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Photocatalytic water oxidation represents a key process in conversion of solar energy into fuels and can

be facilitated by the use of molecular transition metal-based catalysts. A novel straightforward approach

for covalent linking of the catalytic units to other moieties is demonstrated by preparation of a dinuclear
complex containing two [Ru(pdc)(pic)s]-derived units (pdc = 2,6-pyridinedicarboxylate, pic = 4-picoline).
The activity of this complex towards chemical and photochemical oxidation of water was evaluated and a
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Introduction

Oxidation of water has been identified as one of the challeng-
ing processes required for production of solar fuels." The
high activation energies and low selectivity of the reaction have
stimulated a wide search for more efficient catalysts.> As a
result, a number of transition metal-based water oxidation cat-
alysts (WOCs) have been developed over the last decades—
both heterogeneous and homogeneous (molecular). Molecular
WOCs offer high flexibility in catalyst design and allow for
more straightforward mechanistic studies compared to hetero-
geneous catalysts. A plethora of molecular catalysts have been
developed based on abundant first-row transition metals.®
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detailed insight is given into the interactions between the catalyst and acetonitrile, a common co-solvent
employed to increase solubility of water oxidation catalysts. The solvent-induced transformations were
studied by electrochemical and spectroscopic techniques and the relevant quantitative parameters were

However, these catalysts generally suffer from low activity and
stability compared to catalysts based on the noble metals Ir*
and Ru.” Ruthenium-based catalysts constitute the largest
family of molecular WOCs and currently include the most
active WOCs both for chemical® and photochemical” water oxi-
dation. Nevertheless, the long-term stability and efficiency of
these catalysts are still far from values required for commercial
applications, and broader exploration of novel catalysts as well
as better understanding of the mechanism of their action is
required.

The mononuclear ruthenium complex [Ru(pdc)(pic)s]
(1, pdc = 2,6-pyridinedicarboxylate, pic = 4-picoline) is a promi-
nent WOC that has been shown to mediate chemical,® electro-
chemical,” and photoelectrochemical ~water oxidation
(Fig. 1)."° Recently, our group demonstrated that analogues of
complex 1, in which one'" or both'* of the carboxylate groups
were substituted with carboxamide groups were also active
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Fig. 1 Structure of molecular water oxidation catalysts 1-3.
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WOCs. An interesting feature of these new catalysts is that the
carboxamide functionality can be used to covalently link them
(via suitable linkers) to other catalytic units of the same or
different nature, photosensitizers, electrode surfaces, etc. The
covalent linking can be achieved via the carboxamide ligand,
which can be deprotonated and bound to the metal center.*
The strategies previously employed for synthesis of covalently
bound catalyst assemblies include functionalization of one of
the WOC ligands at positions not adjacent to the metal center.
Although this approach has proven viable, it is more syntheti-
cally challenging than the route employed in the current study.
Moreover, the suggested carboxamide binding offers a straight-
forward way for arrangement of the assembly components in
the face-to-face fashion, not easily accessible with traditional
approaches.

Herein, we describe the synthesis, catalytic activity for water
oxidation, and redox behavior of ruthenium complex 3 (Fig. 1).
The complex represents a dinuclear analogue of complex 2
with a metal-coordinating carboxamide group used to fuse two
[Ru(pdc)(pic);]-derived catalytic units together. Benzene was
selected as a central moiety since it has previously been
demonstrated to be a viable linker between two WOC units."?
Complex 3 represents the first example of a WOC assembly
where the coordinating carboxamide ligand is employed as a
linker.

Results and discussion
Synthesis and characterization

The dinucleating ligand 6,6'-((1,3-phenylenebis(azanediyl))bis-
(carbonyl))dipicolinic acid (7) was prepared through amide
bond formation between m-phenylenediamine and mono-
methyl 2,6-pyridinedicarboxylic acid followed by hydrolysis of
the methyl ester (Scheme S1}). To form the desired dinuclear
complex, a solution of the deprotonated ligand was slowly
added to the ruthenium precursor ([Ru(DMSO),Cl,]), followed
by addition of excess 4-picoline. The crude product was puri-
fied by flash chromatography, resulting in isolation of complex
3. The structure of the complex was confirmed by 'H NMR,
single crystal X-ray diffraction analysis (SC-XRD), electrospray
ionization mass spectrometry (ESI-MS), elemental analysis,
UV-vis, and IR.

