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Two hybrids, [Ru(bpy)2(CH3CN)212[W1003,]-2CH3CN (RuW-1) and [Ru(bpy)sl2[W10032] (RUW-2) (bpy = 2,2'-
bipyridine), were synthesized by the reaction of (2,2'-dipyridyl)ruthenium complexes and decatungstate,
under hydrothermal conditions, and characterized by IR, UV, fluorescence and transient absorption
spectroscopy. The influences of the coordination environment of the centre ion, Ru(i), are compared
and discussed in detail on the basis of analyzing their photophysical and photochemical properties.
Kinetics experiments for the photodegradation of Rhodamine B (RhB) dye were followed with
spectrophotometric analysis showing an absorbance decrease at 544 nm resulting from the cleavage of
the aromatic ring of RhB. UV spectroscopy indicated that the degradation proceeds with a pseudo-first-
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Introduction

With the development of industries such as petrochemical
engineering, plastics, coking, printing, pesticide, dyeing and so
on, the contamination of water caused by refractory organic
pollutants has raised serious environmental problems.* Organic
dyes are a typical class of pollutant with common characteristics
such as toxicity, complicated composition and high chemical
oxygen consumption. Consequently, the field of wastewater
treatment is attracting much more attention from experts
around the world and becoming an appealing challenge.
Photocatalytic technology has been considered an efficient,
nontoxic and environment friendly method for decomposing
organic dyes in wastewater.” Decatungstate (W;,03,"") is an
attractive candidate for photocatalysis in the polyoxometalate
(POM) family, for which it can easily absorb the photon energy
products to furnish an excited state.®* Due to the strong oxidising
properties of the charge transfer excited state, the excited
intermediate can not only directly oxidize the target pollutant,
but also react with water, oxygen or other electron donors to
generate an ‘OH and "O, ™ radical, and then induce the oxidation
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effective activity and reusability for the photodegradation of RhB.

process of the reactant molecules.* Recently, W,003," " has been
applied as an effective green homogeneous catalyst for the
photochemical degradation of pollutants undergoing minerali-
zation upon photolysis with near visible and UV light.> However,
at present, the technical challenges remain for the practical
application, including less photocatalytic activity, low efficiency
in solar energy utilization, difficulty with reusability and recy-
clability, and so on.¥® In addition to these, the mechanism of
photooxidation is still in an immature stage due to lack of
identification of the active intermediate.

Desired heterogeneous catalysts for the photodegradation of
a dye require multi-functional systems that combine light
absorption, charge separation, and catalytic conversion. One
promising approach is the combination of a photosensitizer
and POM anions in one molecule to develop donor-acceptor
dyad systems, in which the charge-separation state has a long
lifetime and does not lose energy by sequential electron trans-
fer. Generally, light-driven POM catalysts can be put into two
categories of structure: non-covalent systems, typically
combining a cationic photosensitizer with the POM anion,” and
covalent systems, typically covalently linking the photosensi-
tizer and POM anion.”*

Bipyridineruthenium complexes are excellent photosensi-
tizers from the viewpoint of the luminance and electrochem-
istry properties, which have been extensively investigated for
applications in inorganic and materials chemistry. The hybrids
assembled from bipyridineruthenium complexes and POM
anions via electrostatic interactions have been well developed.
Although this approach is highly popular, it can be hampered
by uncontrolled electrostatic aggregation, leading to colloid

This journal is © The Royal Society of Chemistry 2017
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formation and precipitation. As far as we know, there are only
four reports on the structurally-characterized hybrid
compounds [Ru(2,2"-bpy);]s[W1003,]-3DMSO,® KNa[Ru(2,2'-
bpy)s|o[HaW15040]- 8H,0,%  Ke[Ru(pzc)s]o[SiW1,040] 12H,0,*
and [Ru(bpy);][KPW;,040]-"*

Herein we report two hybrids [Ru(bpy),(CH3CN),],[W10035]
2CH;3CN (Ruw-1) and [Ru(bpy);]o[W10032] (RuW-2), which are
assembled via electrostatic interactions. In this work, particular
attention is devoted to a comparison of their photophysical and
electron-transfer properties, which may be influenced by the
coordination environment of the centre ion, Ru(u). In the
hybrids, the bipyridineruthenium complexes are expected to
transfer electrons to Wy,05,"" through electrostatic interac-
tions, thus they can be used as photocatalysts under visible light
irradiation.

