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ABSTRACT. One of the major challenges in developing sustainable energy storage systems is to
discover robust oxygen evolving catalysts (OECs) that can efficiently oxidize water and produce
oxygen, electrons and protons under strong oxidizing conditions. Thus, developing new screening
methodologies and practical tools for OEC discovery in water-oxidation is essential. Herein, we
report a screening protocol which allows the accurate identification, benchmarking and kinetic
analysis of molecular OECs using chemical oxidants, based on an oxygen-sensitive luminescent
dissolved oxygen optical probe (DOOP). To demonstrate the practicality of this protocol, we
screened more than 100 reactions to benchmark the activities of several transition metal complexes
1-16 based on Ru, Fe and Cu. Water oxidation catalysis of Ru(ll)-carboxylates was compared to
structurally similar and less studied Ru(ll)-carboxamides. A new Ru(ll) complex 6 containing the
doubly deprotonated N,N ~bis(aryl)pyridine-2,6-dicarboxamide ligand was also synthesized and

its O2 evolution was found to be dramatically enhanced at neutral pH.

Keywords: oxygen evolution catalysts; artificial photosynthesis, water oxidation, rapid screening,
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1. Introduction

The pursuit of inexpensive methods for energy production is needed to meet the society’s
growing energy demands without adverse environmental impact. The discovery of efficient and
commercially viable catalysts for converting water into hydrogen fuel, known as water splitting
(2H20 — 2H2 + O»), is critical for large scale utilization and storage of sustainable energy such as
solar or wind (Scheme 1).[1-6] Water splitting consists of two half-reactions (Scheme 2), the
oxygen evolution reaction (OER), also known as water oxidation reaction (Eg. 1), and the proton
reduction reaction (Eq. 2) in which both require a proton reduction catalyst (PRC). OER, is
thermodynamically demanding (E°Oz, m,0 =+ 1.23V vs. SHE), and is of particular interest as it
remains a highly challenging reaction to catalyze efficiently despite of many efforts for the
development of oxygen evolution catalysts (OECs). Efficient OECs must (i) be robust under highly
oxidizing conditions in water, (ii) undergo multi-electron and multi-proton steps and proton
coupled electron transfer (PCET) steps critical for O—O bond formation, (iii) produce oxygen at
high rates with a low overpotential beyond the equilibrium potential. In natural photosynthesis,
the biological oxygen-evolving complex found in cyanobacteria and green plants aided by the sun
can efficiently catalyze the water oxidation reaction to molecular oxygen operating with very high
turnover frequencies of ca. 400-1000 s™'.[7, 8]
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Scheme 1. The storage and reuse of sustainable energy.
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Scheme 2. The water-splitting half-reactions.

Inspired by nature, the discovery of efficient synthetic OECs can lead to the advancement of
artificial photosynthesis.[3, 9, 10] Molecular catalysts are advantageous as their ligand
architectures can be electronically and sterically tunable to help achieve high activities. [11-16]
Progress has been made in understanding the mechanism of water-oxidation and the fundamental
understanding of the O—O bond formation step using these molecular OECs, which typically
proceeds via a water nucleophilic attack mechanism [14-20], or a binuclear radical oxo coupling
mechanism.[21-23] Despite of many efforts, only a few number of these molecular catalysts can
meet all the necessary criteria described above for practical applications, i.e. robust catalysts that
can oxidize water with high turnover frequencies and low overpotentials.[11, 12, 24] Thus,
emphasis should be placed in understanding the structure-activity relationships (SAR) to help
broaden the scope and provide guidelines for the rationale design of new catalysts.

In principle, the pace of discovering new OECs can be accelerated via the development of a
reliable and rapid screening methods or a high-throughput screening (HTS) approach that can
evaluate a large number of catalysts. These fast-lead methods for finding active OECs can be
subsequently followed by more standard methods to assess the longevity and robustness of these
catalyst systems, such as additional CO. headspace gas analysis to identify any ligand
decomposition pathways, and also electrochemical/photoelectrochemical studies to explore their

practical applications in an artificial photosynthetic device. Many combinatorial methods have



mainly focused on the discovery of heterogeneous catalysts via electrocatalysis [25, 26], but to
date few methods have been implemented for benchmarking the activities of homogeneous
molecular OECs in water-oxidation protocols.[27, 28] Most catalytic tests that involve
homogeneous catalysts are typically performed using different conditions, such as the selection of
chemical oxidants, concentrations and the pH, which makes a quantitative evaluation and
comparison of commonly used catalytic parameters such as turnover frequencies (TOF), turnover
number (TON) and kinetic information are extremely difficult.

Moreover, current analytical techniques rely on the detection and quantitation of oxygen in
water-oxidation reactions either in the gas or the liquid phase. Oxygen detection in the gas phase
methods may not be practical for benchmarking studies as they (i) are invasive and can suffer from
inaccurate readings due leakage of O concentration into or from the reaction vessel, (ii) as they
are dependent on the precise sampling time and are can be prone to errors in determining catalyst
TOFs (e.g. GC-TCD, TCD = thermal conductivity detector) (iii) lack specificity for O, detection
due to the possible formation of other gaseous reaction products such as CO: (e.g. using a pressure
sensor or manometry), and (iv) can be time-consuming, laborious and require expensive setup (e.g.
GC/MS). Alternatively, the dissolved oxygen (DO) concentrations can be monitored in the
aqueous solution by utilizing electrochemical probes (e.g. Clarke-electrode) or optical dissolved
oxygen sensors that operate via fluorescence quenching mechanism.[29-31] Clark electrodes have
been widely used as an Oz (I) detection method in water-oxidation catalysis and for OECs due to
its high sensitivity. However, its application for benchmarking OECs may have several
disadvantages (i) it is a destructive technique as it consumes the oxygen analyte (based on
amperometry), and can lead to drifts during the measurements and give false positive results during
screening experiments, (ii) the signal is heavily influenced by stirring speed to keep a constant

flow of the sample against the electrode which can lead to irreproducible measurements, (iii) it



may be difficult to integrate in a customized flask or test-tube setup due to their commonly large
size, (iv) it can be problematic in screening highly active OECS due to interferences that arise form
vast O bubbles getting trapped between the oxygen-permeable film and the platinum electrode
inside the electrode.[22, 30, 32]

On the other hand, optical sensors have been used in water-oxidation protocols as they feature
fast response times (< 5 s) and high sensitives (nanomolar concentration of DO) similar to Clarke-
type electrodes, however, O is not consumed during sensing as they rely on a non-destructive
dynamic O2 quenching mechanism of a luminescent dye immobilized in gas permeable polymeric
film or organically modified silicate matrices, and the higher the amount of O2 present the more
luminescence quenching determined via intensity changes or lifetime measurements.
Nevertheless, the coated luminophore in the optical sensors (e.g. in Ocean Optics probes) are
usually not compatible in long-term acidic environments (pH = 0 or pH = 1) or with aggressive
chemical oxidants frequently utilized in water-oxidation protocols, and further preventative
measures such as replacing or recoating the probe tips can be laborious and expensive and not
suitable for reproducible large batch screening reactions.