"H NMR of the complex in CD;O0D initially displayed highly
broadened peaks, probably due to the presence of paramag-
netic d* Ru™ species (Fig. $9,1 top). However, addition of only
0.05 equivalents of ascorbic acid was sufficient to reduce the
traces of Ru™ to diamagnetic d® Ru" and resulted in a 'H
NMR spectrum with clear and sharp peaks (Fig. S9,1 bottom).
This suggests that the isolated complex is in the Ru"Ru" state,
but is contaminated with a small amount of Ru™ species, pre-
sumably generated from oxidation of complex 3 upon pro-
longed exposure to air. The '"H NMR spectrum of complex 3
was fully assigned and revealed that the two catalytic units, all
axial and equatorial picolines display uniform chemical shifts
and coupling patterns (Fig. S117). The latter is an indication of
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Fig. 2 ORTEP ellipsoid plot of ruthenium complex 3 (ellipsoids at 50%
probability). Hydrogen atoms and solvent molecules were omitted for
clarity. Color codes: Ru—brown, C—black, N—blue, O—red.

the high apparent symmetry of the complex in solution.
Furthermore, "H NMR spectra of complex 3 in CD;CN, CD;CN/
D,0O (3:1), and CD3;CN/D,O (3:1) with addition of 2 equi-
valents of 4-picoline were recorded (Fig. S15%). These spectra
support that 4-picoline ligands do not dissociate from the
metal centres in the Ru"Ru" state of 3 under the conditions
used for electrochemical, spectroscopical and catalytic activity
studies (vide infra).

Slow evaporation of a 0.1 mM solution of complex 3 in
MeCN yielded dark-brown crystals suitable for single crystal
X-ray diffraction analysis (Fig. 2). The analysis confirmed the
molecular structure and the oxidation state of 3 suggested by
NMR. The symmetry of the complex was close to that of C,
point group with the two catalytic units being in an equivalent
chemical environment. The latter is consistent with the high
apparent symmetry of 3 in solution as observed by NMR. The
relevant bond lengths and angles for dinuclear complex 3 are
close to those previously reported for complex 2 (Table S11)""
and the only notable difference in bond lengths is the
increased distance (by 0.1 A) between the ruthenium center
and the carboxamide ligand for complex 3 relative to that of 2.

Electrochemical properties

The redox properties of complex 3 were investigated by cyclic
voltammetry (CV) in an aprotic solvent (dichloromethane) and
subsequently in the aqueous medium used for chemical water
oxidation (aqueous TfOH). In a dichloromethane solution
(Fig. 3) two pairs of close lying chemically reversible one-elec-
tron waves were observed with half-wave potentials of E;, =
—0.28 Vand —0.19 V and of E;,, = 1.02 V and 1.20 V vs. Fc'/Fc,
respectively (based on differential pulse voltammetry (DPV)
measurements).'* These four waves can be ascribed to the two
pairs of Ru"™/Ru" and Ru"/Ru™ couples of the two metal
centers, here denoted as Ru™Ru"/Ru"Ru", Ru"'Ru™/Ru™Ru",
Ru™VRu™/Ru™Ru™ and Ru™VRu"™/Ru"VRu™. The relatively small
separation of the half-wave potentials within the first pair is
indicative of rather weak interactions between the redox sites,

Dalton Trans., 2016, 45, 19024-19033 | 19025
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Fig. 3 Cyclic voltammogram of a 1 mM solution of complex 3 (black)
with corresponding background (red) in dry CH,Cl,. Three CV cycles
were recorded at 0.05 V s™* scan rate.

as expected from the distance and bridging motif between
the metal centers (E;,(Ru™Ru™/Ru™Ru") — E;,(Ru"Ru"/
Ru"Ru") = 0.09 V), while the relatively larger separation in the
latter pair can be rationalized by the increased coulombic
repulsion in the higher oxidation state.

