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Abstract—The reaction of photocatalytic oxidation of water with potassium persulfate in the presence of the
photosensitizer bpy;RuCl,-6H,0 and the ruthenium nitride complex Lis[Ru,(u-N)Clg-2H,0] has been stud-

ied. It has been found by kinetic and electrospray-ionization mass spectrometry methods that the catalyst for

the process is the tetraruthenium complex Ru4N203r with a molecular weight of 512.28 amu. The efficiency
of the catalytic system (a turnover number of TON = 360, a O, quantum yield of @ = (0.51) is higher than that
of its oxygen analogue Lis[Ru,0Cl,,-:2H,0] (TON = 240 and @ = 0.2).
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In connection with environmental problems, the
21st century will become that of transition from
hydrocarbon energy to other types of energy carriers;
therefore, the search for new alternative energy
sources begins to be very important. Solar energy (SE)
is such an alternative. One of the most promising ways
of converting SE is its biomimetic utilization, based on
the possibility of photoinduced splitting of water into
oxygen and hydrogen, i.e. on artificial photosynthesis
(APS). Research in this area all over the world is going
on purposefully and widely. The most difficult cata-
Iytic step of artificial photosynthesis is the formation
of multielectron products of water oxidation by one-
electron oxidants. One-electron oxidizing (and reduc-
ing) agents are formed in the photochemical step of
photosynthesis after absorption of light quanta. In
natural photosynthesis, radical cations P680* act as an
oxidant of this type and the catalyst is a manganese
cofactor (Mn,CaQs), in the coordination sphere of
which an O, molecule is formed according to the reac-
tion: 4P680* + 2H,0 = 4P680 + O, + 4H™. In artifi-
cial photosynthesis, clusters of other transition metals,
including ruthenium, are used for this purpose.

Recent studies have shown that polynuclear ruthe-
nium complexes are of interest as promising high-per-
formance catalysts for water oxidation in artificial
photosynthesis with the aim to create photocatalytic
converters of solar energy into chemical fuel energy in
the future [1—5]. However, these catalysts are far from
perfect because they do not have sufficient activity. In
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addition, there are a number of problems associated
with their use in model systems. Most of them contain
organic ligands, which are oxidized more readily than
water, and labile Ru—O—Ru bonds leading to catalyst
deactivation [6—10]. It was found that the replacement
of the oxygen bridge between the Ru nuclei in the
complex (Ru—O 1.86 A) by the nitrogen bridge (Ru—
N 1.72 A), as well as the use in the synthesis of inor-
ganic ligands and various countercations (Li*, K%,
Rb*, Cs*), whose substitution can change the stoi-
chiometric composition of the complex, has a decisive
effect on the stability and activity of water oxidation
catalysts [11—15].

This paper presents the results of a study of the
photocatalytic oxidation of water with potassium per-
sulfate in the presence of the photosensitizer
bpy;RuCl,-6H,0 and the binuclear ruthenium nitride
complex with lithium countercations Li;[Ru,(u-
N)Clg2H,0] (1).

EXPERIMENTAL

All operations for the synthesis of the Lis;|Ru,(u-
N)CI5-2H,0] complex were carried out in air. The
chemicals used in this work were commercial materi-
als (Fluka). The synthesis of the complex and its X-ray
analysis are described in [15]. IR spectra were
recorded on a Bruker INVENIO R Fourier-transform
IR spectrometer (Germany) in the range of 6000—
80 cm™!; a sample for analysis was prepared in the
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Fig. 1. Kinetics of photocatalytic formation of O, at differ-
ent Liz[Ru,NClg-2H,0] concentrations of (1) 3 % 107>,
(2)6 x 1073, (3)and 1 X 107 mol/L. Conditions: DRSh-
1000 lamp, interference filter A = 450 nm, dieucior =
37cm, V=25 mL, 3 M HCI, [bpy;RuCl,] = 1.0 x

1073 mol/L, [K,S,04] = 8 5 x 1072 mol/L.

form of a KBr disk. The composition and structure of
the in situ formed tetranuclear catalyst for water pho-
tooxidation were determined using electrospray ion-
ization (ESI) mass spectrometry. Its mass spectrum
was obtained on a Shimadzu LCM-2020 liquid chro-
matograph—mass spectrometer (Japan).

Oxygen formation rate curves were measured using
a glass vacuum unit. A DRSh-1000 ultrahigh-pressure
mercury lamp was used as a light source. The desired
wavelength was selected using an interference filter
with A = 450 nm. The light intensity (/,) was deter-
mined with a ferrioxalate actinometer under the same
conditions as those for the photolysis of the test sam-
ples (1, (450 nm) = 1.9 x 1077 einstein/s) [16]. The
oxygen quantum yield (®) was determined according
to the relation @ = W/I,, where W, is the initial rate
of oxygen formation. Before irradiation, solutions of
bpy;RuCl,, K,S,05, and complex 1 were loaded into a
fused-quartz reactor protected from light with alumi-
num foil, quickly purged with high-purity nitrogen,
and degassed in a vacuum. After each irradiation, the
amount of O, formed was determined using a cali-
brated manometer. Gaseous products of the reaction
were collected in a mass spectrometric ampoule and
analyzed on a MI-1201 mass spectrometer (Selmi,
Russia).

RESULTS AND DISCUSSION

In dilute aqueous solutions, C1™ ions in complex 1
are partially replaced by H,O and OH groups, but the
HIGH ENERGY CHEMISTRY Vol. 56
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Fig. 2. Dependence of the initial rate of O, formation (w)
on the Li;|Ru,NClg-2H,0] concentration.

