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ABSTRACT
A new convenient method for the synthesis of hydrated tris (2, 2'-bipyridine) dichloride ruthenium (1)
complex has been developed. We introduced the chlorosulfonic acid as a chlorinating reagent during our
synthetic process which replace the hexafluorophosphate radical of the [Ru (bpy) 3] (PF6). complex with
chloride, form hydrated Tris [Ru (bpy) 5] (Cl)2 complex. The corresponding complex is characterized with
UV-Visible, IR, CV, 1 H and C 13 NMR spectroscopic technique. The synthesized hydrated ruthenium
complex was then checked as an electrocatalyst for the reduction of carbon dioxide in a designed
electrolytic cell. The carbon dioxide gas in the aqueous solution of Tris (2, 2'-bipyridine) ruthenium (I1)

dichloride catalyst, at the potential of 1.5 V reduced to methane gas, examined with FTIR spectrometer.

Keywords: Chlorosulfonic acid, 2,2-bipyridine, Spectroscopic study, Cyclic voltammetry,
Electrocatalytic reduction.

INTRODUCTION
Tris (2, 2'-bipyridine) ruthenium (1I) complex has been extensively studied and widely used in
photocatalysis, electrocatalysis and photoelectrochemical cells [1]. In particular, their ability to function
as tuneable pigments in dye-sensitized solar cells (DSSC) has attracted considerable attention [2].
Moreover, the unique combination of chemical stability and redox property of the tris (2, 2'-bipyridine)

ruthenium complex plays an important role of a photocatalyst for the reduction of carbon dioxide in
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aqueous solution forming hydrogen gas, carbon monoxide and formic acid [3-4]. Previously many
methods were used for the synthesis of tris (2, 2'-bipridine) ruthenium (11) dichloride complex, which
have tedious long procedures [5-6]. In this paper we report a new convenient method for the synthesis of
tris (2, 2'-bipyridine) ruthenium (I1).Xz; complexes (X=PF¢ CI) with good vyields, and also the
electrocatalytic use of tris (2, 2'-bipyridine) ruthenium (11) dichloride complex for the reduction of carbon
dioxide. The ruthenium complex and its catalytic results were then fully characterized with spectroscopic
techniques. The UV-Visible study for our complex tris (2, 2'-bipyridine) ruthenium (1) dichloride showed
the UV-Visible absorption at 455 nm in water. The reported data showed that the absorption maxima
changed for the ruthenium complex when solubilized in different solvents and if bonded with other
substances [7-8]. The ruthenium complex structure confirmed from the 1 H, C 13 NMR and IR
spectrums. The electrochemical study of tris (2, 2'-bipyridine) ruthenium (II) dichloride show one-
electron redox process Ru (I1)/ Ru (IlI), also reported elsewhere [9-10].We further investigate the
electrocatalytic activity of the tris (2, 2'-bipyridine) ruthenium (Il) dichloride complex for the carbon
dioxide reduction in aqueous solution at pH 8. The electrolytic cell used during the carbon dioxide
reduction process designed such likes; its cathode was made from the steel wire gauze, which acts as a
multi cathode system providing large surface area for the reduction of carbon dioxide. The potential of 1.5
V was given to the electrolytic cell during the carbon dioxide reduction process for 1 h period of time.
The carbon dioxide reduction results were then examined with FTIR spectrometer showed that the tris (2,
2'-bipyridine) ruthenium (I1) dichloride complex act as an electrocatalyst reduced the carbon dioxide to
methane gas.
RESULT & DISCUSSION

The infrared spectra observed with (Varian 640-IR) FTIR Spectrometer in the range of 400- 4000 nm.
The IR spectrum of ruthenium bipyridine complex was measured on the ATR Zn-Se alloy plate, using the
scanning method. The gases formed during the catalytic reduction of carbon dioxide, their IR spectrum
were observed within IR gas cell (pike technology) having dimensions 100 mm long and 25 mm in a
diameter, using the KBr window. The 1 H and C 13 NMR spectrums were measured with Varian 500
MHz NMR spectrometer using the deuterated dimethyl sulfoxide solvent (Me;SO-ds). The UV-Visible
spectra of the ruthenium complex was measured in distill water (solvent) using the Optizen 3220 UV-
Visible spectrometer. The electrochemical measurements done with the help of electrochemical analyzer
(Model 100 B, USA) and a three electrodes cell stand. The three electrodes were used, Ag/AgCl/3 M
NaCl electrode as a reference electrode, glassy carbon electrode as a working electrode and the platinum
electrode as an auxiliary electrode. Furthermore, the electrocatalytic reduction of carbon dioxide was

carried out in a 5-neck glass jar act as an electrolytic cell. The electrolytic cell was connected to a carbon

