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ABSTRACT 
Through historical contributions by Oparin, Haldane, Miller, Urey, Cairns-Smith etc., 

the intellectual challenge of the origin of life enigma has unfolded that life originated on Earth 

through a series of physicochemical processes known as Chemical Evolution. Investigations 

revealed a predominantly reducing prebiotic atmosphere and the main compounds of the 

primordial atmosphere were CO2, N2, and water vapor. The early ocean where such 

physicochemical processes have been assumed to have occurred was a prebiotic soup, a rich 

diversity of organic and inorganic compounds suitable for assembling into more complex 

precursors of life forms. Several experiments have been conducted to trace out the possible 

steps of chemical evolution. Experimental results suggest that such chemical evolution 

processes began with the formation of important biomonomers, such as amino acids and 

nucleotides, from simple molecules present in the prebiotic environment and their subsequent 

condensation to biopolymers. Small reactive intermediates are the backbone of prebiotic 

organic synthesis. These include hydrogen cyanide, formaldehyde, ethylene, cyanoacetylene, 

acetylene, and such other molecules that combine to form large and more complex precursors 

with ultimate formation of stable biomolecules. Subsequent reactions would have depended on 

the balance between atmospheric production rates and the degradation rates of small 

intermediates, dependent \on the temperature and pH of the early ocean. 

The polymerization of the biomonomers relies on the mechanism of concentrating the 

basic ingredients from vastly diluted early oceans and it was believed that natural minerals 

like clays would have provided a surface for the adsorption of organic molecules. Like natural 

minerals, transition metals may have been important as catalysts for the formation of 

biopolymers during chemical evolution and the origin of life. Catalysts may have been 

important for the origins of life because they tend to direct the reaction along a few reaction 
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pathways so that a limited array of products is obtained. Catalysts bind specific types of 

compounds to their surfaces and then convert them to a limited number of products. 

Manganese is the 10th  most abundant element in the biosphere (,1014  kg of suspended and 

dissolved manganese found in oceans) and is second only to iron in relative terrestrial 

abundance of the transition metals. On an average, crustal rocks contain about 0.1% by weight 

of Mn, coordinated with oxygen, and may also exist in the bottom of seas as nodules. The 

existence of manganese on Mars has also been reported. In' the early stages of the Earth's 

evolution, volcanoes were a major source of such elements which in turn may have been 

involved in adsorption and catalytic reactions of biomolecules in molecular evolution. The 

catalytic activity of manganese for many reactions in the presence of nucleotides, mRNA to 

give oligoribonucleotides is already reported. Manganese exists in various oxidation states on 

Earth. The microbial oxidation of soluble Mn (II) is an important process for the formation of 

soluble Mn (III, IV) oxides in natural environments. We proposed that since the redox 

potential of the primitive Earth's atmosphere was low and the atmosphere was less oxidized, 

manganese oxides of lower oxidation states were more important for selectively adsorbing and 

concentrating bio-molecules during chemical evolution. 

In the thesis, results of work on the role of manganese oxides towards different aspects 

of chemical evolution and origin of life have been presented. It has been proposed that 

adsorption was the first step for the polymerization of biomonomers. That is why the 

interaction of ribose nucleotides with manganese oxides (manganosite (MnO), bixbyite 

(Mn203), hausmannite (Mn304) and pyrolusite (Mn02)) has been studied. During the study it 

has been found that manganese oxides are good adsorbents towards ribose nucleotides. Further 

in order to investigate catalytic efficiency of manganese oxides these have been used in the 



formation of nucleobases from formamide. Manganese oxides were also found suitable for the 

oligomerization of amino acids under the simulated conditions. 

The First chapter of the thesis deals with the introduction and literature review of the 

topic "chemical evolution and origin of life". Various aspects on prebiotic scenario, amino 

acid synthesis, synthesis of ribose, nucleobases, phosphates and their assembly studies, 

peptide synthesis, role of various inorganic minerals, clays, metal cyanogen complexes and 

metal oxides, which have been efficient in concentrating the organic molecules on their 

surfaces and subsequently catalyzed a class of prebiotic reactions during the course of 

chemical evolution have been discussed. 

The Second chapter describes experimental methodology and instrumentation. This 

chapter presents the method of synthesis of some metal oxides, their characterization and 

methods of chemical analyses involved. The metal oxides have been synthesized by 

precipitation method and characterized using X—ray diffraction, FE-SEM and TEM analysis. 

Experimental conditions and techniques used for the adsorption of ribose nucleotides on metal 

oxides have been given. Discussions have also been made on methods used for the synthesis 

of nucleobases from formamide and oligomerization of amino acids in the presence of 

manganese oxides. Further the conditions for the interaction of aromatic amines with 

manganese oxides and their oxidation to various compounds have also been discussed. 

The Third chapter comprises the result of studies on the interaction of ribose 

nucleotides (5'-AMP, 5'-GMP, 5'-CMP and 5'-UMP) with various manganese oxides 

(manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)). 

Adsorption trend was found to follow the Langmuir Adsorption Isotherm. Maximum 

adsorption was found to occur at neutral pH (-'7.0), whereas among the ribose nucleotides, 5'- 

GMP was found to be adsorbed more on Manganosite (MnO) used. Infrared spectral studies 



on the adsorption adducts showed that adsorption of ribose nucleotides takes place due to 

interaction of positively charged surface of metal oxides and negatively charged sites. of 

ribose nucleotides. 

The Fourth chapter presents the results of studies on the formation of several 

nucleobases from formamide in the presence of manganese oxides (manganosite (MnO), 

bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)). It was observed that 

manganosite (MnO) afforded the maximum yield of products. However, the number of 

products formed in each case was the same. The only difference was in the yields. Possible 

explanation has been given on the basis of their structural arrangements. 

The Fifth chapter comprises the result of studies on the oligomerization of amino 

acids (glycine and alanine) in the presence of manganese oxides (manganosite (MnO), 

bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)) at various experimental 

conditions such as temperature range 50-120 °C and for a time span of 35 days. It was 

observed that all the four manganese oxides catalyzed the oligomerization of amino acids with 

glycine up to trimer whereas alanine afforded only dimer. Yield of the products was in 

accordance with their surface area. 

The Sixth chapter illustrates the results of studies on interaction of aromatic amines 

(aniline, p-toluidine, p-chloroaniline and p-anisidine) with manganese oxides (manganosite 

(MnO), bixbyite. (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)). Adsorption trend 

was found to follow Langmuir Adsorption Isotherm. Maximum adsorption was found to occur 

at neutral pH (-7.0), whereas p-toluidine was found to be adsorbed more on manganosite 

(MnO). Infrared spectral studies on the adsorption adducts showed that adsorption of ribose 

nucleotides occurred due to interaction of positively charged surface of manganese oxide and 

the basicity of amines. During adsorption studies of the aromatic amines on manganese 
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oxides, it was found that some of the amines were oxidized in alkaline medium (pH-9) and 

afforded several other products. The results of the above studies clearly support the idea that a 

specific manganese oxide might have played its important role in chemical evolution for the 

concentration and polymerization of biomolecules. 
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CHAPTER I 
	 INTRODUCTION 

1.1 Chemical Evolution and Origin of Life 

The question of the origin of life on earth is a topic that engages scientists of 

various disciplines. Geologists have the difficult task of reconstructing the primordial 

scenario and environment that was present on earth around 4 billion years .ago, a time for 

which most of the direct evidences have been destroyed or have at least undergone strong 

changes due to influences of plate tectonics, temperature, radioactivity, weather, water, 

etc., being the reason that the knowledge about the exact conditions at the time during the 

emergence of life on earth is still a little blurred. Chemists pick up the possible prebiotic 

conditions proposed by geologists and investigate possible pathways how organic 

molecules and biomolecules could be formed in such an environment, how they might 

have interacted, and how this might lead to more complex and finally "living" systems. 

Biologists usually see biomolecules in a different context, starting from the high 

complexity of a modem organism and looking for the very essential biological cycles and 

interactions and then trying to find how something similar but much more simple might 

have evolved. Astronomers try to achieve conclusions about the origin of our earth and 

about its physical development by examining other planets, and they also investigate 

whether our earth was severely affected by extraterrestrial objects like asteroids or 

meteorites that might have influenced the origin of life or even brought life to Earth from 

another place in the universe. 

Chemistry of living systems is extremely complicated and it seems impossible that 

even the simplest contemporary cell could have evolved spontaneously. Most probably, 

evolution went a long way, starting from very simple organic molecules that formed larger 

biomolecules, which then started to interact with other classes of molecules in the 

environment. As soon as membrane-like structures able to form closed spheres were 

available, also less stable molecules and polymers that would otherwise hydrolyze or not 

even form at all in the harsh primordial environment had the opportunity to participate in 
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chemical evolution inside these cell-like entities in a protected and more "comfortable" 

surrounding. 

One severe problem in trying to understand such a possible pathway from simple 

molecules to the first cell is that 'in contemporary one class of biomolecules is strongly 

dependent on the others and vice versa. DNA, for example, carries all the information that 

is needed to build up proteins, but by itself strongly depends on proteins that catalyze all 

the required reactions. This leads to a kind of hen and egg problem: what came first? An 

often-encountered answer is that there once was an "RNA world" before the proteins came 

into play [1,2]. RNA molecules are a little simpler than DNA; they are able to carry genetic 

information and can also have catalytic properties. From a chemical point of view, 

concerning possible formation pathways and stability under primordial conditions, 

however, the existence of unprotected poly-RNA has to be excluded—a salty ocean would 

have destroyed them within minutes. 