In this study, we report a simple protocol using a robust and a reliable luminescence-based
optical sensor, Dissolved Oxygen Optical Probe (DOOP), which can conveniently be employed
for rapid screening of oxygen evolution reactions to facilitate the identification, benchmarking and
structure-activity relationship evaluation of OECs. DOOP was chosen for this screening protocol
over other oxygen sensor probes (for e.g. Ocean optics or Clarke probes) because (i) it is
inexpensive, therefore several probes were setup simultaneously in parallel for cost-effective and
accurate catalyst monitoring, (ii) its simple operation which can enable the rapid and accurate
quantification of dissolved oxygen (mg/L) in a simple test-tube setup or reaction vials (iii) it was

found to be robust and has long-term compatibility in various acidic solutions (pH = 0 or pH = 1)



and can operate in a wide pH range (1-14), and under harsh and strongly oxidizing environments
making its usage universal, (iv) its high sensitivity for measuring the concentration of dissolved
oxygen (mg/L) in water with a time resolution of (0.1 sec/ data sample) and accuracy (mg/L) £0.2
mg/L over a wide temperature range (from 0 to 50°C). Using our protocol, we show clear trends
in the O evolution catalytic activities for several molecular OEC complexes with diverse ligand
architectures, containing variant equatorial and axial ligands. We have chosen to evaluate the
performance of a number of OECs based on ruthenium, as this transition-metal has shown high
performances in water oxidation catalysis [21], yet we also screened earth-abundant metals such
as Cu and Fe with similar ligands systems for comparative studies performed under the same
experimental conditions. All the in-situ oxygen evolution screening studies were conducted with
typical sacrificial oxidants such as cerium(IVV) ammonium nitrate ([Ce(NHa4)2(NOs)s], CAN) or
sodium periodate (NalOa). Ce(IV) is a strong one-electron oxidant (2H20 (1) + 4Ce" (aq) — O
(aq) + 4H" (aq) + 4Ce"" (aq)), and one of the most commonly utilized oxidants in water oxidation
reactions due to its high redox potential (E° = 1.7 vs NHE) [33] and purity. As Ce(IV) is only
stable at low pH, parallel screening studies were also performed with NalO4, a two-electron mild
oxidant, which is stable at near-neutral pH and can aid in the characterization of new OECs under
those conditions.

Recently, an Oxo-Dish fluorescent sensor for measuring dissolved oxygen for an HTS study of
OECs was reported and focused on SAR studies with Fe-based complexes containing tetradentate
nitrogen ligand N,N’-dimethyl-N,N’-bis(2-pyridylmethyl)-cyclohexane-1,2-diamine and related
structures.[28] Although similar to DOOP, as both detect dissolved oxygen via luminescence
sensing by a luminophore, and can be employed for rapid screening of water-oxidation catalysts
(WOCs), we demonstrate in this study the versatility of using our protocol to accurately quantify

and benchmark the activities of OECs based on early O> (I) evolution measurements performed in



the liquid phase, and provide kinetic parameters such as initial TOFs, order of the reaction and rate
constants to gain new insights into the mechanism of OECs. Noteworthy, it can be advantageous
to directly compare and evaluate the activity of OECS based on initial Oz (I) evolution data by
monitoring changes in the concentration of dissolved oxygen in the first few seconds of the reaction
where it occurs as it can provide mechanistic understanding of active intermediates that form, and
help monitor changes in their catalytic rates or deactivation pathways as shown before in a study
with organometallic iridium OECs. [34] Moreover, as Ru(ll) molecular complexes containing the
dianionic bda?- ligand (Hzbda = 2,2-bipyridine-6,6'-dicarboxylic acid), or pdc® ligand (Hzpdc
=2,6-pyridinedicarboxylic acid), are known to exhibit high oxygen evolution catalytic
activities[22], we have embarked in this study on comparing their activities to the structurally
similar dianionic carboxamido ligand pda® (Hzpda = N,N “bis(aryl)pyridine-2,6-dicarboxamido)
(Figure 1). For this purpose, a novel Ru(ll)-carboxamide complex [Ru(pda)(bpy)(dmso)] (6)
which contains bpy = 2,2’ bipyridine and a labile DMSO ligand was synthesized and its catalytic

activity was compared to benchmark Ru(ll)—carboxylates.
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Figure 1. The chemical structures of dianionic n-donating ligands evaluated in this study.

2. Experimental Section



2.1 Materials and methods

All solvents and reagents were obtained from commercial sources and used as received unless
otherwise noted. All organic solvents used for synthesis were dried using molecular sieves.
Deionized water was obtained using a High Purity lon Exchange Water System and its
conductivity was measured before any experiment (<20 uS cm™). Perchloric acid and nitric acid
were purchased from Aldrich (99.999% trace metals grade). Stock solutions of Ce(IV) for kinetic
measurements were prepared from (NH4)2Ce(NO3)s (> 98.0%, Sigma-Aldrich). All dissolved
oxygen (DO) concentration (mg/L) measurements were performed using the Vernier Dissolved
Oxygen Optical Probe (DOOP). The probe can be purchased from the Vernier website

www.vernier.com. The Optical probe (DOOP) is equipped with a plastic cap which protects the

luminescence sensor and increases the lifetime of the probe in chemical environments. For
additional information on the maintenance of the probe, see the Supporting Information. The
Logger Pro software was used for data collection and analysis and was interfaced to the probe
using the Lab Quest sensor interface. Oxygen evolution measurements were performed in a
custom-made round bottom glass test-tube flask with top 24/40 ground outer joint 160 mm long
with 5/8 mm OD tubing side arm x 55mm. Nuclear magnetic resonance (NMR) spectra were
recorded on a Bruker Avance Il 400 spectrometer. Chemical shifts are reported in parts per
million (ppm) referenced to the residual solvent peak for *H and solvent peak for *C NMR,
respectively. The J values are £0.5 Hz. Electronic absorption spectra were recorded with a Cary-
60 UV-visible spectrophotometer and were corrected for the background spectrum of the solvent.
X-ray data for was collected with a Bruker Kappa Apex Il diffractometer. Crystal data and
information about the data collection are provided in Tables S3-S9 in the supporting information.
Elemental analyses (EA) were performed by Robertson Microlit Laboratories (Ledgewood, NY,