Ru—N-—Ru moiety is retained, as indicated by the fre-
quency of its stretching vibrations v® = 1075 cm™! in
the IR spectrum. Complex 1 is stable in acidic solu-
tions. The catalytic oxidation of water by cerium
ammonium nitrate (NH,),Ce(NO;)q in the presence
of 1 occurs via the four-electron mechanism accord-
ing to reaction (I) [15]:

4Ce" +2H,0 = 4Ce" + 0, +4H". (1)

The O, formation kinetics was studied as a function
of the concentration of complex 1, the oxidizing agent
K,S,04, and the photosensitizer bpy;RuCl,-6H,0.
Figure 1 shows the rate curves of O, formation at dif-
ferent concentrations of complex 1. They have the
usual form with a maximum rate at the beginning,
which decreases with time. This is obviously due to the
consumption of the “sacrificial” electron scavenger
S,0;".

The plot of the initial rate of the process w, versus
the concentration of complex 1 is an S-shaped curve,
which is well described by the parabolic law at low
concentrations (from 1.1 x 107 to 107* mol/L)
(Fig. 2). This indicates that the catalytically active
species is formed from two binuclear nitride com-
plexes 1 and is a tetranuclear ruthenium cluster. The
composition of the tetranuclear complex of ruthenium
was determined by ESI mass spectrometry. In the
mass spectrum shown in Fig. 3 for the products of the
photocatalytic oxidation of water, the isotopic distri-
bution has the highest peak at m/z 512.28, which cor-
responds to the tetraruthenium dinitride cation in
agreement with the calculated value (m/z 512.30).
The efficiency of the photocatalytic system as a func-
tion of the concentration of complex 1 is shown in
Fig. 4, from which it can be seen that the maximum
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Fig. 3. ESI mass spectrum of the catalyst for the reaction
of water oxidation in a mixture of CH3CN : H,0 :
HCOOH =29:70: 1, (I—experiment; 2—calculation).

catalyst turnover number (TON) is 360 at [1] = 1.1 X
107> mol/L (Fig. 4a) and the quantum yield (®) of O,
is 0.51 at [1] = 1.1 x 10~* mol/L (Fig. 4b).

The initial rate of O, formation with an increase in
the concentration of the “sacrificial” oxidant K,S,Oq
has the form of an S-shaped curve as well, which also
indicates the consumption of two scavengers in the
course of the reaction. After passing through the
inflection point of the curve (5 X 1072 mol/L), the rate
sharply decreases and goes to an almost constant
value. Table 1 shows the oxygen yield (Q) for 2 h of
reaction, the catalyst turnover number (TON), and
the O, quantum yield (®) depending on the K,S,Oq
concentration. The dependence of the initial rate of
H,0 photooxidation on the concentration of the pho-
tosensitizer is shown in Fig. 5. It is a nonmonotonic
curve with a maximum at [bpy;RuCl,-6H,0] = 2 %
1073 mol/L. In this case, the concentration self-
quenching of the photosensitizer is explained by the
transfer of excitation energy not to the monomeric

Table 1. Dependence of the O, yield (Qy, ), catalyst turn-
over number (TON) for 2 h, and the quantum yield
(®o,)on the K,S,05 concentration

[K,S,05] X 10 2mol/L | Qp, TON | @,
2.5 0.36 45 0.17

5.0 0.31 77 0.34

10.0 0.17 87 0.64

TON = O, yield for 2 h/ [1]; Oy, = O, yield for 2 h/K,S,05/2;
CI)OZ = Wo/]().
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Fig. 4. Dependence of (a) the catalyst turnover number
(TON) and (b) the quantum yield of O, (®) on the
Li;[Ru,NClg-2H,0] concentration.
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but the nonfluorescent dimer

(bpy3RuC1§+)2 , which dissipates the excitation energy
into heat [17].

Photogeneration of one-electron oxidants can be
represented by reactions (2)—(4):

molecule to

bpy;RuCI>" + hv — bpy;RuCL>*", )
bpy;RuCE*™ +8,02 3

= bpy;RuCL" + SO, + SO,
bpy;RuCL’ +SO;" = bpy;RuC’ +SO;".  (4)

Thus, upon absorption of a quantum of light, two
bpy3RuC1§+ molecules are oxidized into two mole-

cules of bpy3RuCl;+, and the persulfate anion

HIGH ENERGY CHEMISTRY Vol. 56 No.1 2022
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Fig. 5. Change in the initial rate of the process (wg) with
the photosensitizer (bpyzRuCl,) concentration at
[Li5;[Ru,NClg-2H,0]] =1 X 10~* mol/L and [K,S,04] =
5% 1072 mol/L.

is reduced into two sulfate anions according to reac-
tion (5):

2bpy;RuCL™ +5,02 = 2bpy;RuCL’ +2S02". (5)

Table 2 shows the activity of the catalytic system
depending on the photosensitizer concentration.

To summarize, in the photocatalytic oxidation of
water with potassium persulfate, the catalyst is the
tetranuclear dinitride complex of ruthenium, which is
formed as a result of dimerization of two initial binu-
clear complexes 1. The efficiency of the catalytic sys-
tem (TON = 360 and ® = 0.51) is higher than that of
its oxygen analogue Liy[Ru,OCl,,-:2H,0] (TON = 250
and @ =0.2).
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