Peptides and proteins have major advantages concerning stability under such 

conditions, and they also possess all the properties needed to build up a kind of simple life 

form. This leads to the assumption that a primary peptide and protein world was much 

more likely than an "RNA world" at the starting point of life. 

In 1924, A.I. Oparin, a Russian graduate from university of Moscow, was the first 

to suggest a series of hypothetical steps by which life might have emerged. Experimental 

verification of these steps in the laboratory would offer a proof of the origin of life. 

Scientists can now investigate each stage of Oparin's hypothesis. Based upon the present 

knowledge of biochemistry, one can define a living system as one having the ability to 

carry out energy transfer reactions, substrate metabolism and information transfer ability 

and all these characteristic functions being mediated through proteins and nucleic acid in 

the cell. The most fundamental reactions necessary for life are: 
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1. Synthesis of Proteins:- The formation of the peptide bond through interaction of 
the carboxyl function of an amino acid with the amino group of another amino 

acid, with the liberation of a molecule of water. (Figure 1.1) 

H 	H O 

+ 	 — 	 + H 	 H 	 I 	i~ 	I 	II + 	I H3N C— COO + H3N— C— COO —~~ H3N— C— C—NH— c- C— 0 
H 	H 	H2O 	I 

H 	H 

Figure 1.1 Peptide bond formations 

2. Nucleic acid synthesis: It is series of small steps: 

(i) Nucleoside synthesis through the reaction of a purine or pyrimidine with 

ribose or deoxyribose to form nucleoside. (Figure 1.2) 

NH, 

HO 	OH 	NH2 

+ N N  
\~ -~ HO 	 N 	N 

OH 	OH N N 

	

OH 	OH. 
Ribose 	 Adenine 	 Adenosine 

Figure 1.2 Adenosine formation 

(ii) Phosphorylation of nucleoside leading to the . synthesis of a nucleotide. 

(Figure. 1.3) 
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Figure 1.3 Nucleotide formation 
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(iii) Polymerization of nucleotides through formation of ester bonds between 

the phosphate residue of one nucleotide and hydroxyl group of the pentose 

residue. (Figure. 1.4) 
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The building blocks of first living organism must have been abundant on the primitive 

Earth. A gradual change from simple molecules to more complex organic molecules led to 

the emergence of life successively, probably through the following events: 

1. The synthesis of the small molecules (e.g., amino acids, the monosaccharides, 

organic bases, etc.) 

2. The condensation of these small molecules into biomacromolecules-especially 

proteins and nucleic acids. 

3. The organisation of the macromolecules into a system of increasing complexity; 

and 

4. Finally the emergence of "life". 
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'4C dating of fossils suggested that the oldest living system on the Earth must be 

around 3.7 billion years, while the Earth itself is 4.6 billion years old. It means that 

for the first living cell to originate on the Earth took around 0.9 billion years. 

4.6 x 109  yrs 

Origin of Earth 	
Chemical 	Origin of life 
Evolution 

0.9 x 109  yrs 	 3.7 x 109  yrs 

Figure 1.5 Origin of Life 
The process of series of chemical reactions that made `life' to appear on the Earth 

is known as Chemical Evolution. The ocean received organic matter from the land and the 

atmosphere, as well as from falling meteorites and comets. Small molecules such as water, 

carbon dioxide, methane, and hydrogen cyanide were the key precursors for sugars, amino 

acids, and nucleotides, which in turn are the building blocks of proteins, nucleic acids and 

carbohydrates, ubiquitous to all living organisms. Development of RNA and DNA 

molecules was critical, which directed biological processes and preserved life's "operation 

instructions" for future generation. Nucleic acid helices formed were some of the living 

threads, however, other polymers derived from planetary processes such as ocean 

chemistry and volcanic activity. These evolving bundles of polymers from a number of 

sources, are enough illustrative to explain the origin of life triggered not only by special 

molecules such as RNA or DNA, but also by the chemical and physical properties of the 

Earth's primitive environments. Ever since the historical contributions by A. I. Oparin, in 

the 1920s, the intellectual challenge of the origin of life enigma has unfolded that life 

originated on Earth through physicochemical processes that can be supposed, 

comprehended, and simulated. Haldane (1929) and Oparin (1938) proposed that the early 

ocean was a prebiotic soup, a rich diversity of organic and inorganic compounds suitable 
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for assembling into more complex precursors of life forms [3, 4]. Miller and Urey verified 

it by subjecting a mixture of ammonia, methane, hydrogen and water to heat and electric 

discharge, and obtained hydrogen cyanide; aldehydes and amino acids [5,6]. These 

precursors can be further converted to nucleotide bases (from HCN and methane) and 

sugars (from HCHO). [7-12]. In turn, polymerization can generate polypeptides and, 

notably, polynucleotides [13-17]. The different steps of chemical evolution through, which 

life has originated on Earth, like from the formation of Earth core and primitive Earth's 

atmosphere, may be summarized as follows. 

The first step involved formation of core and primitive atmosphere. The red—hot 

(5000-6000 °C) gaseous cloud consisting of innumerable free atoms of several elements 

(such as hydrogen, oxygen, carbon, nitrogen, sulphur and phosphorous etc.) began to 

rotate. With rotation, gravitation temperature slowly decreased and then the atoms of cloud 

segregated into three concentric masses depending upon their atomic weights. The heaviest 

metallic atoms (Fe, Ni, Cu etc) collected in the centre formed hot lava on the core of Earth. 

Medium weight atoms (Na, K, Si, I, Mg, Cl, F, S, Al, P, etc.) formed lithosphere at a later 

stage. The light atomic weight atoms (N, H, 0, Ar, C etc.) formed the primitive 

atmosphere which was highly reducing because of hydrogen atoms were in excess and 

reactive. 

The second step involved the origin of molecules and inorganic compounds. 

Numerous atoms of primitive atmosphere were spread in the space due to high temperature 

but as the temperature gradually decreased, these free atoms combined to form molecules 

of the same elements (H2, N2, 02 etc) as well as of different elements giving rise to simple 

inorganic compounds. Later on these molecules condensed into solid matter forming hard 

lithosphere. Combining of H with 0 and N produced H2O and NH3 respectively, which 

were probably the first inorganic compounds formed on the primitive Earth. 
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The third step of the hypothesis describes the evolution of organic compounds. The 

hard lithosphere was studded with actively erupting volcanos as a result of which hot metal 

lava of the core was poured with gases like CO2, CO, N2 and H2  etc. and thus metallic 

atoms of lava could form their carbides and nitrides which later formed the crust of the 

Earth. Hot water vapours reacted with metallic carbides and nitrides to form simple 

compounds such as CH4 and NH3, etc. Both CH4 and NH3 under prebiotic environment 

might have formed HCN. With lowering of temperature, the water vapours condensed on 

lithosphere as torrential rains, and again turned into vapours as soon as it touched the hot 

ground. Such cyclic process continued for millions of years. As the Earth cooled down 

below 100 °C, the rain water deposition emerged into vast primitive oceans. The oceanic 

water contained large amount of NH3, CH4, HCN, nitrides, carbides and various dissolved 

gasses and elements which probably formed complex molecules. Methane and other 

hydrocarbons, ethylene and acetylene on further reaction might have formed aldehydes, 

ketones, alcohols and organic acids at a later stage. High energies of UV—radiation 

sunlight, electric discharge of thunderstorms during the rains and heat of volcanic 

eruptions, might have helped the various organic molecules in the oceanic water to form 

more and more complex molecules like amino acids, sugars, fatty acids and nitrogenous 

organic bases etc. At the time of chemical evolution the oceanic water was rich in these 

organic polymers and formed a soup of organic compounds. The atmosphere was reducing 

in nature and these complex molecules could not be oxidized and continued react and 

ultimately polymerized to large linear polymers or macromolecules such as proteins, 

carbohydrate and fats, which are the main constituents of present day protoplasm. 

The fourth step involved formation of the colloids and coacervates. Oceanic 

macromolecules having full freedom of movement and collisions formed small colloid 

sphere in the form of insoluble droplets. 
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The fifth step is likely to be the origin of the first autocatalytic systems. In due 

course of time nucleic acids (ribo and deoxyribo nucleic, acids) gradually evolved in the 

primitive oceans. Nucleotides formed in the primitive oceanic water by the combination of 

nitrogenous organic bases with pentose sugars and phosphoric acid. Certain enzymatic 

proteins combined with nucleic acids to afford nucleoproteins. A self-duplication system 

resembling the chromosomes of nucleus of present eukaryotic cell was evolved in the 

primitive oceans. In the structural and functional organization of life, the nucleic acids 

possess the property of carry out synthesis' of various proteins in accordance with their own 

nucleotide monomers sequence. It was actually the nucleic acids that might have displayed 

the first signs of self life. 

Under simulated conditions as that of primitive atmosphere, researches are trying to 

trace the possible pathways of chemical evolution. During the last five decades the 

scientists have carried out numerous experiments in environment similar to the primitive 

Earth conditions showing the synthesis of various biomonomers from simple starting 

materials. Some of the significant successful investigations have contributed in 

understanding the "origin of life". 