USA).
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2.2 Molecular catalysts synthesis

The following complexes: (1) [35]; (2) and (3) [22]; (4) [36]; (5) [37]; (7) [38]; (8) [39]; (9) [40];
(10) [41]; (11) [42]; (12) [43]; (13) [44]; (14) [45]; (15) [46]; (16) [47]; were all synthesized
according to the previously reported literature methods and the compounds were stored in a
desiccator under a nitrogen atmosphere to increase their shelf life. The Hppda (N,N~
bis(aryl)pyridine-2,6-dicarboxamido) ligand was prepared according to a reported literature

procedure.[48]

2.3 Synthesis of [Ru(pda)(bpy)(dmso)] (6).

A suspension of [Ru(DMSO0)4Cl2] (200 mg, 0.413 mmol) and 2,6-pyridine-dicarboxamide ligand
(pda) (200 mg, 0.623 mmol) and triethylamine were combined in 100 mL of dry ethanol and the
reaction mixture was refluxed for 1 h under a nitrogen atmosphere to give a brown solution. A
solution of 2,2’ bipyridine (70 mg, 0.448 mmol) in 5 mL of ethanol was further added and mixture
was refluxed for another 3 h to give a dark brown red color. After cooling the mixture to room
temperature, the solution was filtered on a fine glass frit to remove the unreacted ligand. The
volatiles were then removed by rotary evaporation to give a brown residue. The residue was
washed with diethyl ether (10 mL) and then extracted in dichloromethane and was further purified
by column chromatography on silica gel with CH»>Cl,/Methanol (20:1, v/v) as the eluent. The
product was collected from the second dark red-brown band separated on the column. The product
fractions were combined and the solvents were removed to dryness to yield the pure product as a
brown crystalline solid. Yield: 80 mg, 30%. Crystals suitable for single-crystal X-ray diffraction
were grown from a methanol and water (10:1) solution. For long term storage, it is recommended
to store the compound under an inert atmosphere to avoid aerobic oxidation. *H NMR (CDCls) §

(ppm): 10.4 (d, J=5.6 Hz, 1H, Ar-H), 8.26 (d, J = 7.7 Hz, 2H, Ar-H), 8.09 (t, J = 7.6 Hz, 1H, Ar-



H), 7.79-7.78 (m, 2H, Ar-H), 7.62-7.52 (m, 2H, Ar-H), 7.32 (t, J = 7.6 Hz, 1H, Ar-H), 7.22 (d, J
= 7.6 Hz, 1H, Ar-H), 7.08 (d, J = 7.1, 1H, Ar-H), 6.76 (t, J = 7.5 Hz, 4 H, Ar-H), 6.66 (d, J = 7.2
Hz, 2 H, Ar-H), 6.61 (d, J = 7.6 Hz, 4H), 2.74 (s, 6H, Me2S=0). 3C{*H!NMR (CDCls) & (ppm):
168.3 (Ar-C), 157.9 (Ar-C), 155.7 (Ar-C), 155.2 (Ar-C), 154.9 (Ar-C), 147.9 (Ar-C), 147.6 (Ar-
C), 136.8 (Ar-C), 136.4 (Ar-C), 134.4 (Ar-C), 127.7 (Ar-C), 125.7 (Ar-C), 125.1 (Ar-C), 124.7
(Ar-C), 122.6 (Ar-C), 121.5 (Ar-C), 121 (Ar-C), 42.7 (Me-C), 41.1 (C-S). UV-Vis (CHsCN)
Amax/nm (e/M7 cm™): 378 nm (4079), 297 (16957). ATR-IR: vc=0 1597 cm™. Anal. Calcd. for
C32H36.2N506 6RUS (6 2.6H20¢ CH30H) C, 52.68%; H, 5.00 % N, 9.60%. Found 52.38 %, 5.50

%, 9.73 %.

2.4 General protocol for screening molecular complexes using DOOP

The DOOP sensor was first connected to the computer or laptop by plugging it in one of the
channels in the LabQuest Mini interface. Prior to sample measurements, a quick system suitability
was performed by immersing the probe tip in fresh deionized water to check the dissolved oxygen
(DO) levels. The sensor does not need to be calibrated as specified by the manufacturer and can
be used right away without warm-up, however, we recommend calibrating the probe if the
dissolved oxygen signal appears higher than the normal response ([DO] > 9 mg/L) using the
software program. For additional information on the calibration of the optical probe, see the
Supporting Information. Oxygen evolution measurements in solution were mainly performed in
a glass test-tube with a side-arm fitted with the DOOP sensor in a temperature regulated water
bath at 21 + 1 °C. To increase the number of screening experiments, three DOOP sensors can be
setup in parallel and plugged in three sensor channels of the LabQuest interface. In a typical
experiment, the DOOP sensor was immersed in a test-tube flask with a side-arm equipped with a

mini stir bar and charged with 25.0 mL of the oxidant aqueous solutions. Preliminary DO readings
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were initially collected (180 seconds) in acidic solutions or aqueous solutions of the oxidant until
stable readings (to the nearest 0.2 mg/L) were obtained before the addition of the catalyst. The
catalyst solution (1.0 mL) was then injected to the oxidant solution through the side-arm and runs
were immediately initiated and plots of dissolved oxygen (mg/L) vs. time (sec) were recorded by
the Logger Pro software. Note: data collection is typically set to 1 sample/sec but for fast catalysts
such as catalysts 2 and 3 the sampling rate was set to 0.1 seconds/sample. All kinetic experiments
were conducted by initially purging the starting aqueous solutions containing the chemical
oxidant with nitrogen gas until low dissolved oxygen content levels were reached ca. 1.0 — 1.5
mg/L and the signal became constant, this was then followed by the addition of a deaerated
catalyst solution. For additional details on procedures for the kinetic reactions and relevant data
plots see the Supporting Information.

2.5 Catalyst Solution:

Aqueous stock solutions of the complexes were prepared within concentration range between

0.030 —2 mM. Aqueous solutions containing with molecular complexes 2, 3, 6, 9, 12, 13, 14, 16

were prepared using 5—20% (v/v) of 2,2,2-trifluoroethanol as a co-solvent to enhance the solubility

of these catalysts.