Experimental
Materials and methods

All chemicals were of reagent grade quality, obtained from
commercial sources, and used without further purification.
[Ru(bpy),]Cl,-6H,0," [Ru(bpy);]L, (ref. 13) and (NBu,)sW1003,
(ref. 14) were prepared by the literature procedures.

The elemental analyses (EA) of C, H and N were performed
on a Vario EL III elemental analyzer. The inductively coupled
plasma (ICP) spectroscopic analyses of Ru and W were per-
formed on a Jarrel-Ash Model J-A1100 spectrometer. The
infrared spectra (IR) were recorded from a sample powder
palletized with KBr on a Nicolet170 SXFT-IR spectrometer over
a range of 4000-400 cm . The UV-Vis absorption spectra were
collected on a Hitachi Model U-4100, a UV-Vis spectrometer
from 200 to 900 nm with a 60 mm-diameter integrating sphere
at room temperature.The fluorescence spectra were recorded on
an Edinburgh Model FS920 luminescence spectrometer. The
nanosecond time-resolved transient difference absorption
spectra were recorded on a LP 920 laser flashphotolysis spec-
trometer (Edinburgh Instruments, Livingston, UK). The sample
solutions were purged with N, for 15 min before measurement.
The samples were excited with a 350 nanosecond pulsed laser,
and the transient signals were recorded on a Tektronix TDS
3012B oscilloscope.

Synthesis

RuW-1. [Ru(bpy),]Cl,-6H,0 (12.0 mg) dissolved in 3 mL of
DMF was added dropwise to a 7 mL acetonitrile solution of
37.5 mg of (NBu,),W;,03,. The resulting mixture was stirred for
1 hour at room temperature, and then sealed in a 25 mL Teflon-
lined autoclave and maintained at 130 °C for 3 days. After
cooling the autoclave to room temperature, dark-red cubic
single crystals were separated, washed with water, and air-dried.
Yield: 70%, EA and ICP analysis calcd for C5;H5oN1403,RU; Wt
C,18.24; H, 1.47; N, 5.73; Ru, 5.90; W, 53.70. Found: C, 18.28; H,
1.45; N, 5.78; Ru, 5.93; W, 53.66.

RuW-2. [Ru(bpy);]L, (16.5 mg) dissolved in 2 mL of DMF was
added dropwise to a 3 mL acetonitrile solution of 30 mg of
(NBuy4)4W1¢03,. The resulting mixture was stirred for 2 hours at
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room temperature, then sealed in a 25 mL Teflon-lined auto-
clave and maintained at 130 °C for 3 days. After cooling the
autoclave to room temperature, reddish-yellow cubic single
crystals were separated, washed with water, and air-dried.
Elemental analysis caled for CgoHy303,N1,RU,Wi0: C, 20.65;
H, 1.39; N, 4.82; Ru, 5.79; W, 52.68. Found: C, 20.67; H, 1.36; N,
4.86; Ru, 5.62; W, 52.64.

Crystallography

The data for the hybrid RuW-1 were collected on a Bruker
SMART APEX CCD diffractometer with  graphite-
monochromated Mo-Ka. (A = 0.71073 A) using the SMART and
SAINT programs.'*® A routine Lorentz polarization and multi-
scan absorption correction were applied to the intensity data.
The structure was determined and the heavy atoms were found
by direct methods using the SHELXTL-97 program package.”
The remaining atoms were found from successive full-matrix
least-squares refinements on the F> and Fourier syntheses. All
non-hydrogen atoms were refined anisotropically. The
hydrogen atoms within the ligand backbones were fixed
geometrically at their positions and allowed to ride on the
parent atoms. The crystal data, experimental details, and
refinement results are listed in Table 1.