As the chemical water oxidation experiments had to be per-
formed in aqueous triflic acid (TfOH) solutions (0.1 M, pH 1.0)
with 10% MeCN as a co-solvent (vide infra)," further investi-
gations into the redox properties of complex 3 were carried out
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in this particular medium. To obtain kinetic information on
the reactivity of 3, cyclic voltammograms were recorded with
different scan rates v (0.005-100 V s™') and alternative vertex
potentials of 0.775 or 1 V. Selected examples are shown in
Fig. 4 (see ESIt for complete set of CVs).

With scan rates v > 0.5 V s™* the background-subtracted vol-
tammograms are described by symmetric peaks characteristic
of surface confined redox processes. This notion is supported
by the dependence of the faradaic current on the scan rate to
the power of 0.82 (Fig. 6a)."® Therefore, it can be concluded
that the voltammetric response in the aqueous medium occurs
predominantly from complexes adsorbed to the glassy carbon
electrode by hydrophobic interactions with an approximate
surface concentration of 5.7 x 107" mol em™? corresponding
to 69% of a dense monolayer (see ESIT for details). Only at very
low scan rates do the diffusional electrode reactions make a
major contribution to the faradaic current resulting in the
typical shape of diffusional CV waves.

The first anodic peak on the forward scans and the domi-
nant cathodic peak on the reverse scans can be assigned to the
Ru™Ru™/Ru"Ru" couple with E;,, = 0.24 V vs. SCE similar to
the average value of Ru™Ru"/Ru"Ru" and Ru™Ru™/Ru™Ru"
couples observed in dichloromethane (E;,(Fc'/Fe, CH,ClL,) =
0.23 V vs. SCE"). The complete coalescence of the two couples
into a single two-electron process indicates that the likely pre-
dominantly coulombic interactions between the two redox
centers are inhibited in the highly polar aqueous medium.
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Fig. 4 Cyclic voltammograms of a 0.1 mM solution of complex 3 in aqueous TfOH (0.1 M, pH 1.0) with addition of 10% MeCN. Three CV cycles
were recorded for all the measurements to obtain a stable response and the third cycle is presented. The background-subtracted voltammograms
(red) were obtained by subtracting the simulated background current (black, see ESI for details) from the experimental curves (blue). The scan rates
are 1V s~ (aand b) and 100 V s (c and d); see ESI for the full set of CVs at scan rates 0.005-100 V s™2.
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Fig. 5 Summary of the proposed transformations (V vs. SCE) of (a) complex 1 (adapted from ref. 8b) and (b) complex 3. L = pdc; potentials from ref.

8b were converted from vs. NHE to vs. SCE by subtracting 0.240 V.

An additional anodic peak at around 0.6 V is irreversible at
lower scan rates (Fig. 4a) but turns chemically reversible (E;/, =
0.60 V) as the scan rate is increased (Fig. 4c). In analogy to the
previously studied mononuclear complex 1,%* this redox process
is assigned to the Ru™Ru"™/Ru"Ru" couple of an acetonitrile co-
ordinated analogue formed by displacement of the carboxylate
ligands by MeCN when complex 3 is dissolved in the acidic
water/MeCN mixture (reaction (1), Fig. 5b). It can be anticipated
that protonation of the carboxylate contributes significantly to
the driving force of this reaction. The elevated potential of the
Ru™Ru"/Ru"Ru" couple with coordinated MeCN is in agree-
ment with better stabilization of Ru" by MeCN via
"I by the harder carboxylate oxygen.
Accordingly, oxidation of the acetonitrile coordinated complex
to the Ru™Ru' state triggers quantitative binding of the
pending carboxylate ligands (reaction (2), Fig. 5b) as evidenced
by the absence of a corresponding counter peak at lower scan
rates (Fig. 4a). Only with scan rates v > 20 V s~ " is the ligand
exchange reaction being outrun and reduction of the aceto-
nitrile coordinated Ru™ complex is observed (Fig. 4c). This
mechanism of redox-induced ligand exchange reactions pre-
viously described for the mononuclear analogue 1 can be sum-
marized by the square schemes shown in Fig. 5. For complex 1
the scheme was validated by electrochemical, spectroscopical,
'H NMR, and ESI-MS studies. Moreover, formation of similar
open chelate complexes where MeCN is coordinated to the
ruthenium center have been described for other WOCs, primar-
ily those of the Ru(bda)-family (bda = 2,2"-bipyridine-6,6"-di-
carboxylate).'® We hence assume that the qualitatively analo-
gous voltammetric data obtained with complex 3 can be ration-
alized with the established mechanistic scheme. In quantitative
terms, the exchange of carboxylate ligands in the Ru' state is
however thermodynamically more favorable in the mononuclear
analogue 1 while complex 3 prevails predominantly in the form
with coordinated carboxylate ligands (K ~ 0.5), as evident
from the ratio of anodic peak currents of the first CV scans
(Fig. S17-520%). The relative scan rate independence of k") also
suggests that the equilibrium is slow. The peak current ratio is