2.6 Oxidant solution:

CAN solutions between 22 mM — 0.1 M concentrations were prepared in 0.1 M or 1.0 M acidic

solutions (nitric or perchloric acid). For the NalO4, a 70 mM aqueous solution of the oxidant was

prepared and its pH was adjusted to 7.

3. Results and Discussion

3.1 Screening protocol using CAN
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Several benchmark OECs 1-5 were initially selected for this study to test our protocol (Figure
2). [Ru(tpy) (bpy)(H20)1?* (tpy = 2,2": 6',2"—terpyridine, bpy = 2,2'-bipyridine) (1), one of the first
mononuclear Ru polpyridyl molecular OECs reported by Sakai et al.[49]; [Ru(bda)(isq)2] (H2bda
= 2,2'-bipyridine-6,6’-dicarboxylic acid; isq = isoquinoline) (2) and [Ru(bda)(pic)2] (pic =
4—picoline) (3) two of the fastest OECs with the CAN oxidant reported by Sun et al.[22, 50];
[Ru(qtpy)(pic)2]** (qtpy = 2,2":6',2"":6",2"""-quaterpyridine; pic = 4-picoline) (4) reported by Lau
et al.[36]; and [Ru(Mebipmy)(bpy)(H20)]** (Mebimpy = 2,6-bis(1-methylbenzimidazol-2-yl)
pyridine) (5) reported by Meyer et al. [37].

A schematic of the experimental setup for the screening protocol using DOOP is shown in Figure
3. Typically the measured baseline of dissolved oxygen (DO) levels in aqueous solutions of CAN
(=22 mM) (pH =0 and 1) or NalO4 (> 70 mM) (pH = 7) solutions are between 8-9 mg/L, and
control experiments in the absence of the catalyst experiments indicated that the DO content is
unperturbed and does not change significantly from the original value when monitored for
prolonged periods of time (ca. 4 hours) (Figure S1). The tip of the optical probe contains a
replaceable screw-on cap with a build-in matrix which protects the luminophore and we believe
allows the DOOP sensor to be resilient in long-term acidic conditions and in aggressive chemical

oxidants (see Supporting Information for more details for lifetime of Optical DO probe cap).

(a) (b)

DOOP sensor

Temperature
controller

Catalyst injection port

Oxidant solution
> in atest-tube flask
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Figure 3. (a) Oz evolution test-tube flask setup. (b) A magnified view of the DOOP sensor when
submerged in an O evolving solution with CAN.

Furthermore, catalytic screening tests were performed in a test-tube shaped flask equipped with
a side-arm which was initially filled with (22 mM - 0.1 M) CAN oxidant at pH 1 at 21 °C. The
DOOP sensor was then immersed in solution and the concentration of dissolved oxygen (DO) was
immediately recorded upon addition of 1.0 mL of the catalyst solution. Typically, dissolved
oxygen levels were recorded for 1000—2000 secs to screen each catalyst or until maximum Oz (aq)
water saturation occurs. Based on our screening studies with complexes 1-5, we find that with all
active Oz evolving catalysts showed an increase in the concentration of dissolved oxygen and reach
the maximum saturation limit of the probe (20 mg/L) in 2000 secs or less. Examining Figure 4 and
Table 1, it is immediately evident that complexes 2 and 3 are highly active towards oxidizing water
with CAN at pH 1 as shown by the rapid increase in the concentration of DO reaching the O
saturation within few seconds. Catalytic parameters such as yield, turnover number (TONL) and
turnover frequency (TOFL) in aqueous solutions (Eq. 3-5) can be calculated from the optical
probe’s DO measurements. For example, the near consumption of CAN (yield > 90 %, TON =
335) by catalyst 2 (30 uM) to O (aq) was quantitated by monitoring the total amount of dissolved
oxygen produced in a CAN solution (1.8 mM) containing a low-content of DO (% vyield =
experimental DO (mg/L) / theoretical DO (mg/L) (Figure S2). Notably, the TON values are limited
by the amount of oxidant, and higher values have been reported for this catalyst with higher oxidant
concentration.[51] A summary of the catalytic parameters from the screening results with DOOP
and the structures of all molecular complexes investigated in this study are shown in Table 1 and

Figure 2, respectively
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Figure 2. Molecular complexes screened in this study for water-oxidation; benchmark molecular

OECs are (1)—(5) and new molecular complexes screened are (6)—(16).

Table 1. Catalyst screening results with DOOP using CAN as an oxidant.

02 Activity of Initial Rate of
Entry Complex [Catalyst] [CAN] evolution (0] (;’)b 0 (I) evolution ~ TOF (s%) pH
(uM) (mM) (YIN?)? 2 (mg/L/s)
1 [Ru(tpy)(bpy)(H20)1*" (1) 60 22 Yes (+) 2000 0.0190 1.0 x 1072 0
2 [Ru(tpy)(bpy)(H20)1*" (1) 60 260 Yes (++) 130 0.0827 8.7 x 107 0
3 [Ru(tpy)(bpy)(H20)]** (1) 60 22 No - 1
4 [Ru(tpy)(bpy)(H20)]** (1) 60 100 Yes(-) >3600 0.0038 1.9 x 107 1
5 [Ru(bda)(isq)z] (2) 15 100 Yes (+++) 20 2.02 42 1

14



6 [Ru(bda)(pic)s] (3) 15 100 Yes(++) 130 0.0553 1.2

7 [Ru(qtpy)(pic)z1>"(4) 60 100 Yes (+) 2000 0.00956 5.0 x 10
8 [Ru(Mebipmy)(bpy)(H.0)1** (5) 60 100 Yes(-) >3600 0.0030 1.7x10%
9 [Ru(pda)(bpy)(dmso)] (6) 60 22 Yes(-) >3600 0.00159 8.3x 10*
10 [(®p-cymene)Ru(pdc)Cl] (7) 60 22 No - -

11 [Ru(pdc)(bpy)(CI)] (8) 60 22 No - -

12 [Ru(pda)(tpy)] (9) 60 22 No

13 [Ru(pdc)(tpy)] (10) 60 22 Yes(++)® 300 0.2425 0.13
14 [Ru(bpy)(dmso)Cl,] (11) 60 22 No - -

