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Abstract: A description of the two main aspects that our academic group have encompassed during the past few 
years is presented: (a) the synthesis of nanocrystalline thin films and powders and (b) the synthesis of N-donor 
compounds, both by using eco-friendly approaches of the Green Chemistry. 

 
 

 

Chemistry has played a central role in the improvement of human life especially during the last 

two centuries. Different domains have benefited from chemistry research and dramatic 

revolutions have taken place from these findings. In this regard, worldwide demand for 

environmentally friendly chemical processes and products requires the development of novel 

and cost-effective approaches to pollution prevention. One of the most attractive concepts for 

pollution prevention is “Green Chemistry”, which is best defined as the utilization of a set of 

principles that reduces or eliminates the use or generation of hazardous substances in the 

design, manufacture, and applications of chemical products {Anastas, P.; Warner, J. Green 

Chemistry: Theory and Practice; Oxford University Press: Oxford, 1998}. Although some of these 

principles seem trivial, their combined use frequently requires the redesign of chemical 

products or processes. Consequently, Green Chemistry focuses on the fundamentals of chemical 

research. Finally, it is important to note that the rapid development of Green Chemistry is due 

to the simple recognition that environmentally friendly products and processes are economical 

in the long term. 

In our academic group, we have been mainly focused in the synthesis of materials and N-donor 

compounds utilizing several approaches of the Green Chemistry during the past years. On the 

one hand, we have prepared a series of thin films and powders by using the Green technique of 

chemical bath deposition and, in the other hand, we have synthesized a vast array of organic 

compounds, both chiral and achiral, with diverse properties: bioactives, as organocatalysts, etc. 

Such compounds have been prepared by means of two Green approaches: microwave 

irradiation and solvent-free reactions. 
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Optical and structural properties of CdS, CdSe, PbS, ZnO thin films and Er2O3, Nd2O3, CeO2, 

Sm2O3 powders prepared by Chemical Bath Deposition (CBD) 

 

With regard to CBD, it offers a green, simple and inexpensive route to deposit semiconductor 

nanostructures as thin films and powders. CBD is traditionally performed in a beaker, requiring 

only a substrate to be immersed in a supersaturated solution of aqueous precursors such as 

metal salts, complexing agents, and pH buffers. The advantages of CBD methods include low 

cost, operation at low temperature, solution (almost always aqueous) technique and scalability 

to large area substrates. The size of the crystals formed in CBD is also very small. 

On the other hand, in the last decades metallic sulfides have attracted a great deal of interest 

mainly because they can adopt diverse structures, allowing their use. Thus the synthesis of 

nanostructured metallic chalcogenides have become the main goal of many research groups 

due to their widespread applications in non-linear optics, electronic luminiscence, catalysis and 

conversión of solar energy, as semiconductors, etc. 

There are two possible routes to form films by precipitation. In a typical experiment substrates 

are reactions leading to solid material, notably: (i) within the bulk immersed in an alkaline 

solution containing the chalcogenide of the solution (homogeneous precipitation); (ii) a 

chelating agent is the substrate or adventitious reaction on the reaction vessel also added to 

control the hydrolysis of the metal ion. The surface (heterogeneous precipitation) process relies 

on the slow release of S2− or Se2- ions into an alkaline solution. It is the second of these routes 

which leads to film formation. The supply of sulfide processes for the deposition of adherent 

films encompassing ions is controlled by the decomposition of an organic sulfur with many 

different possibilities. The first of these is the containing compound, usually thiourea or 

selenourea. The solubility product of the compound helps to maintain the stoichiometry of the 

deposited material and homogeneous compounds can be obtained as a result. A large number 

of physicochemical factors control the growth of the deposit under a specific set of reaction 

conditions. The supersaturation with respect to an individual phase is important as well as the 

kinetics of the growth processes. The technique has been used extensively to grow CdS, CdSe, 

PbS, ZnO and this is reflected in the numerous papers on the subject. Thus, CBD is the 

production method of choice for the preparation of CdS, CdSe, PbS, ZnO. Semiconductors with a 

bandgap of 0.4-3.7 eV have the appropriate optical characteristics for use in solar cells, but their 

integral elements should be abundant, cheap and nontoxic. Sulfide has several binary 

compounds such as: CdS, CdSe, PbS, ZnO and these are all semiconductors. Thin film is usually a 

n-type semiconductor with a bandgap (Eg) of 0.4-3.7 eV, and acceptor levels are created by 

double ionized thin vacancies [1]. Thin films have different crystalline structure, and are 

dependent on the preparation conditions; they have an Eg for direct transitions or an Eg for 
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indirect transitions. Therefore, thin films of CdS, CdSe, PbS, ZnO can be used as an absorber 

layer for solar cells. In order to obtain thin films of CdS, CdSe, PbS, ZnO, the following methods 

are used: chemical bath deposition [1, 2, 3], electrodeposition [4, 5, 6], vacuum evaporation [7], 

spray pyrolysis of water solution [3, 6], chemical vapors deposition [8, 9]. CBD has been used 

widely to deposit other materials because it is a green, cheap and simple method. The solution 

generally is heated from temperature of 20-90◦C. Films are obtained with a thickness of ~1-50 

μm. Using the CB method of the following composition: MCl2 and KOH (where M: Cd2+, Pb2+, 

Zn2+) which is dissolved in NH4NO3 and, to a volume of CS(NH2)2 or CSe(NH2)2. 