1.2 Prebiotic Scenario 

When our Earth was formed around 4.5 to 4.6 billion years ago, it was a very hot 

and hostile place due to heavy bombardment by meteors and asteroids during the first 

several hundred million years. Although scientists have diverging opinions about the 

environment where the first chemical steps toward life were done, there is a general 

agreement that liquid water is an essential prerequisite for any possible scenario. There is 

evidence that 4.3 [18] and even 4.4 [19] billion years (Gyr) ago, a liquid hydrosphere 

existed, although these first oceans might have been completely evaporated again by 

subsequent big impact events, and all (or at least the larger) biomolecules possibly formed 
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would have been destroyed again. Around 4 Gyr ago, the bombardment of the Earth 

declined and permanent, still rather hot oceans could form, being the most likely places 

where a chemical evolution could start to form a first form of life. The atmosphere at that 

time is of crucial importance for this process, as the main source of the building blocks for 

biomolecules should have been atmospheric components. In a hot surrounding, the lightest 

gases like hydrogen and helium would have rapidly escaped the weak gravitational field of 

the Earth. Other compounds like methane and ammonia are very labile under the UV 

radiation of the sun [20-22] and would, therefore, have been rapidly decomposed in the 

primordial atmosphere. Geologists also agree that there were only small amounts of free 

oxygen available before around 2.3 Gyr ago [23-26]. Some oxygen, however, could have 

been produced when CO2 and water vapor were exposed to electric discharges and high-

energy types of radiation as well as through thermal decomposition of oxidic minerals.. 

The main compounds of the primordial atmosphere, following the arguments of 

modern geology, were CO2, N2, and water vapor [26-28], which were constantly delivered 

by volcanic outgassing. This means that the early atmosphere was neutral or possibly due 

to some traces of oxygen or sulfur dioxide even slightly oxidizing. Some prebiotic 

chemists, however, still favor a reducing atmosphere, like the one assumed some decades 

ago, because a reducing atmosphere makes the formation of several organic compounds 

needed for life more easy. They try to collect arguments that reducing species such as 

methane, hydrogen, or carbon monoxide might also have been present in larger amounts 

[29, 30]. Investigations of 3.8 billion-year-old rocks from West Greenland containing 

carbonate minerals show, however, that they could not have formed or existed in a 

reducing atmosphere [31, 32]. The temperature after the formation of the first oceans can 

be assumed to have stayed at an elevated level (-70-100 °C) for a long time, although the 

activity of the sun was markedly lower 4 Gyr ago. The high concentrations of CO2 and 

water vapour in the atmosphere provided a strong greenhouse effect [33], may be also with 
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the intermediate help of some methane or ammonia [20, 21]. The prebiotic ocean certainly 

contained large amounts of dissolved inorganic substances, mainly well-soluble salts of 

Na+, K+, Mg2+, Ca2+ .(the salt concentration is assumed to have been as high as today 

[34]), and an increasing concentration of organic molecules according to Oparin's 

hypothesis [35]. Due to high concentrations of dissolved CO2. the prebiotic sea must have 

been relatively acidic [36, 37]. 

The earliest evidence for cell-like structures dates back 3.5-3.8 billion years, the 

later dating being based on findings of what seems to be fossilized cyanobacteria in . the 

Apex Chert formation in the Warrawoona Group in the Eastern Pilbara near Marble Bar, 

Western Australia [38, 39] and in Swaziland, South Africa. The earlier one considers 12C-

enriched carbon deposits in the Isua supracrustal belt in West Greenland [40, 41], a 

possible sign of biological carbon assimilation. This leaves a time window of a few 

hundred million years for the emergence of the first living systems 

1.3 Amino Acid Synthesis 

For more than 50 years, various possibilities for the synthesis of amino acids on the 

prebiotic Earth have been proposed and experimentally simulated. Diverse atmosphere 

compositions were exposed to energy sources, and in many cases the synthesis of amino 

acids resulted. Taking into account the plausibility of such reactions all over the Earth, it 

seems reasonable to assume that atmospheric processes were the main source of amino 

acids and other small organic molecules, e.g., sugars. In hydrothermal vent environments, 

the formation of amino acids is also possible, although under rather specific and most 

probably not very widespread conditions. Another possibility would be that amino acids 

came to the Earth from space as ingredients of carbonaceous meteorites, but this 

assumption only moves the question of the process of amino acid synthesis to another 

location in our universe. 
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1.3.1 Gas-phase experiments 

Most experiments related to prebiotic amino acid syntheses were performed in the 

gas phase. Stanley Miller's experiments [42-44], in which it was showed that amino acids 

can easily form from a model atmosphere containing methane, hydrogen, ammonia, water, 

and some other simple compounds under the influence of electric discharges and heat, laid 

the foundation for this type of experiment and also for experimental prebiotic chemistry in 

general. After a reaction time of a few days, a multitude of organic molecules, such as 

formaldehyde, cyanide, organic acids, and some amino acids were detected. Miller's 

experiments were repeated under varying conditions (different composition of the 

"atmosphere", ultraviolet radiation, and other energy sources), leading also to other 

precursor molecules such as sugars and nucleic bases in some cases. It was further shown 

that similar processes, e.g., Fischer—Tropsch-type syntheses (heterogeneous catalytic 

reactions on Fischer—Tropsch catalysts containing Fe, Co, or Ni), can also lead to 

intermediates and organic molecules under reducing atmospheric conditions [45]. One 

problem concerning the formation of organic molecules in such gas-phase reactions is that 

it works much better with strongly reducing atmospheric compositions comparable to the 

original Miller experiment. Most of the researchers had to add at least some reducing gases 

like hydrogen, methane, or carbon monoxide to obtain detectable amounts of organic 

molecules. Table 1 gives an overview of some of the gas-phase experiments to synthesize 

amino acids in assumed prebiotic atmospheres. Amino acid formation in a neutral 

atmosphere as assumed for the primordial Earth by modern geochemistry is much less 

efficient, however, but recently (2004) we could prove the formation of amino acids from 

an atmosphere consisting only of CO2, N2, and water vapor evaporating from the liquid 

phase. Electric discharges (60 kV, —30 mA) between a submerged copper anode under 

water and a tungsten cathode in the "atmosphere" were the energy source simulating 

lightning on the prebiotic Earth. Under various conditions (room temperature, 80 °C; 
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water, sodium chloride solution), several amino acids including glycine, alanine, valine, 

serine, proline, lysine, and histidine [46, 47] were formed, and although the yields are 

relatively small in a neutral atmosphere, such reactions should have produced substantial 

amounts of amino acids on the primordial Earth, continuously occurring almost 

everywhere on the planet over a long time span. 

Table 1.1 
Summary of experiments related to gas-phase amino acid syntheses under simulated 

prebiotic earth conditions 

Author Reactants Energy Source Results reported 

Miller [42] CH4, NH3, H20, H2 Electric discharge Simple amino acids, organic 
compounds 

Garrison et al. [48] CO2, H2O 40 MeV helium ions Formic acid, formaldehyde 

Abelson [49] CO, CO2, N2, NH3, H2, Electric discharges Simple amino acids, HCN 
H2O 

Bar-Nun et al. [50] CH4, NH3, H2O Shock wave Simple amino acids 

Harada, Fox [51 ] CH4, NH3, H2O Thermal energy 14 proteinogenic amino acids 
(900-1200 °C) 

Lawless, Boynton [52] CH4, NH3, H2O Thermal energy Glycine, alanine, aspartic acid, 
(3-alanine, Nmethyl-(3-alanine, 
[3-amino-n-butyric acid 

Groth, Weyssenhoff CH4, NH3, H2O Ultraviolet light Simple amino acids (low yields) 
[53] 
Sagan, Khare [54]  CH4, C2H6, NH3, Ultraviolet light Simple amino acids (low yields) 

H2O, H2S 
Yoshino, Haratsu, H2, CO, NH3, 700 °C Glycine, alanine, glutamic acid, 
Anders [55] montmorillonite aspartic acid, histidine, lysine, 

arginine 
Kobayashi et al. [56] CO, N2, H2O Proton irradiation Various amino acids 
Palm, Calvin [57] H2, CH4, NH3, H2O Electron irradiation Glycine, alanine, aspartic acid 
Miyakawa, CO, N2, H2, H2O High-temperature Glycine, alanine, aspartic acid 
Kobayashi, Sawaoka plasma 
[S8] 
Kobayashi et. al. [59] CO, CO2, N2, H2O Proton irradiation Glycine, alanine, aspartic acid, 

serine, threonine, glutamic acid 
Plankensteiner, CO2, N2, H2O Electric discharges Glycine, alanine, valine, serine, 
Reiner, Schranz, proline, lysine, histidine 
Rode [42, 43] 

Source: Daniel Fitz, Hannes Reiner, and Bernd Michael Rode, Chemical evolution toward 

the origin of life, Pure Appl. Chem., Vol. 79, No. 12, pp. 2101-2117, 2007 
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1.3.2 Hydrothermal vents 

Hydrothermal vents have increasingly become a focus of interest in geological studies, and 

some of these investigations also refer to their possible role in the synthesis of biologically 

relevant molecules [60]. Wachtershauser and co-workers, and some other groups have 

postulated that life might have originated in hydrothermal vent environments on the 

surface of pyrite (FeS2) [61-64]. Under quite specific conditions, in particular, high partial 

pressure of carbon monoxide and high temperature, a pendant to the reductive citric acid 

cycle as a kind of first metabolism is assumed to form pyruvate, which then, but under 

different and much milder conditions, can further react to amino acids. The occurrence of 

environments providing such specific conditions may have been more widespread on the 

primordial Earth than today, but compared to the huge volume of the atmosphere as 

production site for amino acids, the quantities obtained in the hydrothermal vents would 

have been rather marginal, even if the atmosphere was of a neutral character, thus 

providing relatively moderate yields. Other ways of amino acid synthesis in hydrothermal 

solutions have been proposed, starting from NH4HCO3, C2H2, H2, and 02 [65], however, it 

is difficult to estimate to what extent these specific conditions could be realized locally on 

the primitive Earth. 