15 [Ru(app)(pic)(H20)]* (12) 60 22 No - -

16 [Fe(pdc)2] (13) 60 22 No - -

17 [Cu(tpy)CI]* (14) 60 22 No - -

18 [Cu(bpy)(OH2)2] 2* (15) 60 22 No - -

19 [Cu(pdc)(OHz):] (16) 60 22 No - -

2 The activity of the catalyst is based on the maximum [DO] concentration reached: high activity (+++) = 20 mg/L within 20
seconds or less, good activity (++) = 20 mg/L is reached within 130—-300 seconds, moderate activity (+) = 18—-20 mg/L is reached
within 2000 seconds, low activity (-) = 10 mg/L or less is reached within 3600 (1 h). ® The number is the time in seconds in which
maximum Oz concentration is reached. ° Initial rates of Oz(aq) formation were obtained from the slopes of linearly fitted O2
evolution plots in the first few seconds of the reaction. ¢ TOF values were calculated using equation 5. ¢ A drop in the maximum
level of [DO] was observed for this complex within 1000 seconds.

mg
—DO ( L ) X 0.026 L (total reaction volume)
mg '

TON, = mmol 3
L mmol catalyst 3

L S
— )= —= %1000 4
V02<S> 37 mg ()

(5)
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Figure 4. Plots of dissolved oxygen (mg/L) versus time (s) measured with DOOP for benchmark
catalysts (1)—(5). Reaction conditions: initial concentration [catalyst]o = 60 uM, except [2, 3] =1.5
uM. [CAN] = 0.1 M, pH =1in 0.1 M HNO:.

Due to the DOOP’s sensitivity in monitoring the changes in the concentration of dissolved
oxygen as function of time, the TOFs for all catalysts were quantitated by measuring the early O2
evolution rates in the aqueous phase (Table 1). The initial rates (vo2, mg/L/s) of Oz (aq) production
can be mathematically calculated with the integrated software from the slopes of the linear fits of
the dissolved oxygen curves in the early seconds of the reaction (typically 20 — 100 seconds) (Eq.
4). For all complexes, the initial rates were found to linearly correlate with catalyst concentration
(Figs. S4-S8, see Supporting Information). Reaction rates calculated from repeated trials showed
a 2—3% error. The O evolution data collected for these known catalysts using CAN is in good
agreement with the literature showing a reactivity trend where 2 >3 >4 > 1 > 5. As expected,
complex 2 and 3 are highly reactive towards water oxidation with CAN at low pH mainly due to
the dianionic character of the bipyridine—dicarboxylato (bda?") ligand which can stabilize high-

valent intermediates, as compared to the Ru(ll) polypyridine complexes 1, 4 and 5.[21] Notably,
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we were able to calculate the catalytic rates of very fast OECs in solution (TOFL > 1 s and above)
such as catalyst 2 using DOOP as the integrated software can collect 1 data point per 0.1 sec in the
first 10—20 seconds of the reaction. We also compared the O evolution kinetic curves and initial
(TOFL) for catalyst 4 measured using DOOP in the liquid phase to initial (TOFg) from O
measurements in the gaseous phases using Ocean Optics probe under the same reaction conditions
(Figure S3). Interestingly, the data from our experiments show that longer times were required to
detect oxygen in the gas-phase as compared to the liquid phase, and kinetics measured in the early
1000 secs of the reaction show that (TOFL) from the solution measurements were ca. three times
the initial (TOFg) evaluated from the gas phase. Therefore, the assessment of initial TOFs (TOF)
in the liquid phase in the first few seconds of the reaction may be more advantageous as compared
to gas-phase (TOFg) analysis as equilibration time for O diffusion into the headspace needs to be
considered and highly depends on the rate of magnetic stirring.

Furthermore, the versatility of our DOOP protocol in the reliable quantification of the reaction
kinetics of the water-oxidation reaction is shown from various Kinetic plots generated for
benchmark catalysts (1)—(4) (See Supporting Information Figs. S4—S8 for (i) dissolved oxygen
(mg/L) versus time (s) at various initial concentrations of catalyst and at fixed CAN concentration,
(ii) initial reaction rates vs. concentration of catalyst, (iii) log (vo2) vs. log [catalyst]o). All the
calculated apparent rate constants (ko2) and order (m) with respect to each catalyst under excess
oxidant equivalents (> 300 equiv.) are summarized in Table S1 (see Supporting Information). The
reaction order of the O evolution reaction with respect to the Ru catalysts 1, 4, and 5 was found
to approach m = 1 indicating a first-order dependence, which is in good agreement with the
mechanism previously reported for these catalysts which supports a single-site water nucleophilic
attack (WNA) mechanism. Linear fitting of the conventional logarithm vo2 versus log [catalyst 2]

or [catalyst 3] plot under a low concentration range of (20 — 0.3 uM) gave a slope approaching m
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= 2, indicating a second-order dependence with respect to catalysts 2 and 3 which supports a
bimolecular mechanism for O—O bond formation as proposed in the literature.[21, 52] Also, the
second-order rate constant derived from the kinetics of the fast benchmark catalyst 2 (k = 3 x 10’
M1 s from log/log plots shown in Figure S4 and Table S1 is on the same order of magnitude to
the value reported by some of us in a previous study (k = 1.83 x 10’ M s1).[52]

Moreover, the protocol can be utilized to find optimum catalytic conditions such as pH, oxidant
concentration and external additives in the reaction. For example, catalytic screening tests
containing catalyst 1 and CAN (22 mM or higher) at pH 0 (1.0 M acid) exhibited higher water
oxidation activities than at pH 1 (0.1 M acid) (Table 1). Co-solvent effects are also important to
consider when assessing the activity of OECs. Organic solvent additives (such as acetonitrile or
alcohols) are typically utilized to improve the solubility of catalysts in water but can also impact
the performance of the catalyst. Deactivation pathways such as competitive binding of acetonitrile
with the H>O substrate to the metal coordination site has been found before for Ru OECs.[53] In
our experiments, we find that aqueous solutions containing 0-0.75% (v/v) methanol with catalyst
2 and CAN (5 mM) displayed a dramatic decrease in the O evolution activity as compared to pure
aqueous solutions (Figure S9). This deactivation process is not surprising as alcohol oxidation has
been reported before with RuV=0 water oxidation intermediates.[54] In contrast, the use of
aqueous solutions 10—-30 % (v/v) of CFsCH>OH, which has a very wide electrochemical potential
window[55], did not result in a significant change in the rates of O production. Thus, caution must
be taken when finding suitable co-organic solvents while assessing the catalytic performance of

OECs in water-oxidation.