Catalysis

The photocatalytic activities of the catalysts RuW-1 and RuWw-2
were tested using RhB as the target though the following

Table 1 Crystallographic data and structural refinements for Ruw-1

Ruw-1
Empirical formula Cs5,Hs50N14,03,Ru,Wy
CCDC 1530386
Formula weight (g mol™") 3423.7
T (K) 273 (2)
Crystal system Triclinic
Space group P1
a(A) 10.689 (2)
b (A) 13.960 (2)
c(A) 14.063 (2)
a (deg) 70.1 (1)
B (deg) 70.63 (1)
v (deg) 89.66 (1)
V(A% 1848.6 (5)
zZ 1
D (g em™?) 3.07527
w (mm™* 15.971
-12=h=12
Limiting indices -16 =k=16
-16=[=16
Rine 0.0373
Restrains/parameters 2/484
6 Range (°) 1.64-25.00
Goodness-of-fit on F* 1.001

Ry, WR,, [I > 20(I)]
R,%, WR,"[all data]

“Ry = Zl |F0| N |Fc| |/Z|F0|' b WR, = [ZW(FOZ - FCZ)Z/ZW(FOZ)Z]I/Z; w=
1/[o*(F,7) + (xP)* + yP|, P = (F,” + 2F.)/3, where x = 0.0457, y = 0 for
RuW-1.

0.0330, 0.0796
0.0474, 0.0851
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Fig. 1 (a) Unit cell structure of RuW-1. (b) -1t interactions of the bpy
ligands with the adjacent molecules. The free CH3sCN molecules are
located in the channels.
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approach. 5 mL of RhB solution (2 x 10 > mol L%, 9.6 mg L")
was added into a quartz test tube. Then, 10 mg of catalyst RuW-
1 was suspended in the RhB solution, and the suspension was
ultrasonically dispersed for 5 min. The RhB solution was then
irradiated under a CHF-XM35-500W xenon lamp with intense
stirring. The temperature was kept at 20 °C by the circulation of
cool water. The degradation of RhB was followed by monitoring
the decrease in the absorbance at 544 nm due to the cleavage of
the aromatic ring of the RhB dye. The reaction mixture was
withdrawn at regular intervals to study the progress of the
reaction. In a typical operation, 30 pL of solution was taken out
with the help of a micro syringe and then injected into 3 mL of
water solution. The concentration of RhB is calculated by
a calibration curve. The degradation efficiency (%) can be
calculated as efficiency% = C, — C/C, x 100%, where C, is the
initial concentration of RhB and C; is the terminal concentra-
tion after given time intervals.

Results and discussion

Structural description

The structure of [Ru(bpy);].[W10032]-3DMSO has been reported
previously, in which bipyridineruthenium complexes and dec-
atungstate were combined by electrostatic attraction and
C-H---O hydrogen bonds to produce a cation radical salt.®
Herein, we mainly describe the structure of the hybrid Ruw-
1. The hybrid RuW-1 crystallizes in a space group P1. As shown
in Fig. 1a, the RuW-1 consists of one [W;,03,]'" anion, two
[Ru(bpy),(CH;CN),]*" cations and two free CH;CN molecules. In
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(@) PXRD pattern of RuW-1 and RuW-2, its calculated pattern is based on the single-crystal solution. It is shown that the seven intense

peaks ranging from 5 to 11°, (010), (001), (011), (100), (101), (110) and (111) of RuW-1, were nearly identical. (b) IR spectra of RuW-1 and RuW-2. (c)
UV-Vis absorption spectra of K4W300s; (curve a), RuW-1 (curve b) and RuW-2 (curve c). (d) UV-Vis absorption spectra of precursor Ru(bpy),Cl,

(curve d) and Ru(bpy)sl, (curve e).
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curve of RuW-1. (d) The luminescence decay curve of RuW-2.

the decatungstate anion, the two W50O;g units are bonded
mirror-symmetrically through four corner-sharing oxygen
atoms with the formation of an empty octahedral space. In the
W50, unit, the five distorted WOg octahedra are bonded via
common edges with one oxygen atom common to each of them.
In the [Ru(bpy),(CH;CN),]** fragment, the crystallographically
independent Ru(n) ion adopts a distorted octahedral geometry
and coordinates to the four N atoms from the two 2,2'-bipyr-
idine ligands and the two N atoms from the two acetonitrile
groups with Ru-N distances of 2.04(1)-2.062(1) A. It is particu-
larly worth mentioning that the stronger field (relative to bpy)
C=N ligands are introduced into RuW-1, which will influence
the electron configuration of the centre ion, Ru(u), and cause
further differences in the photophysical and photochemical
properties between RuW-1 and RuW-2.