1.3.3 Extraterrestrial origin of amino acids 

Additional organic material including amino acids was imported to Earth via 

asteroids, meteorites, and organic dust particles. Especially, the Murchison meteorite that 

came down in Australia in 1969 has been very well investigated in this aspect. It contains a 

wide variety of organic substances, such as amino acids (proteinogenic and 

nonproteinogenic ones), hydroxy acids, sulfonic acids, phosphonic acids, etc. [66-68]. How 

such organic molecules can be formed in space was shown, when ice films containing 

H20, CH3OH, NH3, and HCN were irradiated with UV light [69]. Amino acids like 

glycine, alanine, and serine are formed in this scenario that seems highly plausible for 
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interstellar ice grains. It is difficult to estimate how much organic material delivered from 

space has contributed to the total pool of biologically important small molecules on the 

early Earth. Optimistic estimations say that the endogenous production and the exogenous 

delivery might have been somehow comparable [70, 71], but this strongly depends on the 

Early atmosphere and on the survival rate of organic molecules in the impact events. 

All in all, the availability of amino acids on the primordial Earth does not seem to 

be a major difficulty on the way to the origin of life, and, therefore, the most crucial 

question concerning early chemical evolution is the further involvement of these molecules 

in it, in particular their oligomerization. 

1.4 Synthesis of Ribose, Nucleobases and Phosphates and their assembly 

In the 19th century, Alexander Michailovich Butlerov discovered the formose 

reaction, a polymerization reaction of formaldehyde forming a mixture of carbohydrates in 

aqueous solution catalyzed by calcium hydroxide [72-74]. This condensation reaction 

provides glycolaldehyde as first product, which is later converted to glyceraldehyde and a 

variety of tetrose, pentose, and hexose sugars. However, it had not been possible so far to 

achieve a Butlerov reaction forming ribose, providing a pathway to the sugar component of 

the nucleotides. This indicates that the ribose concentration in the "primordial soup" was 

very low and that this sugar was only - a minor component of the heterogenous mixture of 

formed sugars [75, 76]. Furthermore, a high formaldehyde concentration would have been 

needed in the primordial scenario, and this is highly questionable, as the reactions of other 

compounds present in the "prebiotic soup" with formaldehyde would rapidly convert it into 

numerous other products. Besides that, the pH of the primordial ocean was rather acidic 

than basic due to the high carbon dioxide concentration in the atmosphere [77] and thus 

unfavourable for the Butlerov condensation. Further, under such reaction conditions, any 

produced sugars are rapidly decomposed again [76], if they are not protected by 

complexation with borates [78] or silicates [79]. Polyphosphates and inorganic phosphates 
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are the most plausible source of phosphate in a prebiotic scenario, but the main problem for 

the association of phosphate with nucleic bases and ribose—besides the lack of a plausible 

reaction mechanism under primitive Earth conditions—is the availability of dissolved 

phosphate in the slightly acidic prebiotic sea: polyphosphates would quickly hydrolyze and 

phosphate ions precipitate as insoluble compounds of metal ions like Cat  as indicated by 

many rocks and minerals consisting of metal phosphates. In the 1950s, Juan Oro showed 

for the first time a possible way to the formation of relevant nucleobases as building blocks 

for RNA. Adenine was produced in appreciable yields by refluxing a solution of 

hydrocyanic acid or ammonium cyanide for six hours [80-84]. Further experiments 

investigated related reactions by varying the reaction conditions and obtained further 

nucleobases [85-91]. The major problem with all these reactions is the high starting 

concentration of HCN or NH4CN needed, which seems more than questionable on the 

primitive Earth. Enrichment of nucleobases can be achieved via freezing of aqueous 

solutions [92], but that is again in contradiction to a hot primordial earth with vigorous 

volcanism. If all three essential parts—ribose, phosphates, and nucleobases—were formed 

in adequate amounts under the rough Earth conditions, they would have to be assembled to 

nucleotides and further polymerize to RNA molecules. Related to the specific composition 

and complex structure of nucleic acids, the probability that they could have been formed in 

such a hostile environment is almost zero. The formation of purine ribonucleosides upon 

heating of their constituents in an otherwise pure solvent has been shown experimentally, 

but even in this clean environment only a small percentage of the products has biologically 

relevant linkages [93, 94]. Analogous reactions with pyrimidines have failed completely so 

far [93]. Furthermore, a chemical process with the correct regioselectivity for the assembly 

of all the building blocks is almost impossible to imagine in the chemical environment of 

the prebiotic scenario [95]. Reactions like oligomerization of phosphorimidazolides of 

nucleobases on montmorillonite [96] work well under laboratory conditions but are very 
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hard to imagine in a realistic primordial soup. All these aspects and arguments almost 

exclude the nucleic acids as a candidate for the first step of chemical evolution toward life. 

1.4.1 Stability/Carriers of Information /Replicators 

Nucleic acids are the present carriers of information and responsible for replication, 

and they do their job in a very efficient but complicated way with the help of major 

biochemical (protein-based) machinery. However, at the beginning of life, peptides and 

proteins could have preceded them, as peptides can also work as information-carrying 

molecules and can self-replicate, as shown recently [97-99], albeit not as efficiently as 

nucleic acids. Under the rough conditions of the primitive earth, they would have had 

many advantages, however. In addition to the previously discussed problems in the 

formation of nucleic acids under primordial earth conditions, another strong argument 

against a "RNA world" is the physical and chemical instability of nucleic acids and, in 

particular, their polymers, which rapidly decompose in hot salty solution. The 

decomposition of ribose occurs very rapidly at temperatures around 80 °C and at pH values 

of 7 and higher [100, 101]. Experiments regarding the stability of the four nucleobases in 

aqueous solutions at elevated temperature and over a wide pH range showed that at 100 °C 

their half-life time ranges from days to years, the shorter values being associated with the 

prebiotically more significant lower pH values [102]. Besides these aspects, the presence 

of salts and metal ions would further increase the decomposition rates [101-103]. As the 

primitive Earth had not yet formed an ozone layer, high-energetic UV irradiation would 

efficiently decompose unprotected nucleobases and RNA molecules within a short time 

[104]. Dissolved ions and several organic compounds in the sea water absorb a large 

portion of the damaging radiation of wavelengths below 220 urn, thereby protecting most 

amino acids that absorb in this region. Nucleobases, on the other side, are most sensitive to 

UV light around 260 urn and, therefore, are much less protected against this additional 

damaging influence. Information theoretical approaches comparing the error-resistance of 
16 



CHAPTER 1 
	 INTRODUCTION 

RNA vs. a peptide system also show strong preferences for the second case. Nowadays, 

replication of RNA or DNA is accompanied by frequent errors that are corrected by a 

complex enzymatic repair machinery in contemporary organisms. In a pure RNA world, 

however, such mistakes would quickly lead to catastrophic events such as "selfish RNA", 

"short circuit", and "population collapse", all of which end in a loss of catalytic activity of 

the system, as was established by computer simulations of Manfred Eigen's hyper cycles 

[105] performed by his co-workers [106]. Freeman Dyson showed with his "toy model" 

[107] that a larger set of building blocks (instead of 4 different nucleobases, one could 

assume 8-10 amino acids) is much more tolerant against errors and would thus allow the 

stepwise production of more complex systems. If an error occurs, the "wrong" amino acid 

might have similar properties as the original one and the newly formed peptide would still 

be auto catalytically active, not interrupt the evolutionary pathway and possibly even lead 

to a favourable "mutant". 

1.5 Peptide Synthesis 

Since peptides and proteins appear the presumably only choice to form polymers in 

chemical evolution, the consideration of oligomerization of amino acids toward a possible 

"peptide world" becomes the most essential topic for the evolutionary scenario. While 

large amounts of liquid water are an important prerequisite for any chemical evolution 

scenario, the formation of peptides in aqueous solution is a rather unfavourable reaction, 

both thermodynamically and kinetically, as the condensation of amino acids to peptides 

requires the removal of water from the reaction partners. In the case of diglycine formation 

in water at a temperature of 85 °C, the equilibrium constant is 8.41 x 10-3, and thus less 

than 0.01 % of glycine would be converted into diglycine in aqueous solution. Considering 

the principle of Le Chatelier, this condensation reaction can only be carried out in 

substantial amounts under special conditions. Moreover, the zwitterionic form of the amino 

acids leads to deactivation of the amino group for a nucleophilic attack at the carboxyl-C 
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of other amino acids or peptides. To overcome these thermodynamic and kinetic barriers, 

some possible pathways for peptide formation have been proposed and experimentally 

investigated. 

1.5.1 Melting processes 

By heating mixtures of amino acids containing large amounts of acidic or basic 

amino acids to temperatures of —180 °C under anhydrous conditions to get a melt without 

decomposition of the amino acids, polymerization occurs [108-110] and so-called 

"proteinoids" with high molecular weights were formed. However, these proteinoids 

contain only marginal amounts of peptide bonds, they are mostly based on ester-like 

connections [111]. Furthermore, the requirement of an excess of acidic or basic amino 

acids and the absence of disturbing other molecules or salts is not compatible with any 

accepted prebiotic scenario nor the typical distribution of amino acid yields in Miller-type 

experiments. For this reason, melting processes do not seem to be a feasible way to 

peptides and proteins. 