[10,11,12,13,14,15,16,17,18,19,20]. 

The reaction mechanism for forming CdS, CdSe, ZnO, PbS is as following with thiourea or 

selenourea hydrolysis SC(NH2)2, SeC(NH2)2 leading to the formation of S2- or Se2- and  ions 

respectively:  

                                                               (1)  

                                                             (2)  

Dissociation in alkaline medium of MCl2 induces the formation of X2-   ion, according to: 

                                                                                                                                    (3) 

Where M2+ = Cd2+, Pb2+,  Zn2+ and X2- = Cl-, I-, Br-, CH3(COO)2
- , etc 

                                                                                                                             (4) 

     The M(OH)2 precipitate dissolves when the NH4NO3 is added to the solution to form the 

[M(NH3)4]2+ complex ion. Finally, the CdS, CdSe,  PbS, ZnO thin films formation take place, then      

                                                                                         (5) 

                                                                                    (6) 

we have:  

   

   

Based on the Gibbs free energy obtained from the equilibrium analysis, the M2+ ionization state 

is probably present in the volume of CdS, CdSe, PBS, ZnO under our working conditions. If 

ΔGº< 0, these reactions are spontaneous. It immediately appears that the reaction can take 

place either in the bulk of the solution (homogeneous precipitation process) or at the substrate 

surface (heterogeneous process), the second one leading to the film formation from two 

distinct mechanisms. The first one is a growth mechanism involving the reaction of atomic 

species at the surface and corresponds to an atom-by-atom process, also called ion-ion process 

[12]. The predominance of one given mechanism is governed by classical laws of homogeneous 

nucleation on a solid surface, involving the saturation ratio in the solution and the catalytic 

activity of the substrate. For chalcogenide semiconductors, the crystal size has been shown to 

be dependent on the deposition mechanism: the cluster mechanism results in smaller crystal 
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size than the ion-ion mechanism [13]. In the cluster mechanism, the size of the metal hydroxide 

colloids present in the deposition solution is expected to define the product crystal size, and this 

size will depend largely on doping [12,13,14,15,16, 17,18,19,20]. 

 

 

The Binary Rare Earth Oxides 

 

Rare earth elements are of interest in several high-tech and environmental applications such as 

for sensing applications in lasers and optical amplifiers. The rare-earth sesquioxides are known 

to exist in one or more of the following structural modifications: cubic (C) I monoclinic (B) and 

hexagonal (A). Phase equilibria of trivalent rare-earth oxide systems including the mixed oxide 

system Nd20-Sm203 at 1650°C have been reported. In the course of studies on Nd2O3, Er2O3, 

CeO2 and other rare-earth oxides, preferred orientation effects were observed. These effects 

are presented as supporting evidence for a proposed structural relationship between the cubic 

lattice and the monoclinic or hexagonal lattice, respectively. Many review articles describing 

rare earth oxides have appeared up to 1990. Articles dealing with the properties such as 

preparation, structure and transformation have been published during the early 1990s, e.g., the 

preparation methods and the characterization of lanthanide oxides and the structures were also 

re- viewed. Rare earth metals are, generally, very reactive with oxygen in the ambient 

atmosphere. Therefore, the most stable rare earth compounds are the oxides. It is known that 

the rare earth ions in rare earth oxides hold typically a trivalent state with the general formula, 

R2O3. However, some rare earths take a divalent or a tetravalent state, and in the case of Ce, Pr, 

and Tb, the intermediate phase also appears designated as RnO2n-2m. The polymorphism and 

the structure of the binary rare earth oxides have been described by our group together with 

additional information obtained at high pressure [19, 21].  

 

 

Solvent-free and microwave-assisted reactions 

 

The solvent-free approach is very attractive because the reactions occur under mild conditions 

and usually require easier workup procedures and simpler equipment. Other advantages of 

solvent-free reactions encompass cost savings, decreased reaction times along with reduced 

energy consumption, as well as safety is largely increased, working is considerably simplified, 

etc. On the other hand, microwave heating is very attractive for chemical applications and has 

become a widely accepted non-conventional energy source for performing organic synthesis. 

This statement is supported by the increasing number of related publications in recent years. 
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Microwave-assisted organic synthesis is characterised by the spectacular accelerations 

produced in many reactions as a consequence of the heating rate, which cannot be reproduced 

by classical heating. Higher yields, milder reaction conditions and shorter reaction times can be 

used and many processes can be improved. Indeed, even reactions that do not occur by 

conventional heating can be performed using microwaves. 