As shown in Fig. 1b, these molecules are close-packed in the
solid-state via the offset w—m interactions between the neigh-
boring benzene of the bpy ligands with the shortest inter-ring
separation of benzene of 3.45 A leading to a 3D supramolec-
ular network, which plays a crucial role in stabilizing the solid
state structure.

Characterizations

Powder XRD. The powder XRD patterns for RuW-1 are pre-
sented in Fig. 2a. The very good correspondence between the
simulated and experimental patterns suggests the high purity of
the bulk sample. This conclusion is in agreement with the
results of the single-crystal X-ray analysis. Compared to Ruw-1,
the powder XRD pattern for RuW-2 is simpler because of its
single coordination environment.

This journal is © The Royal Society of Chemistry 2017
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(a) The excitation and emission spectrum of RUW-1. (b) The excitation and emission spectrum of RuUW-2. (c) The luminescence decay

IR spectra. The IR spectra of RuW-1 and RuW-2 were recor-
ded between 400 and 4000 cm ' with KBr pellets (Fig. 2b). RuW-
2 shows a strong band around 3500 to 3440 cm™ ' due to the
presence of hydrogen bonding association. The vibrational
bands at 729, 762, 1100 and 1647 cm ™" are characteristic of Ru-
bpy.*® The vibrational bands around 800 to 1000 cm ' are
characteristic absorption bands of W,;,0;,"", which were
assigned as W=0, (958 cm "), W-0,-W (890 cm ') and W-O~
W (803 cm™').*” The vibrational peak of RuW-1 is similar to
RuW-2 except for the weak peaks around 2250 cm ™ * and 2921
cm ', which were assigned to the stretching of C=N, and the
stretching vibration of -CHj, respectively.*

UV-Vis spectra. The absorption spectra of RuW-1, RuwW-2,
K,W;003,, Ru(bpy),Cl, and Ru(bpy)sl, are depicted in Fig. 2c
and d. The UV-Vis spectrum of RuW-1 (Fig. 2¢, curve b) shows
two bands with maximum absorption wavelength values at
276 nm and 353 nm, while the UV-Vis spectrum of RuW-2 shows
two bands with maximum absorption wavelength values at
288 nm and 450 nm (Fig. 2¢, curve c). The absorption at 450 nm
of RuW-2 is assigned to the MLCT processes from the Ru dm
orbitals to the lowest 7w* orbital,> and the strong absorption
band at 288 nm is assigned to the -m* transition of the bpy
ligand.”” For RuW-1, because the bpy ligand is replaced by the
strong field ligand C=NCH3;, the absorption band of 353 nm
shows a blue shift from 382 nm. Compared with the precursor,
for K,W1,03, (Fig. 2¢, curve a), Ru(bpy),Cl, (Fig. 2d, curve d) and
Ru(bpy)sL, (Fig. 2d, curve e), the bands at 288 nm for RuW-1 and
RuW-2 were obviously broadened due to overlapping with the
band of the bridging oxygen-to-tungsten charge transfer, which
also is the characteristic absorbing peak of K,;W;403,.>* The UV-
Vis spectra show that the combination of the photosensitizer,

RSC Adv., 2017, 7, 18024-18031 | 18027
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Fig. 4 (a) Nanosecond time-resolved transient difference absorption
spectra of RUW-1in CH3zCN at room temperature, with data recorded
at delays: A-4000 ns; B-4450 ns; C-4675 ns; D-4900 ns; E-5125 ns
following excitation by a 350 nm laser pulse. (b) Nanosecond time-
resolved transient difference absorption spectra of RuW-2 at room
temperature, with data recorded at delays: A-1960 ns, B-2133 ns, C-
2306 ns, D-2480 ns, E-2566 ns, F-2783 ns following excitation by
a 350 nm laser pulse.