1.5.2 Hydrothermal vent systems 

Wachtershauser and others achieved peptide formation under rather specific 

conditions that might have occurred in hydrothermal vent environments. In an aqueous 

slurry of (Ni, Fe)S and in the presence of CO and HZS or CH3SH as a catalyst and 

condensation agent, di- and tripeptides were formed at elevated temperatures at pH values 

between 7 and 10 [112, 113]. These conditions and problems inevitably connected to them 

such as high hydrolysis rates and racemisation of the amino acids do not lend this scenario 

much credibility as a main production site for biologically relevant peptides. 

Oligomerization of the most simple amino acid glycine can be quite easily achieved, for 

example, in a simulated submarine hydrothermal system where an aqueous solution of 

glycine was circulated through a flow reactor in which the fluid was alternately heated to 
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over 200 °C in a high-pressure chamber and then cooled down again [114]. When some 

CuC12 was added, oligomers up to hexaglycine were found. 

1.5.3 Condensation reagents 

A large number of attempts to form peptides under "possible prebiotic conditions" 

in solution implied substances that could act as condensation reagents when present in 

sufficient amounts. Under optimal conditions reagents such as cyanates [115], 

trimetaphosphate [116], imidazole [117-119], triazole, cyanamides [120, 121], linear and 

cyclic inorganic polyphosphates [122, 123], ATP [124] and UTP [117] have been shown to 

yield considerable amounts of peptides from simple amino acids. The existence of these 

condensation reagents in the required concentrations in the aqueous environment of the 

primordial earth has never been plausibly argued, however. 

Khorana proposed the mechanism of condensation of amino acids using 

carbodimide as a condensing agent [125]. Yamanaka proposed Trimetaphosphate in 

condensation of oligoglycines in aqueous solutions [123]. Aminoacetonitrile has also been 

used as prebiotic condensing agent for dipeptide synthesis from amino acids [126]. Odom 

have studied oligomerization of nucleotides in presence of kaolinite, ammonium chloride 

and cyanamide and suggested that cyanamide is only responsible in the condensation 

processes [127-128]. Halmann also used cyanamide as the condensing agent in formation 

of diglycine from glycine [129]. 

1.5.4 Heterogeneous systems 

1.5.4.1 Role of clay in peptide formation 

Clay minerals such as kaolinite and montmorillonite can catalyze the formation of 

peptides on their active surface and edges [130-133]. As their reactivity is rather low and 

the condensation limited to a few simple amino acids, their main role can be seen in 

subsequent processes, in concentrating peptides and stabilizing them against hydrolysis 

through adsorption, and in promoting a chain elongation of formed peptides [133]. Pure 
19 



CHAPTER I 
	 INTRODUCTION 

silica and alumina have also been investigated [134-138] in this context, showing even 

more favorable properties than composite natural minerals. Clays are widely distributed on 

whole Earth surface. Clays are characterized by high surface area, strong affinity for 

organic compounds, specific distribution of surface charge, and metal ion exchange 

capacity. Clays are known for their strong adsorption capacity and are good catalysts. 

Montmorillonite a clay mineral formed by the weathering of volcanic ash may have played 

a central role in the evolution of life. 

WNIP 	CAI lONS 
X1`'1 ( 

. 	 i 

Figure 1.6 Structure of Montmorillonite 

Above is the schematic Figure showing the structure of the crystal lattice of 

montmorillonite. Each layer is made up of two outer silica sheets composed of SiO4 - 

tetrahedrons and a central sheet comprised of aluminium cations surrounded in octahedral 

form by oxide anions of silicate molecules. By introducing trivalent aluminium and iron 

ions into the central sheet, the interlayer space is provided for the presence of cations. 

which are capable of exchange and can be easily replaced by the other cations of strong 

binding affinity. Crude clays consist of calcium ions as well and such bentonites are known 

as calcium bentonite. Because of its structure, montmorillonite tends to adsorb organic 

compounds to contribute its ability to catalyze a variety of organic reactions, some of these 

reactions were critical in origin of life. Bernal [139] was the first to propose the role of 
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clays and minerals in chemical evolution. Bernal proposed that clay minerals could have 

catalyzed the polymerization of biomonomers from their aqueous solutions and also a 

number of chemical reactions of prebiotic importance from which life could have emerged 

on the primitive Earth. The remarkable features of clay are: (i) Their ordered arrangement, 

(ii) Their high adsorption capacity, (iii) Their shielding capacity against sunlight (U.V. 

radiation), (iv) Their ability to concentrate organic chemicals and (v) Interestingly their ability to 

serve as polymerization templates. 

Bernal's hypothesis has been verified by many researchers and demonstrated the 

important role of clay minerals during the course of chemical evolution. 

According to the Bernal's hypothesis, clay minerals helped in chemical evolution in the 

following sequences: 

(i) Clay minerals have catalyzed the synthesis of biomonomers from gases of 

primordial atmosphere. 

(ii) Clay minerals adsorbed biomonomers formed on their surfaces providing a 

highly concentrated system having biomonomers in specific orientation. 

(iii) Clay minerals facilitated condensation reactions between adsorbed 

biomonomers from biopolymers. 

The ability of montmorillonite to catalyse a reaction was first observed during 

cyclization of 3'-nucleotides to 2', 3'-cyclic nucleotide. The yield of the cyclic product was 

almost doubled, when the reaction was performed in the presence of Zn2+-Montmorillonite 

[140]. Encouraged by the results, further, investigation on formation of phosphodiester 

bond between 5'-nucleotides using a carbodimide [141], and theii with the 

phosphorimidazolide of nucleotides using Na + montmorillonite as the catalyst were carried 

out by Ferris et al. [142-143]. Formation of 6-14 mers, in aqueous pH-.'8 solutions, with the 

oligomer length depended on the base present in nucleotides [144-146]. Kinetic studies on 

the reaction of ImpA revealed that the montmorillonite notably enhanced the rate constant 
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for oligomer formation by 100-1000 times over that for the hydrolysis of the imidazole-

activating group [147]. Changing the reaction conditions and the phosphate-activating 

group led to the formation of significantly longer oligomers. A `feeding reaction', where 

the activated monomer is added daily to a 10 mers nucleic acid primer bound to 

montmorillonite, resulted in the addition of 30-40 mers to the primer in 12-14 days [148-

149]. Changing the phosphate activating group from imidazole to 1-methyladenine resulted 

in the formation of 40-50 mers of A or U in just 1-3 days without a primer [96]. These 

investigations were important since they generated longer oligomers with the capability of 

storing more genetic information as well having enhanced catalytic capability. Ferris et al. 

had shown that RNA molecules can bind efficiently to clays and that montmorillonite can 

catalyze the formation of longer molecules (oligomers), thus lending support to the RNA 

world hypothesis that the life based on RNA preceded over DNA and protein chemistry of 

present life form [150]. Marco Franchi and Enzo Gallon i studied the possibility of 

development of the RNA world on a clay -substrate by investigating the capacity of 

different RNA molecules adsorbedibound on clay minerals, montmorillonite (M) and 

kaolinite (K) and even persisted in the presence of a degrading agent (RNase-A), to 

interact specifically with complementary RNA strands, and likely to transmit the 

information contained in their nucleotide sequences [151]. Oligomerization of the 5- 

phosphorimidazolide of uridine (ImpU) in the presence of montmorillonite clay has also 

been studied [152]. 

The effect of exchangeable cations, namely, alkali and alkaline metal, ammonium 

and aluminium ions, on montmorillonite (M) catalyzed peptide formation was investigated 

by Juraj Bujdak. Amino acid (AA) dimerization and peptide chain elongation proceed with 

relatively low yields on macroscopically swelling montmorillonite due to redistribution 

and insufficient concentration of reactant molecules on the clay surface. Cyclic anhydride 

(CA) formation, proceeding by monomolecular mechanism, is primarily affected by the 
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accessibility of catalytic sites for dimer activation. Weaker sorbed exchangeable cations do 

not block catalytic sites, -and thus favour CA formation [153]. Role of metal ions in 

chemical evolution has been studied for the polymerization of alanine and glycine [154]. 

Five proteinaceous and six nonproteinceous amino acids were synthesized from a CH4-N2 

atmosphere when exposed to an electric discharge in the presence of Na'- montmorillonite 

in water. Glycine, DL-alanine, DL-a-aminobutyric acid, and sarcosine were the four 

major amino acids produced [155]. The adsorption of protein and non- protein amino acids 

by Nat montmorillonite at different pH has also been studied. Five pairs of amino acids, 

ranging from 2-6 carbon atoms were used at concentrations equal to 100% of the clay 

cation exchange capacity. The following pairs of protein and nonprotein amino acids were 

used: glycine and sarcosine, a-alanine and (3-alanine, a-aminobutyric and k-aminobutyric 

acids, valine and norvaline, L-isoleucine and D-alloisoleucine. Adsorption of 03 and y-

amino acids was three and four-fold greater, respectively, than that of a-amino acids under 

acidic and neutral conditions [156]. Peptides were formed from aspartic acid, glutamine, 

glycine, alanine, valine, isoleucine, leucine, phenylalanine, lysine, histidine, and arginine 

with a kaolinite or montmorillonite catalyst under fluctuating moisture conditions 

(dehydration followed by hydration) at temperatures below the boiling point of H2O. The 

adsorption of ATP and ADP on montmorillonite, kaolinite, and Al(OH)3 was studied as a 

function of pH, and as a function of the ionic composition of the system. At the three 

minerals exhibited different adsorption characteristics. Mgt+  and Zn2+  montmorillonite 

adsorbed ATP and ADP more than Na+  montmorillonite [ 157]. Montmorillonite was also 

found to efficiently catalyse the condensation of formamide to a large panel of nucleic acid 

bases and derivatives, including purine, adenine, and hypoxanthine [158]. 
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1.5.4.2 Role of Double Metal Cyanides in Peptide Synthesis 

Cyanide has been reported as an important product in almost all the simulated 

prebiotic experiments and is supposed to be readily available under prebiotic environment. 