maintained even at a scan rate of 0.005 V s™*, implying that the
-1

n-backdonation and of Ru

rate constant of the related reverse reaction k<1 x 1072 s

This journal is © The Royal Society of Chemistry 2016

When extending the scans to 1 V, a third anodic peak could
be detected (Fig. 4b). A corresponding counter peak started to
emerge already with scan rates v > 1 Vs ' and at v =100 Vs
a chemically reversible couple with E,,, = 0.83 V was observed
(Fig. 4d). This couple might be assigned to a subsequent two-
IIIRuIII to RuIVRuIV
state that possibly triggers exchange of equatorial 4-picoline
ligands for water/hydroxide ligands (reaction (3), Fig. 5b) if the
reaction is not outrun by higher scan rates. Such exchange pro-

electron oxidation of complex 3 from its Ru

cesses have been observed for related mononuclear ruthenium
complexes at the Ru™" 8419 However, in case of catalyst 3
the Ru'" species are kinetically stable as evident from the
reversibility of the dominant Ru™Ru""/Ru"Ru" couple even at
the lowest scan rates (Fig. S171). We therefore propose that for
catalyst 3 the 4-picoline-water exchange, which is necessary for

state.

the catalyst to enter the catalytic cycle of water oxidation,
happens at the Ru'" state. From the scan rate dependent ratio
of the forward-to-reverse peak currents it can be estimated that
this reaction occurs on a time scale on the order of 10 to
100 milliseconds while the exchange of acetonitrile (reaction
(2)) is more than one order of magnitude faster.

More accurate estimates of the two rate constants were
obtained from a detailed analysis of the scan rate dependence
of the peak potentials and of the forward-to-reverse peak
current ratios. The analysis was based on the E,C; model of a
reversible interfacial electron transfer followed by an irrevers-
ible chemical reaction.*

E,=E +ﬂlo RT +2'3RTlo (k)
P 1/2 nF & nF nF & (1)
_ 2.3RT log(»)
nF
By =By — 1.1ns;RT <0,678 . ]0g<%) - log(k)> o
B 1.15RT10g(U)
nF

Fig. 6b and c show the dependence of the peak potentials
E,, for the second and third redox couple as a function of scan
rate. For the lower scan rates where the potential is controlled

Dalton Trans., 2016, 45, 1902419033 | 19027
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Fig. 6 (a) A log-log plot of first anodic peak current vs. scan rate.

Dependence of the second (b) and third (c) anodic (black squares) and
cathodic (black circles) peak potentials on the scan rate.

by the kinetics of the coupled reaction least square fits to the
logarithmic plots of the anodic peak potentials (Eéza) and EE)?)
have slopes of 0.027 V and 0.026 V per decade of scan rate,
respectively. These slopes are close to the expected value (0.029
V) for an adsorbed species undergoing a two-electron oxidation
followed by an irreversible first order (or pseudo-first order)
reaction according to eqn (1), where n is the number of elec-
trons transferred, k is the first-order rate constant of the follow-
ing reaction, R is the gas constant, 7T is the temperature, and F

is the Faraday constant.>' The alternative assignment to a

19028 | Dalton Trans., 2016, 45, 19024-19033
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Fig. 7 Cyclic voltammograms of complex 3 (0.1 mM) in aqueous phos-
phate buffer (0.1 M, pH 7.0) with addition of 10% MeCN. Six CV cycles
were recorded at 0.05 V s~ scan rate for the complex (black) and pure
electrolyte (red). The initial potential was set to 0 V, swept to negative
direction until —0.75 V, and then in the positive direction until 1.4 V, fol-
lowed by five more cycles. The inset shows a magnified view of the
voltammogram.