3.2 Screening protocol with NalO4
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NalO4 is a water-soluble chemical oxidant that can be used to screen OECs at neutral pH
conditions.[27, 56, 57] Similar to CAN, periodate has also relatively high oxidation power (E°
H41067/103~ = 1.6 V at pH = 0).[56] Furthermore, since the oxidation power of periodate drops at
neutral pH according to its Pourbaix diagram, it is considered to be a milder oxidant than CAN
which can help reduce ligand degradation pathways or nanoparticle formation. While the exact
source of the O product using 104~ is debatable, periodate is stable over a wide pH range (ca. pH
2 — 7.5) as compared to CAN and can allow the identification of OECs in a near-neutral reaction
medium. In many reports, NalO4 has been proposed to be a 2—electron oxidant in water oxidation
as shown in the general equation 6. Most active OECs using NalOs as a sacrificial oxidant are
reported for iridium molecular catalysts [27, 58-62], and a few examples for Fe catalysts [15, 57],
while Ru-based complexes are normally found inactive.[58] The discovery of Ru-based O-
evolving complexes with NalO4 deserves more attention given the wealth of the literature with Ru
catalysts and periodate for the oxidation of organic compounds. Homogeneous Ru catalysts are
also known to be more robust under oxidative conditions in comparison with iridium systems, as
in the latter systems the real catalysts proposed are heterogeneous in nature.[59] We were curious
in assaying the activity for benchmark catalysts (1)—(5) by switching to NalOs (70 mM) as a
chemical oxidant at neutral pH using DOOP. Although catalysts 2 and 3 exhibit very high activity
for water oxidation with CAN at low pH, the reaction of 2 and 3 with NalO4 at pH 7 did not result
in any oxygen production. Only the Ru(ll) polypyridine 5 amongst the five benchmark complexes
initially tested exhibited a moderate activity with NalO4 at pH 7 reaching O saturation in ca. 30

minutes (TOF. = 0.095 mint) (Table 2).

_ catalyst - (agq) + O (g) + 4H
210, (ag) + 2H2O () ——— 210; 2 G

Table 2. Catalyst screening results with selected complexes with NalO4 as an oxidant at pH 7.
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(o) Initial Rate

Entry Complex evolution of Oz (I) TOF (min)e
(YIN?)? (mg/L/s)®
1 [Ru(tpy)(bpy)(H20)]** (€] No
2 [Ru(bda)(isq):] @ No
3 [Ru(bda)(pic),] 3) No
4 [Ru(atpy)(pic)z]** @) No
5 [Ru(Mebipmy)(bpy)(H20)**  (5) Yes(+) 0.00506 0.095
6 [Ru(pda)(bpy)(dmso)] ®) Yes(+) 0.0146 0.28
7 [(n®p-cymene)Ru(pdc)Cl]  (7) Yes(-) 0.00216 0.042
8 [Ru(pdc)(bpy)(Ch] ®) Yes 0.00664 0.12
9 [Ru(pda)(tpy)] (C)] No
10 [Ru(pdo)(tpy)] (10) Yes(-) 0.0022 0.042
11 [Cu(tpy)CIICI (11) No
12 [Cu(bpy)(OHz).] (12) No

2 The activity of the catalyst is based on the maximum [DO] concentration reached: high activity (+++) = 20 mg/L within 20
seconds or less, good activity (++) = 20 mg/L is reached within 130—300 seconds, moderate activity (+) = 18—-20 mg/L is reached
within 3000 seconds, low activity (=) = 10 mg/L or less is reached within 3600 (1 h). ® Initial rates of O2(aq) formation were
obtained from the slopes of linearly fitted Oz evolution plots in the first few seconds of the reaction. “TOF values were calculated
using equation 5. [Catalyst]o = 100 uM and the concentration of the NalO4 (70 mM) was kept constant in all experiments.

3.3 Screening studies of new OECs

Given the reliability of our rapid screening approach in evaluating the catalytic activity of
benchmark OECs, we set out to identify new molecular complexes and study their O. evolving
reactivity using chemical oxidants. The use of electron rich ligand backbones has been shown to
lower the oxidation potential of OECs and stabilize high-valent metal intermediates formed during
water oxidation via electron donation to the metal center. Since ancillary ligands with
bipyridine—dicarboxylato groups (bda®") results in extremely active catalysts such as 2 and 3, we
envisioned the incorporation of the doubly deprotonated N,N “bis(aryl)pyridine-2,6-
dicarboxamide ligand (pda®), (Hzpda = N,N’—bis(aryl)-2,6-pyridinedicarboxamido) will lead to
oxygen evolution catalysis. We have synthesized the new ruthenium(ll) complex

[Ru(pda)(bpy)(dmso)] (6) (Figure 5) with mixed ligands containing the dinanionic pda® ligand
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(Hzpda = N,N ~bis(aryl)pyridine-2,6-dicarboxamide), bpy = 2,2’ bipyridine, and dmso and it was
fully characterized by different techniques (*H and **C NMR, UV-vis, IR, cyclic voltammetry and
elemental analysis). Furthermore, crystals of 6 harvested from a solution of methanol and water
(10:1 v/v) were suitable for single-crystal X-ray analysis as shown in Figure 6. The Ru(Il) complex
6 adopts a slightly distorted octahedral structure as shown by the listed bond parameters (Figure
6; Table S3). The bipyridine ligand is positioned orthogonal to the pda® ligand with one of its
rings sandwiched between the phenyl groups of pda. The S-donor DMSO ligand was found to
coordinate in the sixth position axial to the plane of the pda ligand. Moreover, the cyclic
voltammetry of 6 in dichloromethane in 0.1 TBAP displayed a reversible Ru'"'/Ru'" couple (E1. =
0.60 V vs. SCE) as shown in Figure S10. A more detailed discussion on the electrochemistry of
complex 6 can be found in the supporting information (Figs. S10-S11; Table S2). Furthermore,
complex 6 is quite stable in water when monitored by UV/Vis and *H NMR (in D,0) for several
hours. *H NMR signals of 6 corresponding to the methyl groups of free DMSO at 2.71 ppm in
addition to the coordinated peaks at 2.88 pm were observed in D20 indicating the lability of the
DMSO ligand in solution and the fluxional exchange between the coordinated and free DMSO
ligand. The O evolving ability of complex 6 was further investigated our protocol. We screened
the complex using CAN with concentrations between (22 — 100 mM) at pH = 1 and catalyst
aliquots 1 mL (100 uM — 1 mM) in our test-tube reactions (Figure 7). In all of our experiments,
we did not detect a significant amount of O, for complex 6. The poor catalytic activity of complex
6 with CAN at pH 1 was surprising given that we observe an immediate reaction between Ru
complex 6 and 1 equiv. Ce(IV) in 0.1 M HNO3s which generates a blue species that exhibits a broad
band at 625 nm in the UV-visible spectra (Figure S12). This blue oxidized form of 6 is most likely
the one-electron oxidized Ru(lll) species as demonstrated in previous mechanistic studies with
other Ru-OECs.[63]
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Figure 5. Synthesis of the [Ru(pda)(bpy)(dmso)] complex (6).