It is assumed that cyanide ions might have formed a number of soluble and insoluble 

complexes with transition metal ions present in primeval seas. Beck proposed that cyanide 

ion which was presumably present on the prebiotic environment might have formed stable 

complexes with transition metals present in the primeval seas [159]. A hypothesis has been 

proposed that cyano complexes were the probable catalysts in the prebiotic Earth 

conditions. Orgel [160], have supported the formation of cyano complexes of transition 

metals, which could have played very important role in chemical evolution. Considering all 

these concepts a number of metal cyano complexes have been tested for their role in 

chemical evolution. Interaction studies of nucleotides and amino acids with several of the 

cyano complexes have been studied by Kamaluddin et al. and Ali et al. [161-164]. 

Adsorption of adenine, adenosine, and adenosine nucleotides on nickel (II) 

hexacyanoferrate (II) has been studied by Viladkar et al. [165]. Adsorption of ribose and 

2'-deoxyribose-5'-nucleotides on metal ferrocyanides has been studied by Kamaluddin et 

al. and their role in chemical evolution has been discussed [166]. 

1.5.4.3 Role of Metal Oxides in Peptide Synthesis 

Bernal proposed the role of clays in chemical evolution; search of new possible 

solid surfaces and their involvement in chemical evolution has also started. It is proposed 

that all the substances which act as good adsorbents for organic molecules, could have 

helped in concentrating these organic molecules and subsequently helped in the formation 

of the first cell. 

Egami correlated the concentrations of minor transition metals with their biological 

behaviour in primeval seas [167]. It is proposed that transition metal ions abundantly 

present in primeval seas might have formed complexes with simple molecules readily 
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available to them and had played crucial role in chemical evolution. Kobayashi studied the 

importance of transition metals in chemical evolution [168-170]. The result strongly 

supports the heterogeneous condensation hypothesis, yet at the same time gives poor 

insights into mechanisms of the peptide formation and the role of various surface 

atoms/groups. The reason due to the complexity of clays and related materials in terms of 

surface chemistry, like the presence of different active surface sites, from single atoms and 

surface functional groups to planes, layers, edges etc. In an approach, which can be more 

respective for elucidating the chemical mechanisms, is "splitting" the clay compound into 

complex oxide catalysts and into simpler or elementary (when possible) oxide components, 

first of all silica and alumina. Initially, by studying the catalytic properties independently 

and then by complemented experiments performed on clays. Such experiments have helped 

to understand what are the surface active sites or atoms which might be responsible for the 

catalytic activity. Metal oxides are the important constituents of the Earth crust and also of 

other planets. Hence, their possibility of catalyzing different important reactions in the 

course of chemical evolution and origin of life cannot be ruled out. Number of 

investigations is in progress for understanding the role of metal oxides in chemical 

evolution. Under mild conditions, alumina is found to catalyze peptide formation. Alumina 

has also been found as a good catalyst for the peptide formation of alanine. All three forms 

of alumina, acidic, neutral and basic are used for the formation of (Ala)2, (Ala)3 and cyclic 

alanine [171]. Adsorption and thermal condensation of glycine on silica has also been 

studied [172]. The interaction between glycine and alumina has been studied [173]. It is 

proposed that metal oxides present on primitive Earth could have provided surfaces onto 

which biomonomers could have been concentrated through the means of selective 

adsorption. Matrajt and Blanot used synthetic ferrihydrite as amino acid adsorbent and a 

promoter of peptide bond formation [174]. They studied polymerization of alanine, glycine 

and norvaline using ferrihydrite as catalyst. Iron (III) hydroxide oxide catalyses the 
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condensation of DL—glyceraldehydes to ketohexoses. Sorbose, fructose, psicose, tagatose 

and dendroketose were formed [175]. Activated alumina has been used as an energy source 

for peptide bond formation [176]. They have used various forms of alumina for alanine 

dimerization. Highest yield of (Ala)2 was obtained with neutral alumina. Peptide bond 

formation on the surface of activated alumina has been studied [177]. The reactions of the 

dipeptides and glycine oligopeptides on activated alumina have yielded longer chain 

oligomers up to (Gly)11. Reverse reactions of polymer degradation to measure the impact 

of mineral surface catalysis on peptide bonds have also been studied. It was observed that 

the reactions of aqueous glycine (G), diglycine (GG), diketopiperazine (DKP), and 

triglycine (GGG) occurred with minerals (calcite, hematite, montmorillonite, pyrite, rutile, 

or amorphous silica), in the presence of 0.05 M KHCO3 buffer and 0.1 M NaCl as 

background electrolyte in a thermos tatted oven at 25, 50 or 70°C and pH 8.1. The minerals 

were not found to have measurable effects on the , degradation or elongation of glycine, 

glycylglycine or diketopiperazine at 70 °C in solution, while triglycine was degraded [178]. 

Prebiotic synthesis of purine, adenine, cytosine, thymine and 4(3H)-pyrimidinone from 

formamide has been found to be catalyzed by inorganic oxides, such as, calcium carbonate, 

silica, alumina, kaolin, and zeolite with useful application in the origin of life [179]. 

Titanium dioxide catalysed synthesis of nucleobases and acylonucleosides from formamide 

has also been established [180]. 
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Table 1.2 

The Ten Most Abundant Compounds in the Earth's Crust 

Compound Formula 
Abundance 

Percent/Weight 
Abundance 

Parts per million by 
weight 

Silicon dioxide Si02 42.86% 428,600 
Magnesium oxide MgO 35.07 350,700 

Ferrous oxide FeO 8.97 89,700 
Aluminium oxide A1203 6.99 69,900 

Calcium oxide CaO 4.37 43,700 
Sodium oxide Na2O 0.45 4,500 
Ferric oxide Fe203 0.36 3,600 

Titanium dioxide Ti02 0.33 3,300 
Chromic oxide Cr203 0.18 1,800 

Manganese 
dioxide 

Mn02 0.14 1,400 

Source: Exploring Chemical Elements and their Compounds; liavia L. tleiserman, 1 yyz 

1.6 Problem Statement 

Extensive literature survey revealed that the inorganic minerals present on the 

primitive Earth might have played a crucial role in the numerous processes of chemical 

evolution leading to the formation of biomonomers from simple molecules and then their 

condensation for the formation of biopolymers. There are ample research papers and 

reviews concerned with the role of clays [140- 159] and metal cyano complexes as 

adsorbent and catalyst in the course of chemical evolution [160- 167]. Metal oxides such as 

silica, alumina are the important constituents of Earth and other planets such as Mars, it is 

assumed that they might have catalyzed many important reactions in chemical evolution. 

Exploration on role of metal oxides in chemical evolution is still in progress. Metal oxides 

are good adsorbents and efficient catalysts. Hence it is thought that they have played an 

important role in chemical evolution. In the present work the role of manganese oxides in 

adsorbing and catalyzing important reactions of chemical evolution has been studied. 
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1.7 Organization of the Work 

To investigate the role of metal oxides as prebiotic catalyst, metal oxides such as 

manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)) have been synthesized and characterized using X—ray diffraction, 

TGA/ DTA, IR spectral studies, and Scanning Electron Microscopy (SEM), Transmission 

electron microscopy (TEM). The surface area of all the metal oxides has been found out. 

Adsorption studies have been carried out using UV, IR, and FE-SEM analysis and it was 

observed that the manganese oxides are good adsorbents for ribose nucleotides. Manganese 

oxide (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite 

(Mn02)) catalyzed formation of nucleobases from formamide has also been studied. 

Catalytic property of manganese oxides has been observed in oligomerization of amino 

acids (glycine and alanine). Adsorption and further oxidation of aromatic amines have also 

been studied in the presence of manganese oxides. Studies involved in this thesis were 

carried out under the following steps: 

1. Adsorption of ribose nucleotides (5'-AMP, 5'-GMP, 5'-CMP and 5'-UMP) on 

manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) 

and pyrolusite (Mn02)). 

2. Formation of nucleobases (purine, cytocine, adenine, thymine, 4(3H)-pyrimidinone 

etc) from formamide in the presence of manganese oxides (manganosite (MnO), 

bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)). 

3. Manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) 

and pyrolusite (Mn02)) catalyzed oligomerization of amino acids (glycine and 

alanine). 

4. Adsorption and oxidation of aromatic amines (aniline, p-chloroaniline, p-anisidine 

and p-toluidine) on manganese oxides (manganosite (MnO), bixbyite (Mn203), 

hausmannite (Mn304) and pyrolusite (Mn02)). 
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2.1 Chemicals Used 

The chemicals used in the present work in the thesis are as follows: 

Manganese acetate (Merck), Ammonium oxalate, liquid ammonia (Rankem), 5'-AMP 

(Sigma), 5'-GMP (Sigma), 5'-CMP(Sigma), 5'-UMP(Sigma), hydrochloric acid (Merck), 

sodium hydroxide (Merck), formamide (Sigma-Aldrich), orthophosphoric acid (Merck), 

potassium dihydrogen phosphate (Merck), cytosine (Sigma), 4(3H)-pyrimidinone 

(Aldrich), adenine (Sigma), purine (Aldrich), L—alanine (Fluka), Sodium hexane 

sulphonate (Rankem,, HPLC grade), L-alanyl-L-alanine (Fluka), glycine (Fluka), 

glycylglycine (Fluka), glycylglycylglycine (Fluka), aniline (Merck), p-toluidine (Merck), 

p-chloroaniline (Merck), p-anisidine (Merck), potassium hydroxide - (Merck). All other 

chemicals used were of analytical grade. Millipore water was used throughout the studies. 