Nitrogen-containing compounds have several distinct advantages. First, they are largely 

available in enantiomerically pure form, both in the chiral pool (quinine, cinchonine, sparteine 

and strychnine) or as cheap industrial chemical intermediates. In addition, the production of 

chiral amines by resolution of the racemates is probably one of the easiest and best 

documented methods of the separation of enantiomers. The second advantage of the nitrogen-

containing ligands lies in the chemistry of the nitrogen functional group itself. The chemistry of 

these is not always easy, but it has received such abundant attention that there exists, in most 

cases, numerous synthetic solutions to each possible transformation of these compounds. As a 

result, these synthetic possibilities allow tailor-made modifications for the preparation of 

compounds with specifical physicochemical properties. Particularly, the interactions with the 

transition metals may be widely varied by preparing X-type ligands (amides, thioureas), L-type 

ligands (amines) or π-type ligands (imines). Therefore, Nitrogen-containing ligands are being 

used more and more in medicinal chemistry, asymmetric catalysis, and for obtaining widespread 

sets of metallic complexes.  

In this regard, the ever growing and longstanding interest in palladium(II) complexes stems 

mainly from their structural diversity along with the all-encompassing and far-reaching 

applications as, inter alia, catalysts in organic synthesis and as anti-tumor drugs. Along this 

latter line, since the discovery of the tumor-inhibiting quality of the [cis-PtCl2(NH3)2] complex or 

cisplatin by Rosemberg et al., the complex has been in widespread use to date, being nowadays 

one of the most effective and successful drugs to treat a variety of human solid tumors. 

Nevertheless, cisplatin and other second-generation platinum drugs have such major drawbacks 

as severe tissue toxicity including nephrotoxicity, neurotoxicity and ototoxicity, the presence of 

or acquisition of resistance to the treatment and low water solubility, as salient limitations. 

Therefore, the search for safer platinum complexes is still continuing and also, in this regard, an 

alternative issue is replacing the metal atom by palladium on the basis of the structural and 

thermodynamic analogy between platinum(II) and palladium(II) complexes, and a vast array of 

platinum- and palladium-containing compounds have subsequently been synthesized and tested 

so far. On the other hand, -keto- and -diimines have lately attracted much attention, mostly 

due to their versatile coordination behavior and the interesting properties of their metal 

complexes. These compounds are particularly attractive since they have a flexible X=C–C=N (X = 

O, N) skeleton and display outstanding electron donor and acceptor properties and can 
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potentially act in a variety of coordination modes. In this context, it must be pointed out that 

mono-dentate ligands can bind in both cis- and trans arrangements around the metal center, 

with the stability of the isomers depending upon several factors. Bidentate ligands, however, 

are more reliable for the preparation of cis-complexes, in particular those of palladium(II) and 

platinum(II). We have recently been focusing our attention on their chiral relatives to afford 

complexes with engaging features as potential bioactive compounds and, in this regard, we 

have synthesized new chiral Pd(II) complexes derived from unsymmetrical α-diimine 

compounds 1a-d and the corresponding (α-diimine)palladium (II) complexes 2a-d. The 

coordination of the unsymmetrical α-diimine ligands to palladium ion takes place in two 

different modes, namely chelating (σ, σ, N, N´), as in the case of 2a-b, and as monodentate (σ-

N), which holds for complexes 2c-d, owing presumably to the steric hindrance of the ligands 

involved in the latter complexes (Figure 1). 
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Figure 1. Pd( -diimine ligands. 
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-diimine ligands 1a-d derived from 

methylglyoxal and optically pure primary amines afforded the new chiral Pd(II)-complexes (S, S)-

2a, (S, S)-2b, (S, S)-2c, and (1S, 2S, 3S, 5R)-2d. All compounds were characterized by IR, 1H, and 
13C NMR spectroscopies along with MS-FAB+ spectrometry. The crystal and molecular structure 

for the complexes 2a, 2b and 2d were fully confirmed by single-crystal X-ray studies. Likewise, 

complexes 2a-d were also screened for their in vitro cytotoxicity against different classes of 

cancer: leukemia (K-562 CML), colon cancer (HCT-15), human breast adenocarcinoma (MCF-7), 

central nervous system (U-251 Glio) and prostate cancer (PC-3) cell lines displaying modest 

results [22]. 

 

A further representative example was the microwave-assisted Diels-Alder [4+2] cycloaddition 

reaction of chiral heterodienes i.e., optically pure -keto- 5a-b and -diimines 6a-b, with 

fullerene C60. Four new adducts 7a-b and 4a-b were characterized by elemental, IR, 1H and 13C 

NMR analysis, along with mass spectrometry [23]. 
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Figure 2. Microwave-assisted Diels-Alder [4+2] cycloaddition with fullerene. 

 

 

In this context, a great number of Schiff bases have been prepared and reported by our group, 

which have interesting features, such as: 
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Crystal structure of (+)-(S)-N-[1-(Benzothiophen-2-yl)methylidene]-1-(naphthalene-1-yl)ethylamine [24]. 

 
 

 
 
 
 
Crystal structure of 2,5-Bis{[(-)-(S)-1-(4-bromo)phenylethyl]iminomethyl}thiophene [25]. 
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