I_l \

Figure 6. X-ray crystal structure of [Ru'"(dmso)(bpy)(pda)] 6 (thermal ellipsoids at 50%
probability levels). Selected bond distances for 6 (A) Ru(1)-S(6) = 2.2625(7), Ru(1)-N(11) =
2.083(2), Ru(1)-N(21) = 1.974(2), Ru(1)-N(31) = 2.105(2), Ru(1)-N(41) = 2.084(2), Ru(1)-N(51)
= 2.096(2). Selected bond angles (deg): N(21)-Ru(1)-N(11) = 78.71(9), N(11)-Ru(1)-N(31) =
156.45(9), N(41)-Ru(1)-N(51) = 77.64(9), N(21)-Ru(1)-N(41) = 93.81(9).

In contrast, when the Ru(ll)—carboxamido complex 6 (100 uM) in H2O/TFE solution (20% TFE)

was tested in a neutral medium using 70 mM NalOs as a chemical oxidant, a significant increase
in the concentration of dissolved oxygen was detected, reaching a maximum level within 2000
secs (TOF = 0.28 min!) (Figure 7; Table 2). Solutions containing 6 and NalO4 were incubated and
sealed overnight, and were active next day as the levels of O, measured remained saturated with

dissolved oxygen. We also detected a blue intermediate which formed in the oxidation of OEC 6

22



and 1 equiv. NalO4 and displayed a broad peak at 625 nm band in the UV/Vis, similar to the Ru(l1)
species observed in the Ce(IV) titration. Given that the NalOa is a two-electron oxidant, the Ru(1V)
species may also form in an appreciable amount in solution as illustrated with other Ru OECs in
similar UV/Vis spectrochemical studies.[64]

For the remainder of the screening studies, we also detected O, evolution activity with [(n®-p-
cymene)Ru(pdc)Cl]] (Hzpdc =2,6-pyridinedicarboxylic acid) complex (7) with NalO4 at pH 7.
This is an interesting result as Oz evolution activity for Ru(ll) arene complexes have not been
reported before in the literature. We also synthesized complex [Ru(pdc)(bpy)(CI)] (8) which is
structurally reminiscent of complex 6 bearing the dianionic tridentate bipyridine-dicarboxylate
ligand pdc?, and the bpy and CI- ligands. Similar to 6, complex 8 is also a poor catalyst with CAN
at pH 1, but we have detected a modest activity for Oz evolution for this complex with NalO4 at
pH 7. Although the TOF values measured for complexes 6, 7 and 8 are modest compared with
values reported for iridium based complexes in the literature, our results reveal new leads for active
Ru-based molecular catalysts for O> evolution with NalOs at near-neutral pH. Moreover, the
activity of the [Ru(pda)(bpy)(dmso)] (6) was also compared to the closely related [Ru(pda)(tpy)]
(9) complex. Both Ru(Il) complexes (6) and (9) contain the dianionic tridentate pda?- ligand with
amide-nitrogen Na-donors and pyridine-nitrogen Np-donors. The coordination sphere in complex
6 contains N3s’N2? around the ruthenium metal center, relative to 9 which has a N4’N2?
environment.[40] When tested for water oxidation using with CAN (pH 1) or NalO4 (pH 7) under
the same conditions employed for 6 with the bpy ligand, we essentially found complex 9 is inactive
(Figure 7). These results suggest that the incorporation of the bpy ligand in complex 6 instead of
the tpy ligand in 9 renders a more active Ru(ll) carboxamide catalyst. Thus, the presence of an
open active site in the Ns-coordinated shell of 6 that can accommodate a water molecule upon

exchange with the labile DMSO ligand is most likely an important contributing factor to its O
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evolving activity as compared to the Ns-complex 9 which has no labile ligands in its coordination
sphere. Evidently, six-coordinate Ru(ll) complexes that do not possess a water molecule in its
primary coordination sphere can be catalytically active, such as the highly active OECs 2 and 3 or
previously studied Ru(ll) polypyridine catalysts.[65] These latter systems typically contain
tetradentate ligands and adopt a pentagonal bipyramidal geometry which allows them to form a
seventh-coordinate water species. [65, 66] In the case of complex 9, it possesses a distorted
octahedral geometry and the formation of the seven-coordinate species is highly unlikely due to
the steric constraints in the geometry of the molecule.[40]

We then evaluated the six-coordinate [Ru(pdc)(tpy)] complex (10) to examine the ligation effect
of carboxylato ligand (pdc?) as compared to the (pda?") amido ligand motif in the structurally
similar complex 9. Interestingly, we found that complex 10 exhibited modest activities and high
initial rates in the presence of CAN at pH 1, yet poor activities with NalO4 at pH 7. Notably,
complex 10 did not sustain its activity at the maximum dissolved [O-] level (20 mg/L) and a drop
in the concentration of oxygen was observed within 1000 seconds of the trial indicative of catalyst
degradation (Figure S13). Both complexes 9 and 10 are coordinatively saturated, yet the relatively
better O, evolving ability of 10 at low pH is likely due to the labile ligation of the pdc? ligand via
the dissociation of one carboxylato arm from the ruthenium center. This provides an open site for
water binding to the metal center, and can also facilitate intramolecular hydrogen bonding which
is beneficial for catalysis as has been previously shown in the literature for similar
[Ru(ID(pdc)(L3)] complexes.[67] Thus, the order of O. evolution activity for the Ru(ll) O:
evolving complexes examined in this study at pH 7 with NalOs is as follows: 6 >8 >5>7; 10 >
9.