2.2 Synthesis of Metal Oxides 

2.2.1 Synthesis of Manganese Oxides (MnO, Mn2O3 and Mn3O4): 

Manganese oxides were prepared from manganese oxalate through a reported 

method. First, manganese oxalate was synthesized from two micro-emulsions (I and II) as 

described below. In the second step, the manganese oxalate particles were subjected to 

thermal decomposition to yield manganese oxides. MnO, Mn203 and Mn304 were obtained 

by thermal decomposition of manganese oxalate in vacuum (12 h), air (6 h), and nitrogen 

(8h), respectively. Micro-emulsion I is composed of cetyltrimethylammonium bromide 

(CTAB) as the surfactant, n-butanol as the co-surfactant, isooctane as the hydrocarbon 

phase and 0.1 M manganese acetate solution as the aqueous phase. Micro-emulsion II is 

comprised of the same constituents as above except for having 0.1 M ammonium oxalate 

instead of manganese acetate as the aqueous phase. The weight fractions of various 

constituents in these micro-emulsions are as follows: 16.76% CTAB, 13.90% n-butanol, 

59.29% isooctane and 10.05% aqueous phase. These two micro-emulsions were mixed 

slowly and stirred overnight on a magnetic stirrer, and the resulting precipitate was 
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separated from the apolar solvent and surfactant by centrifuging and washing it with 1:1 

mixture of methanol and chloroform. The precipitate was dried in an oven at 120 °C for 1 

h. The precursors were heated under different conditions to obtain the oxides. The 

precursor on heating in air at 450 °C for 6 h leads to the formation of Mn203. Under 

nitrogen at 500 °C (8 h) Mn304 was obtained. MnO was obtained by decomposing 

manganese oxalate in a sealed quartz tube at a pressure —10-5  torr. The sealed tube was 

heated slowly to 500 °C at the rate of 50 °C h-1. It was then annealed for 12 h and then 

cooled at the rate of 25 °C h-1. 

2.2.2 Synthesis of Manganese dioxide (Mn02): 

Manganese dioxide (Mn02) was prepared as follows: Manganese acetate (MnAc2 4H2O) 

and citric acid (C6H80iH2O) in a mol ratio 1:2 were dissolved in distilled water (500m1) 

in a beaker. The solution was adjusted to pH —6 by addition of ammonia. Then, the 

solution was heated to 80 °C with a magnetic stirring and kept at this temperature for 

several hours until a wet gel was obtained. The wet gel was dried at 110 °C in a drying 

box, and a dried gel was obtained. Then the dried gel was calcined at 380 °C for 12 h in a 

muffle furnace. The calcined product was treated with a 2M aqueous H2SO4 solution 

(5gml) for 2 h at 80 °C with magnetic stirring in order to increase the degree of oxidation 

of the product. After acid-treatment, the product was rinsed with distilled water and 

filtered, then dried at 105 °C, and finally the brownish black manganese dioxide material 

was obtained. 

Synthesized manganese oxides were ground and sieved through a 100 mesh sieve 

and were subjected to spectral (1600 series FTIR, Perkin-Elmer and XRD (PW1410/20, 

Philips Hall) and adsorption studies. 

2.3 Characterization of Metal Oxides 

Metal oxides. were characterized by powdered X—ray diffraction analysis, FE-SEM, 

TEM, surface area measurement and IR spectral studies. 
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2.3.1 Powder X—Ray Diffraction Studies 

Synthesized metal oxides were analyzed by powder X-ray diffraction (XRD) using 

a Bruker AXS D8 powder diffractometer. The X-ray diffraction analysis was performed 

under the following conditions. 

Target metal = Cu 

2. 	 = 1.5418 A°  

Current 	= 45 mA 

Scanning 	= 50  90°  

Chart speed = 1 cm min' 

Voltage 	= 40 KV 

G. M. speed = 20  min 1  

= 2 KC S-1  

The X- ray diffraction spectrograms were used to calculate relative intensities and 

value of 0 for prominent peaks. The values of 0 were employed for calculation of 

interplaner spacing (d) values using the following equation: 

X 	= 2d sin0 

d 	= X/ (2 sinO) 

The relative intensities and d values were used to check the purity of the 

synthesized oxides by comparing them with the reported values. 

Figures 2.1-2.5 represent the XRD spectra of manganese oxalate (Mn (C204).2H20), 

manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (MnO2)) respectively, While, Tables 2.3-2.7 represent the d spacing 

corresponding to manganese oxalate (Mn (C204).2H20), manganese oxides (manganosite 

(MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)). 



CHAPTER II 	 EXPERIMENTAL 

2.3.2 Field Emission Electron Microscopy (FE-SEM) 

Field emission electron microscope (FE-SEM) images were recorded using a FEI 

Quanta 200F microscope operating at an accelerating voltage of 20 kV. FE-SEM images 

indicate that the particles of manganese oxides are agglomerated. Manganese oxides 

(manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)) 

show needle like morphology and irregular shaped particles (Figure 2.6). 

2.3.3 Transmission Electron Microscopy (TEM) 

In order to study the inner surface morphology, and to get information about 

agglomerated particles i. e. whether they contain homogeneously dispersed small particles 

with well defined grain boundaries, Transmission electron microscopy (TEM) images were 

recorded using a FEI TECNAI G2 microscope operating at 200 kV. It can be noticed that 

the mean size obtained from TEM was smaller than that obtained from SEM because of the 

higher resolution power of TEM (Figure 2.7). The selected area electron diffraction pattern 

for all the forms of manganese oxides are shown in Figure 2.7. The presence of well 

defined spots in the concentric rings in diffraction pattern indicates crystalline nature of 

samples. It. can. be -.concluded from TEM images that all manganese oxides are good 

crystalline form with larger particle size (50-200 nm) of spherical rod shape while, all the 

particle are of different size and shape. Some have rod like while other have simple 

spherical shape of size 20-200 nm range. 

2.3.4 Fourier Transform-Infra Red Spectroscopy (FT-IR) 

The infrared spectra of samples were recorded in KBr discs on a Perkin-Elmer 

FTIR spectrophotometer (Model Perkin-Elmer-1600 Series) USA. Figure 2.8 represents IR 

spectra of manganese oxides: (manganosite (MnO), bixbyite (Mn203), hausmannite 

(Mn304) and pyrolusite (Mn02)). Figures 2.9 represent IR spectra of standard ribose 

nucleotides: AMP, GMP, CMP and UMP respectively. Figures 2.10 represent IR spectra of 
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standard aromatic amines: p-toluidine, p-anisidine, aniline and p-chloroaniline 

respectively. 

2.3.5 Surface Area Measurement 

The specific surface area of individual metal oxide was determined using BET 

method. The method involved physical adsorption of N2 at its boiling temperature. The 

equation for finding out surface area by BET method is as follows: 

P 	1 C-1 P 
_ + x - Va (Po — P) V.0 V.0 PO 

Where, 

P 	= Adsorption equilibrium pressure 

Po 	= Saturated vapor pressure of adsorbate 

Va 	= Volume of adsorbate corresponding to pressure P 

Vm 	= Volume of adsorbate required for a mono layer coverage 

C 	= 	A constant relating to the heat of adsorption 

According to the BET method, a plot of P/Va (Po P) against P/Po yields a straight 

line when P/P0 < 0.3. From the slope and intercept of the straight line Vm can be calculated 
GENT RA

DE~ 

by the following equation.
ACC NO ......

Vm x N ~aee. ZSurfaceArea (m- / g) _ 	x Am
22414 x w  

Where 

Vm 	= Monolayer volume in ml at STP 

N 	= Avogadro number 

W 	= 	Weight of the powdered sample (g) 

Am 	= Cross Sectional area of adsorbate molecule 

(0.162 nm2 for N2) 

Surface area values of manganese oxides are given in Table 2.1 
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2.3.6 Magnetic Susceptibility Measurement 

The magnetic susceptibility measurements of all the synthesized metal oxides were 

carried out on Vibrating Sample Magnetometer (Model 155, Princeton Applied Research). 

Magnetic moment for metal oxides was calculated using the formula 

peff = 2.84x RTM/Hw 
9 

,ueff = n(n + 2) 

Where, 	peff 	= Magnetic moment (BM) 

R = 	Observed magnetic moment (e.m.u.) 

H 	= 	Applied magnetic field (gause) 

w 	= 	Weight of sample subjected to analysis 

n = 	number of unpaired electrons present in complexes 

Magnetic moment was used to calculate the number of unpaired electrons present 

in respective metal oxide. The values of peff (cal) were obtained by the 

formula,ueff = n( +2) . Number of unpaired electrons, n, and hence magnetic properties 

of the samples were determined. Number of unpaired electrons n and peff (obs) for the 

metal oxides are shown in Table 2.2. In the case of manganese oxide magnetic 

measurements were carried out at temperatures ranging from 300 K to 100 K to determine 

the temperature of Morin transition. 