Ru(bpy);>*, and K4W,003, can broaden absorption in the visible
region, which will be beneficial to enhance the utilization of
sunlight and improve the activity of the photocatalyst,
K;W;003,.>*

Fluorescence spectra. The excitation and emission spectra of
solid RuW-1 and RuW-2 are shown in Fig. 3a and b. Ruw-2
possesses well-characterized luminescence behavior with a Apax
centred at 630 nm, which can be attributed to the emission from
the triplet MLCT excited state (*MLCT) to the ground state.?
This emission shows a slight red-shift relative to the emission
(Aem = 590 nm) spectrum of the complex [Ru(bpy);]**, which
indicates that the strong interactions between POM and
[Ru(bpy)s]** could destabilize the ground state of [Ru(bpy);]**.
Whereas the excitation A, for RuW-1 is centred about 350 nm
with an emission centred at 420 nm. The possible reason for
this is that C=NCHj; is an unconjugated ligand, which affects
its fluorescence emission ability.

The lifetime curve of RuW-1 can be well fitted to a double
exponential function I = A; exp(—t/t1) + A, exp(—t/1,) (where I
represents the luminescent intensity, ¢ is the time, 7, and 7, are
the fast and slow components of the luminescence lifetimes,
and A; and A, are the pre-exponential factors) affording the
luminescence lifetimes 7, and t, as 0.89 us (37.0%) and 8.06 s
(63.0%), and an agreement factor (x*) of 1.265 (Fig. 3c). The

18028 | RSC Adv., 2017, 7, 18024-18031
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luminescence lifetime can be calculated by the following
equations:

_ > a1
Z 04Ty

Ti

The luminescence of RuW-1 has a lifetime around 7.50 us at
room temperature, which is in agreement with the value 7.80 ps
of the precursor Ru(bpy),Cl,, where 7, = 0.88 ps (29.4%) and
7, = 8.11 ps (70.6%). The luminescence decay curve of RuW-2 is
also carried out, which can be fitted to a triple exponential
function I = A; exp(—t/t4) + A, exp(—t/1,) + Az exp(—t/t3). The
fitted luminescence lifetimes t4, 15, and 73 are 1.35 us (15.9%),
3.75 ps (17.5%) and 10.83 us (66.6%), respectively, and the
agreement factor (x?) is 1.235 (Fig. 3d). The luminescence has
alifetime of around 10.02 ps at room temperature. Compared to
the lifetime of 6.22 ps of the precursor Ru(bpy)sl,, where 1, =
0.89 ps (62.6%) and 1, = 7.31 ps (37.4%), the lifetime of Ruw-2
is longer.

Nanosecond time-resolved transient difference absorption
spectra

The charge-separated state can be detected using a transient
absorption spectrum, 20 ns after excitation of a deoxygenated
solution of photochromic compounds in CH;CN alone, with
a nanosecond laser pulse (Fig. 4a and b). Because the maximum
ultraviolet absorption of W;003,*~ is 325 nm, we selected an
excitation wavelength of 350 nm to stimulate the bipyridine-
Ru(n) and guarantee W;(03,* was free from stimulation. For
RuW-2, the difference spectra associated with the species
consist of three contributions: the negative bands at 445 nm
were assigned as Ru®" ground state bleaching signals, which
indicates the formation of Ru(bpy);**.> The other negative
bands at 638 nm were assigned as stimulated emission signals,
which are well consistent with the fluorescence spectrum of
RuW-2.>® The positive bands at 360 nm are very similar to the
ground-state absorption of reduced bipyridine, and therefore
are assigned to transitions of a reduced bipyridine.***” The
bands at 320 nm were assigned to the ground state of
W,003," .2 The absorbance at 750 nm may be associated with
the formation of the heteropoly blue W,;,05,°  anion. The
follow-up spectral changes were characteristic of the formation
of a charge-separated state Ru(bpy);**-W,,05,°", indicating
a photoinduced intramolecular electron-transfer from the
excited state of the *Ru(bpy);>" moiety to the W;,03,* " moiety.
In comparison, RuW-1 also has excited state transitions around
320 and 750 nm with roughly the same shape, but the bands
were assigned to transitions of decatungstate.”® The 530 nm
band is associated with the depletion of the Ru(dmw)-bpy(m*)
MLCT and the formation of bpy'~ radical states after charge
transfer.*

Photocatalytic activity

Because of the strong absorption in the visible-light region and
excellent stability under various pH conditions, RhB was chosen
as the primary model dye pollutant to examine the

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Degradation of RhB in the different reaction systems: (a) blank under UV/visible light; (b) with K4W1003, under UV/visible light; (c) with
RuW-1 under UV/visible light; (d) with RuW-2 under UV/visible light; (e) with RuW-2 in darkness; (f) with RuW-2 under visible light; (g) kinetics
equation of RhB degradation by different photocatalyst under UV/visible light; (h) kinetics equation of RhB degradation by RuW-2 irradiated by

different light.