Finally, Ru(Il) based complexes [Ru(bpy)(dmso)Cl2] (11) and [Ru(app)(pic)(H20)]* (Happ =

N-(hydroxyphenyl)pyridine-2-carboxaldimine) (12) were also tested with CAN and NalOs but no

24



O2 activity was observed. We also tested earth-abundant first-row transition metal complexes such
as [Fe(pdc)2]~ (13), [Cu(tpy)CI* (14), [Cu(bpy)(OH2)2]* (15) and [Cu(pdc)(OH2)s] (16). Aqueous
solutions containing these earth-abundant metal complexes (100 uM — 1 mM) did not produce any
significant amount of Oz (aq) with CAN (pH 1) or NalO4 (pH 7). These findings are consistent
with Cu(Il) complexes being more catalytically active under high pH conditions (pH > 10) as
recently shown in electrocatalytic water oxidation studies.[68, 69] Thus, these overall findings are
helpful in understanding the structure-activity relationship of molecular complexes with different
types of ligands, to aid in the rapid identification and optimization of OECs for artificial
photosynthesis.
3.4 Structure-activity relationship (SAR) between Ru(ll) carboxamides and Ru(ll) carboxylates
Moreover, SAR for Oz evolution between the Ru-carboxylate complex 3 and Ru-carboxamide 6
using CAN (pH = 1) and NalO4 (pH = 7) is shown in Figure 7. Overall, our parallel screening
results demonstrated that the Ru(ll) carboxylate complex 3 is a more active catalyst than Ru(ll)
carboxamide 6 at low pH in the presence of CAN. However, when sodium periodate was used as
an oxidant at pH 7, we find that complex 6 was a better O2 evolving catalyst than complex 3.
Recently, a bis(u-o0xo) bridged trinuclear ruthenium species was isolated and characterized as a
degradation product during the oxidation of Ru-carboxylate 3 at neutral pH due to the reaction
between Ru'V=0 and Ru'-OH,.[70] Presumably the formation of this inactive Ru-u-oxo dimer
with complex 6 is highly unlikely due to the steric hindrance of the N-aryl groups, thus rendering
it more active than 3 for water oxidation at pH = 7. Furthermore, the cyclic voltammetry of
complex 6 measured in an aqueous phosphate buffer (pH 7.5) reveals the onset of an
electrocatalytic wave at +1.20 V vs Ag/AgCI (Figure S14). Interestingly, a Ru(ll) complex with a
carboxylate-amide motif has also recently been identified as an active OEC from electrochemical
measurements and using the photochemical oxidant, [Ru(bpy)s]**, at neutral pH.[71]
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Figure 7. (a) Structure-activity relationships. (b) Comparative dissolved oxygen (mg/L) plots for
complex 3 (red), complex 6 (blue) and complex 9 (purple) using [CAN] =22 mM 0.1 M HNO:s.
(c) Comparative dissolved oxygen (mg/L) plots for complex 3 (red), complex 6 (blue) and complex

(9) (purple) using [NalO4] = 70 mM at pH 7; [catalyst]o = 100 uM.

We then evaluated the kinetics of water-oxidation by measuring the concentration of dissolved
oxygen produced versus time at various initial concentrations of [Ru(pda)(bpy)(dmso)] (6) and
under excess [NalOs] = 70 mM oxidant conditions at pH 7 as shown in Figure 8. The initial rates

of oxygen evolution showed a linear dependence on the concentration of 6, and the plot of log
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(initial rates) versus log [6] gave a slope approaching m = 1, indicating a first-order dependence
with respect to catalyst 6. This suggests that the rate-determining step involves a mononuclear Ru
species at pH = 7 in the water-oxidation reaction. The proposed mononuclear pathway for catalyst
6 is not surprising given the steric bulk of the N-aryl groups in the pda?- ligand which can disfavor
the bimolecular coupling of two metal-oxo species found for Ru(ll)-bda catalysts 2 and 3. It may
be also concluded that the catalytic performance of 6 is pH-dependent, as runs performed at lower
pH = 1 and pH = 5 exhibited lower activities as compared to pH = 7 (Figure S15; Figure S16).
This may be rationalized due to the lower susceptibility of the Ru(I1)-Namido bond in complex 6
for protonation at neutral pH relative to a low pH medium. Thus, the higher stability of the complex
6 at neutral pH relative to low pH may render it to be a better active catalyst for Oz evolution.
Although complex 6 contains a negatively charged backbone ligand (2,6—pyridine dicarboxamido)
similar to the bda?~ ligand in 2 and 3, it is also possible that its low activity with CAN in acidic
media is due to the sluggish deprotonation of water oxidation intermediates such [Ru(l11)-OOH]
species which needs to form [Ru(IV)—OO] prior to the Oz evolution step. This may be due to
inductive effects arising from the strong electron-donating ability of the pda?- ligand which
disfavors proton loss at low pH. In addition, base-assisted pathways can also accelerate O—O bond
formation at neutral pH conditions due to the presence of the basic form of the buffer which is a

better proton acceptor than water.[72]
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Figure 8. (a): Plots of dissolved oxygen (mg/L) versus time (sec) measured using the dissolved
oxygen optical probe (DOOP) for catalyst 6 at various initial concentrations of catalyst with
[NalO4] = 70 mM at pH 7. (b) Plot of initial rate (uM/min) as a function of [catalyst 6] (uM). (c)
Plot of the log of initial rates (uM/min) of O (aqg) evolution as a function of log of the initial
concentration (uM) of catalyst 6. The data was linearly fitted in the period of 250 secs (1 sample

was collected every 1 second).
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4. Concluding remarks

In summary, we have demonstrated a rapid screening protocol using an inexpensive
luminescence based DOOP sensor for identification and kinetic analysis of molecular OECs with
diverse ligand architectures utilizing CAN (pH 0 and 1) and NalOa4 (pH 7) as chemical oxidants.
Initial screening included various known Ru-based OECs to validate the protocol, and their O
evolution activities was benchmarked and found generally consistent with previous studies. Of the
more than 100 reactions that we screened employing various conditions such as type and
concentration of oxidant, concentration of catalyst and pH, we identified several active catalysts.
Our work also showed new leads for active Ru-based OECs using NalO4 at near-neutral pH.
Moreover, structure-activity relationship studies revealed that Ru(ll) complexes 6 and 9 bearing
the negatively charged backbone ligand N,N’-bis(phenyl)-2,6-pyridinedicarboxamide (pda) were
relatively inactive at low pH using CAN in comparison to catalytically active Ru-carboxylate
complexes 2, 3 and 10. In contrast, the Oz production rates of the Ru(ll)-carboxamido
[Ru(pda)(bpy)(dmso)] complex 6 was dramatically improved at neutral pH using NalOa, whereas
the Ru-carboxylates 2, 3 and 10 exhibited poor activity under these conditions. The Ru(ll)
polypyridine complex 5, Ru(ll1)-carboxylate complex 8 which is structurally similar to complex 6
were also active catalysts with NalO4 at pH 7. Overall, our findings illustrate that the catalytic
activity of Ru(Il) complexes coordinated to strong electron-donor ligands are highly dependent on
the choice of oxidant and pH. We envisage the use of this facile and simple protocol in the
discovery of more efficient and rationally designed OECs for the artificial photo(electro)synthesis
of solar fuels. Moreover, detailed studies to investigate the electrochemical water—oxidation
properties of the newly identified Ru(ll) catalyst (6) bearing the pyridine-dicarboxamide ligand

are currently underway.
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