A.Khan et al, J. Ong. Chem. Res. , 2014, 1 (3), 83-97 Page 84



Journal of ongoing Chemical Research | 2014

dioxide gas cylinder, hydrogen gas source and with a programmable power supply (HM 7044), providing
voltage during the carbon dioxide reduction process.
MATERIALS

All chemicals were of regent-grade and used as received. The ruthenium trichloride trihydrate 99.98%,
Chlorosulfonic acid 99%, and NHiPFs 99.99%, were obtained from the Sigma-Aldrich. The 2, 2'-
bipyridine was purchased from the TCI Japan. The anhydrous solvents were used throughout the
synthesis.

EXPERIMENTAL SECTION
Synthesis of Ru (bipy) 3(PFe)2
The ‘Ruthenium-blue’ solution was prepared according to the described procedure [11]. The (0.5 g) of
hydrated ruthenium trichloride salt was dissolved in mixed solution of ethanol (15ml) and water (10ml),
and then refluxed under inert argon till to the formation of blue solution which takes approximately 4
hour. The (1.5 g) 2, 2'-bipyridine (bpy) in (10 ml) ethanol were then added to this ruthenium blue solution
and refluxed for another 30 minutes under argon forming dark red solution. The dark red solution was
then cooled up to room temperature and added to it under stirring (1.5 g) of NH4PFs in (10 ml) of distill
water, upon which it immediately formed the brown red precipitate of Ru (bpy) 3(PFs). complex. The
precipitate was separated through filtration and put in a freezer drier to evaporate the solvents.
Synthesis of [Ru (bipy) 5] (Cl) 2 .xH20
The (1 g) Ru (bpy) 3(PFs)2 complex was dissolved in (30 ml) of anhydrous chloroform, using (250 ml)
three necks round bottom flask. The reaction flask was connected to a reflux condenser and constant
dropping funnel. The anhydrous calcium chloride tubes were connected to the reflux condenser and
constant dropping funnel to keeps the reaction flask from the moisture. The reaction mixture heat at a 65
'C temperature for 15mintues under inert argon and then added to it slowly (3 ml) of pure Chlorosulfonic
acid through the constant dropping funnel. The reaction mixture was then refluxed for 1 h, forming a
creamy green precipitate. The creamy green precipitate was cooled and concentrated to 10ml using rotary
evaporator. The creamy green precipitate was then dissolved in (10 ml) of anhydrous ethanol forming
dark orange solution, if insoluble materials remained inside filtered it from the solution. The (15 ml) of
anhydrous diethyl ether was added to the dark orange solution, upon which it immediately formed the
red-orange microcrystals of [Ru (bpy) 3] (CI) 2 .xH2O complex. The crystals were separated upon filtration
and then washed two times with (5 ml) anhydrous diethyl ether. The ruthenium complex crystals were put
in a freezer drier over night to remove the solvents. The tris (2, 2'-bipyridine) ruthenium (I1) dichloride

complex was obtained with a good yield of 81%.
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UV-Visible spectra
The UV-visible spectra for the ruthenium complex was measured in distill water. The absorption spectra
of Ru [(bpy) 3] (CI) 2 .xH2O complex at different concentrations show the maximum absorption at 455 nm

as depicted in Figure 1.
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Figure 1: UV-Visible absorption spectrum of Ru [(bpy)s] (Cl). complex at different concentrations of
(1x10*, 1x10°%, and 10x10° M) in distilled water.
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IR Spectrum
The IR spectrum of Ru [(bpy) 5] (CI) 2.xH20 complex is shown in Figure 2.
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Figure 2: FTIR spectrum of Ru [(bpy)s] (Cl).complex detected on ATR (Zn-Se) plate, used the scanning
method within the range of 400-4000 cm™.

The IR spectrum showing ring frequencies of the bipyridine ring at a1602, 1463, 1443 and 1423 cm’

Y(assigned to vc=c and vc=n) [14] The spectrum shows two new bands at 1443 and 1310 cm®, this is

impossible to determine with certainty the origin of these bands, is evident that ruthenium metal cheated

with 2,2'-bipyridine ligand showing the ruthenium-nitrogen skeletal vibration, and such like peaks were

not observed in the free ligand spectrum [15]. The absorption band between 1216-1122 cm™* and 1000-

600 cm™ were assigned to hydrogen dependent absorptions and inplane hydrogen deformation modes

[16].

