catalytic water oxidation
properties of a Ru-bnda catalyst with steric hindrance and
hydrophilicity on the backbone. The experimental results and
DFT calculations confirmed that the Ru-bnda catalyst goes through
the I2M mechanism during water-oxidation catalysis with an ini-
tial rate of 10 s~!. To make a comprehensive comparison, we car-
ried out DFT calculations on the Ru-pda, parent Ru-bda, Ru-bnda,
and Ru-biqa catalysts. According to the spin density on Ogyy=o
and the activation free energy for the formation of the transition
[Ru¥=0...0=Ru"] dimer from the pre-reactive states, the I2M
pathway would be more favorable for all four catalysts. However,
this is inconsistent with the experimental observations. To solve
this contravention, the solvation effect and the step of colliding
two RuV=0 species need to be considered in the DFT calculations.
These findings offer a cogent guidance for further understanding
the catalytic mechanisms of the Ru-bda series catalysts. More
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comprehensive experimental studies and theoretical calculations
are in progress to further reveal these observations.
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