diffusional one-electron process coupled to an irreversible first
order reaction would also agree with the observed slopes close
to 0.029 V per decade (see eqn (2))*° but would be inconsistent
with the observed scan rate dependence of the peak currents
and the peak shape discussed above.

Based on eqn (1), the half-wave potentials (Ey/, = (Epa + Epc)/
2)** and intercepts (E,, at log(v) = 0) determined from the
plots in Fig. 6b and c, rate constants of X*) = 1 x 10> s™! and
K = 4 x 10" s7' were obtained for the two reactions.?®
Furthermore, the rate constants were also obtained from the
analysis of the forward-to-reverse current peak ratios (see ESIt
for details). The resulting rate constants k) = 2 x 10% s™* and
K® =4 x 10" s7! are in reasonable agreement with the con-
stants derived from the peak potentials.

The electrochemical characterization of complex 3 was also
carried out at neutral pH, at conditions comparable to those
used in the light-driven water oxidation experiments (vide
infra). However, a weaker voltammetric response was observed
by cyclic voltammetry. The only observed signals were from the
Ru™Ru™/Ru”"Ru"” couple, with and without coordinated
MeCN, and from the catalytic current of water oxidation with
an onset potential of ~1.15 V (Fig. 7). After the first sweep
reaching the potential of the electrocatalytic water oxidation a
large irreversible wave at ~—0.6 V appeared and was ascribed
to reduction of oxygen, indicating that the catalytic wave above
1.15 V indeed corresponds to water oxidation.

UV-vis spectroscopy

The UV-vis absorption spectrum of complex 3 in MeCN dis-
played four bands, at 248, 309, 395, and 455 nm (Fig. 8). The
first two bands were ascribed to n-n* transitions within the
ancillary ligands while the two latter bands were assigned to
metal-to-ligand charge transfer (MLCT) transitions. Upon
decreasing pH, both of the MLCT bands displayed a shift
towards higher energy transitions, which is in contrast to what

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 UV-vis absorption spectra of complex 3 in MeCN (black line),
aqueous TfOH (0.1 M) with addition of 10% MeCN (red line), and phos-
phate buffer (0.025 M, pH 7.0) with addition of 10% MeCN (blue line).

is regularly observed for carboxylate-functionalized polypyridyl
ruthenium complexes.>® In case of complex 3, however, the
blue shift can be explained by protonation-induced coordi-
nation of MeCN to the metal centers, where the stronger
n-acceptor character of MeCN lowers the dng, HOMO energy
level.”> Furthermore, the stability of complex 3 was investi-
gated by recording the absorption spectra in phosphate buffer
and TfOH under O, for 60 min, during which the spectra dis-
played only minor changes (Fig. S297).

Spectrophotometric redox titration of complex 3 with ceric
ammonium nitrate (CAN) as oxidant was performed to detect
intermediates formed upon oxidation of complex 3 (Fig. 9).
Consistent with the electrochemical data, oxidation of Ru"Ru"
to the Ru™Ru"™ complex proceeds in one step, as evident from
two isosbestic points (Fig. 9a) and the linear dependence of
absorbance on the amount of added CAN (Fig. 9b). Upon
addition of more than two equivalents of CAN, a steady
increase in absorbance at wavelengths shorter than 400 nm
was observed, presumably due to formation of Ce™ and pro-

Y
~—

absorbance (a.u.)
o
N
1

0.0 +————1—
400
wavelength (nm)

700 800
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ducts derived from hydrolysis and/or oxidation of MeCN
(Fig. S287).