Table 2 Photocatalytic degradation rate and reaction order of RhB in
different conditions

Irradiation

Catalysts effect Reaction order k(min™")
Blank UV/vis 1 0.61 x 10
K4W1003, UV/vis 0 (Co — CYIt
Ruw-1 UV/vis 1 4.36 x 10°
RUw-2 UV/vis 1 11.25 x 1073
Ruw-2 Vis 1 8.27 x 10
Ruw-2 Darkness 1 0.91 x 10

photodegradation behaviors of the hybrid Ruw-1 and Ruw-2
under visible light and UV/visible light. The degradation reac-
tions were carried out after the establishment of the adsorption/
desorption equilibrium by magnetic stirring for 30 min in the
dark. Under UV/visible light irradiation, the blank experiment
showed only weak degradation of RhB after 12 h (Fig. 5a). When
in the presence of K,W;,03, as the homogenous catalyst, the
degradation efficiency of RhB increased and reached 96.7%
after 12 h under UV/visible light (Fig. 5b). It is worth mentioning
that when in the presence of RuW-1 (Fig. 5¢) and Ruw-2
(Fig. 5d), the degradation efficiency was improved significantly.

This journal is © The Royal Society of Chemistry 2017

The degradation efficiencies were 91.9% after 10 h and 98.2%
after 6 h for Ruw-1 and RuW-2, respectively. In the dark, the
RuW-2 showed low photocatalytic activity toward RhB (Fig. 5e).
However, the visible light irradiation could also lead to rapid
degradation of the dye in the presence of RuW-2, which is
comparable with the UV/visible light irradiation (Fig. 5f).

The kinetics of RhB photodegradation by the Ruw-1 and
RuW-2 can be described via the first-order equation (Fig. 5¢ and
h). Fig. 5¢ shows the linear relationship of In(Cy/C;) versus the
irradiation time for RhB under UV/visible light by different
catalysts. All the reaction rate constants are recorded in Table 2.
The kinetics constants (k;) of RuW-1 and RuW-2 under the UV/
visible light are 4.4 x 107> min~' and 11.3 x 107% min™ ",
respectively. The reaction rate constant of the blank experiment
is 0.6 x 10~ min~". The experimental result of RhB photo-
degradation by K,W,,03, shows that the relationship between
the RhB concentration and irradiation time is linear, and the
reaction order is zero, which may be ascribed to the homoge-
neous catalytic system. In addition, the kinetics equations of
the Rhb photocatalytic degradation by RuW-2 under different
light are displayed in Fig. 5h. From the slope of the linear
relationship, the reaction rate constants are 8.3 x 10> min ™"
under visible light and 0.9 x 10™® min~" under darkness. The
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results indicate that not only does the light irradiation play
a key role in the degradation, but also polypyridyl-ruthenium as
a sensitizer plays an important role in enhancing the photo-
catalytic activity of K;W;,03, in the visible region. Additionally,
the crystals of RuW-1 and RuW-2 were easily isolated from the
reaction suspension by filtration alone and reused three times,
displaying only a slight decrease in the activity. These results
suggest that they are potential heterogenous photocatalysts for
reduction of some other organic dyes.

Conclusions

In summary, two water-insoluble hybrid photocatalysts, RuW-1
and RuW-2, have been synthesized using decatungstate as an
electron acceptor unit and polypyridyl ruthenium coordination
compounds as the sensitizers. The photocatalysts exhibit good
UV/visible light photocatalytic activities for dye degradation and
can be recovered and recycled by a simple procedure. In addi-
tion, [Ru(bpy)s]”" and its derivatives show great potential
applications in the fields of photocatalysis and photoinduced
water splitting due to their interesting photochemical proper-
ties. In the future, we expect to synthesize new solid materials
with enhanced photochemical properties, in which the Ru
complexes are linked to the POM groups through coordination
bonds.
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