NMR Spectrum

The 1 H, 13 C NMR spectrums of the Ru [(bipy) 3] (CI) 2 .xH>O complex were recorded on 500 MHz
NMR Spectrometer. The deuterated 99.9% Me,;SO-ds was used as a NMR solvent containing
tetramethylsilane as a standard reference. All the NMR experiments were carried out under room

temperature (298 K).The 1 H spectrum of the ruthenium complex shown in Figure 3(a).
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Figure 3 (a): 1 H NMR spectrum of the Ru [(bpy) 3] (Cl) 2complex in the Me,SO-ds solvent at 298 K.

The peaks at 1.223 ppm and 3.674 ppm indicate diethyl ether and water solvents respectively. The 2, 2'-
bipyridine NMR spectrum shown in the expanded form having two doublets and two triplets peaks

illustrates downfield chemical shifts for the 2 and 3 bipyridine ring protons and upfield chemical shifts for
ring proton 4 and 5. The C 13 NMR spectrum depicted in the Figure 3(b),
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Figure 3 (b): C 13 NMR spectrum of the Ru [(bpy) 3] (ClI) 2complex in the Me,SO-ds solvent at 298K.

showing that the C3, C5 and C4 of 2,2'-bipyridine ligand in Ru [(bpy) 3] (CI)  complex shows downfield
chemical shift and the remaining two carbon of the 2,2'-bipyridine ligand C6 and C2 shows upfield
chemical shift. The change in the carbon chemical shift is due to the magnetic anisotropy of polarization
of the heterocyclic bipyridine rings, and also due to the ligand-metal chelation which changed the
electronic density within the 2, 2’-bipyridine ligands [17]. We compared the 1 H and C 13 chemical

shifts of our ruthenium complex with the 1 H and C 13 chemical shifts of free 2, 2'-bipyridine ligand,

illustrates in (Table 1) and (Table 2) respectively.
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Table: 1 1H NMR chemical shifts for the ruthenium complex recorded at a ppm scale.

[Ru(bpy)s]Cl2. xH20 2,2'-bipyridine

IH & (ppm) Assignment IH o (ppm) Assignment
7.5 (triplet) 3 7.4 3

7.7 (doublet) 5 7.9 5

8.1 (triplet) 4 8.5 4

8.8 (doublet) 2 8.7 2

*& = Chemical shift; ppm = parts per million

Table: 2 13 C NMR chemical shifts for the ruthenium complex recorded at a ppm scale.

[Ru(bpy)s]Cl2. xH20 2,2'-bipyridine

C13 6 (ppm) Assignment C13 6 (ppm) Assignment
123.8 3 120.7 3
127.3 5 124.1 5
142.7 4 137.2 4
147.3 2 149.3 2
148.6 6 155.6 6

The 2, 2'-bipyridine ligand shows great variation in chemical shifts after chelation with ruthenium metal
[17-18].

Cyclic Voltammetric Study

Cyclic voltammetric study of the Ru [(bpy) 3] (CI) 2 .xH20 complex was performed on three electrode
system. We used glassy carbon electrode as a working electrode, platinum electrode as a counter

electrode and Ag/AgCI as a reference electrode. The cyclic voltammetric study of the Ru [(bpy) 3] (Cl) 2
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complex shows one electron reversible cyclic voltammogram [19]. The cyclic voltammetric study of our
tris bipyridine ruthenium (I1) dichloride complex (1mmol), in 0.1M electrolytic KCI aqueous solution also
gives one electron reversible cyclic voltammogram, within potential sweeps from -1.5 to 2.0 V. The
cyclic voltammogram of the ruthenium complex was obtained at the scan rate of 50, 100 and 150 mVs™,

showing the ruthenium complex Ru (I1)/ Ru (I11) redox state is depicted in Figure 4.
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Figure 4: Cyclic voltammogram of Ru [(bpy) ] (Cl) 2complex at the scan rates of 50, 100 and 150 mVs™*
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in the aqueous 0.1 M KClI electrolytic solution.