Protonation state

An important aspect of the electrochemical processes pro-
posed in Fig. 5b is the protonation state of the involved
species. Spectrophotometric pH titration of complex 3 revealed
a distinct pH-dependence of the UV-vis adsorption between
pH 0 and 2 with a pK, ~ 1 (Fig. 10). As indicated earlier, a blue
shift of the higher energy MLCT band suggests protonation of
the dinucleating ligand 7 accompanied by MeCN coordination.

Furthermore, a Pourbaix diagram was constructed for the
first two redox processes using square wave voltammetry (SWV,
Fig. 11). The diagram was analyzed with the use of eqn (3),
where Ey, is the observed redox potential, E; /2 is the standard
redox potential of the couple at pH 0, ny- and n.- are the
number of protons and electrons, respectively, associated with
the redox process. The analysis revealed that the first and
second redox processes are not proton-coupled above pH 1
and 2, respectively. The observed slopes of —2 and —4 mV per
pH unit are close to the expected slope of zero. Deviation of
the experimental slopes is in line with previous observations
on the nominally pH-independent redox couples of surface-
confined metal complexes.'®*2° At lower pH, both redox pro-
cesses become proton-coupled with slopes of —34 and —38 mV
per pH unit. These values are close to the expected value of
—30 mV per pH unit for two-electron-one-proton coupled pro-
cesses (eqn (3)).

pH (3)

o Nyp+
Eyjy = Ey )y — 0.059 e

The intercept of the pH-dependent and independent seg-
ments in the Pourbaix diagram provides the pK, values for the
Ru"Ru" species without (pK, ~ 0.8) and with coordinated
MeCN (pK, =~ 1.8). The former value agrees well with the pK,
value obtained from the spectrophotometric pH titration. On
the other hand, no apparent transition was observed in the

g
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Fig. 9 Spectrophotometric redox titration of complex 3 with ceric ammonium nitrate (CAN). (a) UV-vis absorption spectra of complex 3 upon
addition of up to 2 equiv. of CAN (arrows indicate decrease and increase in absorption, see Fig. S28+ for change in UV-vis spectrum upon addition of
up to 8 equiv. of CAN). (b) UV-vis absorbance changes of complex 3 at 350 nm (blue squares) and 450 nm (black squares) upon addition of up to 8

equiv. of CAN.
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Fig. 11 Pourbaix diagram obtained from square wave voltammetry (SWV)
measurements of complex 3 in 0.1 M Britton—Robinsson buffer (Fig. S327).

UV-vis absorption at pH = 2. This can be explained by the
smaller concentration of Ru"Ru" species with coordinated
MeCN present in solution.

Collectively, the above data suggests a refined square
scheme which includes two proton-coupled electron transfer
processes (Fig. 12). In this scheme at least one of the carboxy-
late groups is protonated at the Ru""Ru" state and the protona-
tion state of the other group is not clear. However, it is likely
that protonation of the second carboxylate group is prohibited
due to charge build-up. If both of the carboxylate groups were
protonated, the complex would become +2 charged in the
Ru"Ru” state and +4 charged in the Ru™Ru™ state.
Stabilization of such highly charged species would presumably
not be favorable in the employed aqueous solvent containing
10% MeCN. There is a difference in chemical environment of
the metal centers at different protonation states and hysteresis
between transfer of the first and second electrons could be
expected for the Ru™Ru"/Ru"Ru" couple. However, this differ-
ence is relatively small for the Ru"Ru" species without co-
ordinated MeCN and results in only slight asymmetry of the
CV peaks of complex 3 (Fig. 4). The difference in chemical
environment of the metal centers is even smaller for species
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Fig. 12 Summary of the proposed transformations of complex 3 based on electrochemical and spectrophotometric studies. E° are determined by

extrapolation of linear fitting from the Pourbaix diagram.

