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G. Ioannidis, C.A. Mitsopoulou*

Inorganic Chemistry Laboratory, Department of Chemistry, National and Kapodistrian University of Athens, Panepistimiopolis Zografou 15771, Greece
E-mail: gioannid@chem.uoa.gr Tel.: 2107274334

Introduction
The research for photosplitting of water into oxygen and hydrogen is attracting much well deserved attention, both for their fundamental interest, as new photochemical transformations and artificial models of photosynthesis, and for their potential applications as means for chemical storage of solar energy and fuel production[1]. This was motivated not only by the effort to alleviate the environmental impact of CO2 emissions from the fossil fuels but also because solar energy is by far the largest resource among the various renewable energy sources[2].
The energy storage step resides in the direct or indirect photochemical production of a reduced species of strongly negative redox potential, whose reducing power may thereafter be used for preparing renewable fuels such as hydrogen. Ideally, the electrons needed in the generation of the reduced species should come from water itself. However, thermo-dynamically the photooxidation of any weak electron donor to produce a strong reductant results into light energy generation, and economically such a process may become of interest if the material is very cheap. 
During the last decades, many transition-metal complexes have been employed as potential candidates for the photosplitting of water. Such complexes consist of a plethora of transition metals with the most famous being the ones of nickel, cobalt, tungsten and ruthenium[3-5]. These metals have shown a wide variety of attributes when are coordinated with appropriate organic ligands resulting in adequate results regarding the homogeneous photo induced reduction of water.
Lately, the scientific community shifted its attention towards more eco-friendly and cheap alternatives. Research papers have risen regarding the development of copper complexes as potential catalysts for proton reduction[6], since copper is an inexpensive and friendly to the environment metal[7].
Within this paper, we present our work on photocatalytic hydrogen production in pure water for three component systems using fluorescein as photosensitiser (PS) and [Cu(pq)2(NO3)](NO3)*6H2O as water reduction catalyst (WRC), with triethanolamine as a sacrificial electron donor. The aforementioned system was studied thoroughly to provide us with the best possible results. Additionally, in order to find the mechanism of our system, spectroscopic UV-Vis and emission studies were contacted.

Experimental Part
General Considerations. Reagents and solvents were purchased from Aldrich, Alfa Aesar, Merck, or Fisher and used as received unless otherwise noted. Photochemical experiments were carried out in a 40mL septum-capped tube, illuminated with white light (λ=400-900nm). After irradiation 50μL gas samples were drawn from the headspace above the solution and injected into the BRUCHER 430 GC (Gas Chromatographer) with a TCD detector. All reactions and manipulation were conducted under a pure nitrogen-argon atmosphere. To confirm the production of hydrogen and quantify the amounts of hydrogen evolved, a calibration curve against argon internal standard was used. 
Excited-State Emission Quenching Experiments were carried out with a RF 5301PC (Spectrofluorophotometer) of Shimadzu, with Xe lamp, 1000W. 
Results and Discussion
The synthesis of complex the complex [Cu(pq)2(NO3)](NO3)*6H2O was performed according to the literature[7] and is indicated in Fig. 1.


 
Figure 1: Synthetic procedure of the complex [Cu(pq)2(NO3)](NO3)*6H2O.
The characterization results are in absolute agreement with our expectations for the molecular structure of the complex. The UV-Vis spectrum of the complex dissolved in milliQ-H2O is shown in Fig 2. It is obvious that the characteristic d-d charge transfer of copper(II) (~835nm) is being diminished as time passes. The phenomenon taking place is the gradual transformation of the original copper(II) complex into its analogous copper(I) complex. The absorption band at 532nm is attributed at a Metal to Ligand Charge Trasfer (MLCT) of the copper(I) center to one of the two ligands. The inlet is the characteristic absorption peaks of the ligand pq. It is apparent from this spectrum that the active species towards hydrogen production is the complex of copper(I).
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Figure 2. UV-Vis spectrum of the complex [Cu(pq)2(NO3)](NO3)*6H2O (1.7*10-3M) in water. inset: ligand’s absorption peaks.
	Thereafter, we present the UV-Vis spectra of the photocatalytic system employed in the reduction of water. Our goal was to examine possible interactions of the three ingredients used in the photocatalytic experiments (WRC, PS, D). The concentrations of these three ingredients were analogous to the concentrations used in the photocatalytic experiments. Specifically, it is apparent from Fig. 3 that the system is not active under absence of irradiation which is highly preferable.


Figure 3. UV-Vis spectra of [Cu(pq)2(NO3)](NO3)*6H2O (0.085μM), fluorescein 3μM and triethonalimine 0.05M in water in absence of irradation.
	In order to ascertain the ability of the copper complex to receive an electron from the excited photosensitiser which is one of the most crucial steps in photocatalytic cycle of hydrogen production, we performed an excited-state emission quenching experiment. Positive results indicate the efficiency of the copper catalyst to be reduced in order to achieve the splitting of water. The magnitude of the efficiency is quantified by the famous Stern-Volmer equation which in turn results in the equally famous Stern-Volmer constant Ksv. While the Stern-Volmer plot, if linear, is indicative of both dynamic and static quenching of the photosensitiser, higher values of Ksv  indicate a more efficient reduction of the catalyst.  In our case, the Ksv was calculated to be at around the value of 4*104 which is apparent of a good performing duo (PS and Cat). Further photocatalytic experiments support these findings. Fig. 4 shows the emission spectra of fluorescein with subsequent additions of microliters of the copper complex solution.



Figure 4. Emission spectra of fluorescein (1μΜ) with subsequent additions of [Cu(pq)2(NO3)](NO3)*6H2O (10μM) in water.
Photochemical reactions were carried out using fluorescein as the photosensitiser, the [Cu(pq)2(NO3)](NO3)*6H2O as the molecular catalyst and triethanolamine as the sacrificial electron donor. In order to evaluate the influence of each component on the performance of the photocatalytic system, we implemented a series of experiments changing the concentration of each one of the compounds in the system while keeping all the other parameters constant.
The results of a typical experiment are shown in Fig. 5.  It was proven that the amount of the produced hydrogen is depended on the concentration of all the components of the system- and not always in a proportional way.


Figure 5. Hydrogen evolution (TONcat/Hours) of the system [Cu(pq)2(NO3)](NO3)*6H2O, TEOA, with varying concentrations of fluorescein in milliQ-H2O.

Conclusion
	A novel catalyst for the reduction of water under illumination has synthesized and fully characterized. This catalyst is a very promising one for the following reasons:
i) it is based on copper ion,  an inexpensive, abundant and non-hazardous metal ion
ii) it is soluble in water and 
iii) it produces hydrogen in high yields. 
More experiments are underway for elucidating the mechanism of its action.
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