Electrocatalytic Reduction of Carbon Dioxide

The Ru [(bpy) 3] (CI) 2complex was investigate as an electrocatalyst for the reduction of carbon dioxide in
aqueous media at a room temperature. The carbon dioxide reduction process was performed in a five neck
gas jar which acts as an electrolytic cell. The cathode of the electrolytic cell designed from the steel wire
gauze, which acts as a multi cathode system. The cathode fitted in the gas jar such like, that surrounded
the single stannous anode rod, which is embedded in the middle of the gas jar. The two electrodes were
then connected to a programmable power supply HM 7044 and adjusted its voltage to 1.5 V. The
electrolytic cell was sealed up from the atmosphere, and also vacuumed before starting the experiment is

depicted in Figure 5.
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Figure 5: Designed electrolytic cell for the catalytic reduction of carbon dioxide.

The electrolytic cell contained 100 ml of 1x10 M Ru [(bpy) 3] (Cl) 2 catalyst solution, made in the 0.1 M
NaHCO3 electrolytic aqueous solution. The carbon dioxide reduction process was carried under basic
condition, using the pH 8 [20]. The triethanolamine (TEA) were used as an electron donor source during
the carbon dioxide reduction. The catalytic solution was first saturated with carbon dioxide gas and then
passed from it hydrogen gas slowly throughout the reaction process by means of a long needle, embedded
in the electrolytic cell. The voltage of 1.5 V was given to the electrolytic cell for one hour period of time.
The electrodes were then disconnected from the voltage source after one hour, putting a long needle
syringe in the electrocatalytic cell to collect the gases formed during the carbon dioxide reduction process.
The gases were checked with IR, using the IR gas cell which is vacuumed before use. The IR spectrum

results shows that the carbon dioxide reduced to methane gas as depicted in Figure 6(a).
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Figure 6 (a): FTIR spectrum of methane gas formed from the electrocatalytic reduction of carbon dioxide
at 1.5V, checked within the IR- gas cell, used scan range 400-4000 cm™™,
We also compared our results with the IR spectrum of pure methane and carbon dioxide gases mixture as

depicted in Figure 6(b).
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Figure 6 (b): FTIR spectrum of pure methane and carbon dioxide gas mixture detected within the IR- gas
cell, used the scanning method within the range of 650-4000 cm™.
The gas IR spectrum of the carbon dioxide reduction process shows two new peaks. The first one board
peak shown with arrow in the range of 1400-1025cm* and second one board peak shown in the range of
3015-2920cm? respectively, indicating the bending and stretching mode of C-H bond of methane gas
[21].The noisy peak form in the 1890-1400cm™ range showing water peak. The methane peak is not sharp
due to the trace concentration of methane gas formed and also due to the unreacted carbon dioxide gas
and water vapors [21-22]. The reduction of the carbon dioxide to methane gas is eight electron acceptance
processes. The triethanolamine donate electrons to the ruthenium bipyridine catalyst for the carbon
dioxide reduction [23-24].
CO; + 8H" +8TEA — > CH. + 4H,0 + 8TEA*
[Ru (bpy) s]** + TEA —>[Ru (bpy) 5] * + TEA*
The proton for the reduction of carbon dioxide comes either from oxidized amine, water or from the
substance which use as a hydrogen gas source [25].
CONCLUSION

We synthesized tris (2, 2'-bipyridine).Cl, ruthenium (1) complex using a new convenient method. The tris
(2, 2'-bipyridine) (PFg)2 ruthenium (I1) complex were synthesized first, used the ruthenium blue solution.
We replaced successfully the secondary ligand PF¢ of tris (2, 2'-bipyridine) (PFs)2 ruthenium (11) complex
with chloride radical, reacting it with Chlorosulfonic acid, which results into the formation of hydrated
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tris (2, 2'-bipyridine).Cl, ruthenium (I1) complex. The structure of tris (2, 2'-bipyridine).Cl, ruthenium (11)
complex was confirmed from 1 H and C 13 NMR and FTIR like spectroscopic techniques. The UV-
Visible absorption spectra in aqueous solvent at 455nm confirmed that our complex is in the ruthenium
(1) oxidation state. The electrochemical study for our ruthenium complex in the aqueous electrolytic
potassium chloride solution showed one electron reduction process Ru'/Ru'. The tris (2, 2'-
bipyridine).Cl> ruthenium (I1) complex act as an electrocatalyst reduced the carbon dioxide to methane

gas at the potential of 1.5 V. The FTIR spectrum results confirmed the methane gas formation.
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