19030 | Dalton Trans., 2016, 45, 19024-19033

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6dt03789e

Open Access Article. Published on 10 November 2016. Downloaded on 4/3/2026 11:45:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Dalton Transactions

a) 3000

2500 —

2000 —

1500 —

1000 —

500

0, (nmol)

0

T U T ! T v T .
0 15 30 45 60
time (min)

View Article Online

Paper
b) 4000
3000 —
% F
£ 2000
o
1000 —
e T v T L T ' T d
0 15 30 45 60
time (min)

Fig. 13 Oxygen evolution driven by CAN (a) and [Ru(bpy),(bdc)]?*/Na,S,0g under blue LED irradiation (b), monitored by on-line mass spectrometry.
Complexes 1 (red), 2 (blue), 3 (green), as well as bank experiments without any catalyst (black) were performed at identical conditions and concen-
trations of all reaction components (in case of complex 3 the concentration was divided by two to maintain the same molar concentration of ruthe-
nium). Experimental conditions: (a) [1] = [2] = 4 uM, [3] = 2 uM, [CAN] = 0.1 M, aqueous TfOH (0.1 M) with 10% MeCN as solvent, solution of catalyst
(1.0 mL) is injected to the reaction chamber containing CAN under He at time = 0. (b) [1] = [2] = 40 pM, [3] = 20 puM, [[Ru(bpy),(bdc)I(PFe),] = 0.3 mM,
[NaS,0g] = 20 mM, aqueous phosphate buffer (25 mM, pH 7.0) with 10% MeCN as solvent, solution of catalyst (1.0 mL) is injected to the reaction
chamber containing the photosensitizer and the sacrificial electron acceptor under He and the light is turned on at time = 0, which is 5 min after

injection of the catalyst solution.

with coordinated MeCN, as the protonated site is not bound to
the metal, and is consistent with symmetrical CV peaks.

Catalytic activity

The catalytic activity of complex 3 for oxidation of water was
studied using CAN as the sacrificial oxidant (Fig. 13a) and
with a mixture of photosensitizer and sacrificial electron
acceptor under blue LED illumination (Fig. 13b). In the light-
driven experiments, [Ru(bpy),(bdc)](PFs), (bpy = 2,2"-bipyri-
dine, bdc = 4,4’-(dicarboxylic acid)-2,2"-bipyridine) was used as
the photosensitizer and sodium persulfate (Na,S,05) was used
as the sacrificial electron acceptor. Both systems have been
widely used for evaluation of the catalytic activity of WOCs.?
CAN represents a strong oxidant with E(Ce™/Ce™) ~ 1.7 V vs.
NHE at pH 1.0. This oxidant is unstable at pH > 2, where in-
soluble Ce0,-2H,0. can be formed.?” For this reason CAN is
only employed for water oxidation at pH < 2. Photogenerated
[Ru(bpy),(bdc)]’" is a weaker oxidant with E(Ru"™/Ru™) ~ 1.34 V
vs. NHE at pH 7.0 (Fig. S307) and has to be used at higher pH
than CAN to provide sufficient thermodynamic driving force
for oxidation of water. An advantage of the latter system is that
it allows screening the catalytic activity of WOCs at conditions
relevant to future incorporation of these catalysts into com-
plete photoelectrochemical water splitting devices. To obtain a
reliable comparison of the catalytic activity of complexes 1-3,
the previously developed complexes 1 and 2 were also syn-
thesized and evaluated under the same conditions as complex
3. Such an approach is important as relatively small variations
in reaction conditions or the use of different techniques to
monitor the reaction progress can have a pronounced effect on
the measured activity.*®

Formation of dioxygen was observed for all three complexes
in both chemical- and light-driven experiments. Complex 1 dis-
played the highest activity for water oxidation driven by CAN,

This journal is © The Royal Society of Chemistry 2016

Table 1 Summary of the catalytic performance of complexes 1, 2, and
3 for water oxidation driven by CAN and visible light

TON

(per Ru atom Maximum 0, yield

after 60 min) TOF (min™") (% after 60 min)
Catalyst CAN Light CAN“ Light” CAN‘ Light?
1 980 80 77 2.4 11.4 32.5
2 65 50 1.3 2.4 1.1 20.0
3 700 73 70 2.0 7.8 29.0

“Slope of the linear fit of TON vs. time graph at 1 to 3 min. ? Slope of
the linear fit of TON vs. time graph at 3 to 6 min. ¢ Calculated as n(0,)/
(0.25 x n(CAN)). ¢ Calculated as 1(0,)/(0.5 x n(Na,S,0g)).

while 2 had a significantly lower activity and 3 demonstrated
an intermediate value in terms of turnover number (TON) and
was close to complex 1 in terms of turnover frequency (TOF)
(Table 1). For all three catalysts the rate of oxygen evolution
decreased over the course of the reaction, probably due to
degradation of the catalyst. For catalyst 3, a freshly prepared
solution of the oxidant was added to the reaction mixture after
ca. 75 min of catalysis, but no additional oxygen evolution was
observed (Fig. S31%), supporting degradation of the initially
used catalyst over degradation or depletion of the oxidant.”®
Light-driven water oxidation resulted in essentially constant
rate of oxygen evolution for 35 min for catalysts 1 and 3, and
for 20 min for catalyst 2. After that only a minor amount of
oxygen was produced. Similar to the experiments where CAN
was employed as the chemical oxidant, it is likely that the
evolution of oxygen is ceased due to decomposition of the
catalysts.

Evolution of CO, was also monitored during all water oxi-
dation experiments (Fig. 14). In the chemical water oxidation
experiments using CAN as oxidant, only trace amounts of CO,

Dalton Trans., 2016, 45, 19024-19033 | 19031
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Fig. 14 Evolution of CO, during water oxidation experiments driven by (a) CAN, and (b) [Ru(bpy)z(bdc)]2+/NaZSZOB under blue LED irradiation moni-
tored by on-line mass spectrometry. Conditions are as described in Fig. 13. Experiments with complexes 1 (red), 2 (blue), 3 (green), as well as blank

experiments without any catalyst (black) were conducted.

could be observed for all three catalysts. In contrast, significant
amounts of CO, were produced in the light-driven experiments
(Fig. 14; note the different scales in Fig. 14a and b). The
highest amount of CO, was evolved during the blank experi-
ment without any catalyst, demonstrating that photogenerated
[Ru(bpy),(bdc)*" is highly reactive and starts to oxidize MeCN
and/or itself to produce CO, if the more stable Ru" state
([Ru(bpy),(bdc)]*") is not regenerated by electron transfer from
the catalyst. The evolution of CO, was accelerated for all cata-
lysts shortly after the amount of the evolved oxygen reached its
maximum value. Such behavior suggests that the oxygen evolu-
tion was not terminated due to decomposition of the photo-
sensitizer or accumulation of dioxygen, which could compete
with Na,S,04 for quenching of the photosensitizer.”

The rate of oxygen evolution for all three catalysts was
similar in the light-driven water oxidation experiments. Such
behavior could be expected if all of the studied catalysts are
transformed into the same active catalyst. In this regard,
hydrolysis of the amide bonds in 2 and 3 could lead to for-
mation of catalyst 1. However, such assumption is inconsistent
with the lower maximum TON observed for catalyst 2 com-
pared to catalysts 1 and 3. An alternative explanation for the
similar dioxygen evolution rates could be that photogeneration
of the [Ru(bpy),(bdc)]’" oxidant is rate-limiting at the
employed conditions. Finally, all of the catalysts might display
similar activity simply due to similarity of the operating
mechanisms and the rate-determining step(s). A more detailed
investigation of this peculiar kinetic behavior is ongoing.

Conclusions

A novel dinuclear ruthenium-based water oxidation catalyst 3
was synthesized and fully characterized. Insight into its redox
behavior is provided, including a detailed description of the
interaction of the catalyst with MeCN, which is commonly
employed as a co-solvent when studying WOCs. Importantly,
several of the reported WOCs have limited solubility in water
and co-solvents had to be used to allow for solution-based

19032 | Dalton Trans., 2016, 45, 19024-19033

mechanistic studies. At the same time, the use of co-solvents
results in new interactions which can greatly complicate
interpretation of the analytical data. In light of this, we believe
that the current study will facilitate experimental design and
interpretation of analytical data obtained for other WOCs. The
new catalyst displayed high activity for both chemical- and
light-driven water oxidation, demonstrating viability of the pro-
posed metal-coordinated carboxamide linker.
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