We have carried' out detailed magnetic studies of manganese oxalate nanorods as 

well as the oxides obtained from them. The high temperature susceptibility yields a Weiss 

temperature H = 236 K and an effective moment of 5.8 mB, consistent with Mn2+  expected 

for manganese oxalate. A sharp magnetic transition is observed near 15 K. This 

temperature is somewhat higher than the reported Neel temperature TN of manganese 

oxalate (2.6 K). However, previous studies have also found a peak in the susceptibility at a 

temperature much above TN. This has been attributed to the presence of linear spin chains 
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in the system. Magnetization of Mn304 nanoparticles (100 nm) are shown paramagnetic 

molar susceptibility yields H = 2240 K and an effective moment of 4.7 mB for x values 

taken between 200 and 300 K. The reduction in the moment could be in part due to the 

lack of nonlinearity of the susceptibility in the Curie plot. At low temperature, there is the 

expected ferrimagnetic transition at 43 K. Ferrimagnetism may also lead to the reduction of 

the moment due to competition between the spin sub lattices. In MnO nanoparticles (28 

nm) the high temperature susceptibility yields H = 2400 K and an effective moment of 5.9 

mB. The effective moment is somewhat less than that expected for Mn2+. Bulk MnO has an 

antiferromagnetic transition at 118 K, but there is no indication of any magnetic transition 

in the neighborhood of TN, just a deviation from linearity in the Curie plot. However, there 

is a weak transition near 45 K. Close inspection of the ac susceptibility in the temperature 

range in the neighborhood of the anomaly suggests that it may be the result of Mn304 

impurity. The presence of 1% Mn304 impurity would be sufficient to explain the observed 

signal. Since Mn304 is ferrimagnetic, its magnetization is much larger than that of an 

antiferromagnet. 

The magnetization of a-Mn203 nanoparticles is shown paramagnetic susceptibility 

gives H = 2160 K and an effective moment of 5.0 mB, consistent with Mn3+  (effective 

moment 4.9 mB). At low temperatures, it shows two transitions, a broad one just above 80 

K and the other near 40 K. The observation of two transitions in this compound has been 

reported in the literature for bulk Mn203, but again this magnetic anomaly could . be 

attributed to about a 1% impurity of Mn304. 

Nearly spherical grains of size 28 nm of MnO displayed weak antiferromagnetism. 

Mn203 (50 nm) exhibited an antiferromagnetic transition at about 80 K. Both MnO and 

Mn203 nanoparticles showed weak magnetic transitions near 45 K, indicative of a small 

amount of Mn304 impurity. The 100 nm sized spherical particles Mn304 were stabilized in 

a tetragonal structure and showed a ferrimagnetic transition at 43 K. The magnetic property 
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of the composites has been considered by measuring the magnetic susceptibility. The 

magnetic moment (1B) of as received Mn02 has been measured and is equal 4.12 B.M., 

which is almost equals 4.9 B.M. This confirmed that the Mn4+  ion in Mn02 has three 

unpaired electrons (paramagnetic properties). 

2.4 Estimation of Adsorbate Concentrations 

Electronic spectra of ribose nucleotides were recorded using Shimadzu UV-1601 

spectrophotometer and have shown characteristic ?,mom, values of ribose nucleotides at 

259nm, 254nm, 278nm, and 262nm, for 5'-AMP, 5'-GMP, 5'-CMP and 5'-UMP, 

respectively. The concentration of ribose nucleotides namely, 5'-AMP, 5'-GMP, 5'-CMP 

and 5'-UMP was estimated spectrophotometrically which involved the measurement of 

nucleotides absorbance at the wavelength of maximum absorption (?m). Standard curves 

were prepared by plotting absorbance versus concentration (Table.2.8). The standard 

curves for ribose nucleotides are shown in Figures 2.11-2.14. 

2.5 Adsorption Studies 

2.5.1 Adsorption of Ribose Nucleotides 

Adsorption of all the four ribose nucleotides on metal oxides was studied over wide 

concentration range. Ribose nucleotide solution 5 ml (5 x 10-5  M - 60 x 10-5  M) was added 

to the test tube having 25 mg of adsorbent each time. The required pH was adjusted by 

adding very small amount of concentrated HC1 or NaOH solutions. The suspensions were 

shaken, then allowed to equilibrate and centrifuged at 5000 rpm on a Centrifuging machine 

(Model-220V 50-1 Ac manufactured by REMI motors, Mumbai, India) and the 

supernatant liquid was decanted. The concentrations of nucleotides left over after 

adsorption i.e. equilibrium concentration was then determined spectrophotometrically. The 

amount of nucleotides adsorbed on metal oxides was calculated from the difference 

between their initial concentration and equilibrium concentration. 
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2.5.2 Determination of Adsorption Isotherms 

The equilibrium concentration of adsorbate and amount (Xe) adsorbed per gram of 

adsorbent were used to plot the adsorption isotherms. The amount of adsorbate adsorbed 

on one gram of adsorbent has been calculated using the formula: 

Xe= (Ci—Ceq)xvxMx1000m lm 
g g 

w 

Where 

Xe 	= Amount (mg) of adsorbate adsorbed on one gram of adsorbent 

Ci 	= Initial concentration of adsorbate 

Ceq  = equilibrium concentration of adsorbate 

	

V 	= Volume of adsorbate solution 

M 	= Molecular weight of adsorbate 

	

w 	= Amount (mg) of adsorbent used 

2.5.3 Determination of Percent Binding 

The percent binding of aromatic acids and ribosenucleotides on metal oxides under 

study was determined at the saturation point of adsorption isotherms. The percent binding 

was calculated using the optical densities (O.D.) of adsorbate before and after adsorption 

as shown below: 

O.D. of adsorbate before adsorption - O.D. of adsorbate after adsorption 
% Binding = 

	

	 x 100 
O.D. of adsorbate before adsorption 

2.6 Formation of Nucleobases from Formamide in the Presence of manganese oxides 

(manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite 

(Mn02)) 
The reaction was carried out by taking formamide (5.7g, 5m1, 0.12 mol) in the 

presence of 50 mg of selected catalyst manganosite (MnO), bixbyite (Mn203), hausmannite 

(Mn304) and pyrolusite (Mn02) in the temperature range 100-160 °C for 12-96 h. A blank 

experiment (absence of manganese oxides) was also performed under similar reaction 
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conditions. The reaction mixture was centrifuged and filtered through 0.2 µm filter paper 

and then the mixture was divided into two parts, one part was used for HPLC analysis and 

the other for ESI-MS analysis. It was observed that the product gradually appeared after 

12h and concentration of the products became constant after 48h thus the optimum time for 

the formation of the products is approximately 48 hrs. Low yields of the products were 

observed below 160 °C. Our main attention was mainly focused on the formation and 

identification of purine and pyrimidine derivatives at 160 °C where relatively high yield 

was observed. The main identified products were purine, thymine, 9-(hydroxyacetyl) 

purine, 4(3H)-pyrimidinone, cytosine and adenine. Only purine formed in the blank 

experiment. 

2.6.1 HPLC Analysis 

All the solutions obtained from the reaction system were analyzed with an Agilent 

1100 series LC system using an Agilent Hypersil (ODS 5 µm/ 200 x 2.2 cm) column. The 

mobile phase used was a buffer solution of (KH2PO4 + H3PO4) of pH-4.05; with a flow 

rate of 0.75 ml/minute under isocratic condition at 260 nm. 

The HPLC chromatograms showed a number of peaks including purines and 

pyrimidines in all the reaction mixtures. The products identified were purine, thymine, 9- 

(hydroxyacetyl) purine, cytosine, 4(3H)-pyrimidinone and adenine, which were confirmed 

by co-injection with authentic samples. It was noted that all the four manganese . oxides 

used produced nearly the same products, with different % yield. Manganosite (MnO) has 

shown the highest yield of purine, thymine, 9-(hydroxyacetyl) purine, 4(3H)-pyrimidinone, 

cytosine and adenine from formamide. Hausmannite (Mn304) also showed a higher yield 

of purine compared to bixbyite (Mn203) but other products were in lesser yield. Pyrolusite 

(Mn02) afforded the lowest yield of the products in comparison to other manganese oxides 

used. The yield obtained was measured in mg of product formed per gram of formamide 

with the help of standard curve shown in Figure 2.15-2.18. 
56 



CHAPTER II 
	 EXPERIMENTAL 

2.6.2 Electro spray Ionization—Mass Spectrometry Analysis 

A Bruker Esquire 4000 (Bruker Daltonics Data Analysis 3.3, Germany) ion trap 

mass spectrometer interfaced to electro spray ionization (ESI) source was used for mass 

analysis of nucleobases formed from formamide in the presence of manganese oxides. 

Ionization of analytes was carried out using the following setting of ESI: nebulizer gas 

flow 10 psi, dry gas 5 L min"1, dry temperature 300 °C, capillary voltage 4000 V. 

Calibration of m/z was performed using ES-tuning mix. The ESI-MS/MS experiments of 

the products were also performed under the same conditions using positive ionization 

2.7 Oligomerization of Glycine and L—Alanine in the presence of manganese oxides 

(manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite 

(Mn02)) 
Each of the catalysts, manganese oxides (manganosite - (MnO), bixbyite (Mn203), 

hausmannite (Mn304) and pyrolusite (Mn02)) were impregnated (0.1 g) with aqueous 

solution of amino acids: glycine, L-alanine and (3-alanine (0.1 ml, 0.1M) separately. The 

suspension was dried at 90 °C for 3h and used to study possible formation of peptides. The 

samples were heated at three different temperatures of 50 °C, 90 °C and 120 °C for 1-35 

days. The reaction was monitored after every seven days. No fluctuating drying/wetting 

conditions were simulated. Control experiments of amino acids without catalyst were also 

performed. After heating the samples, peptide condensation products obtained were 

washed with lml of 0.1M calcium chloride solution to leach out adsorbed amino acids and 

related reaction products. The supernatant liquid of the reaction was filtered and divided 

into two parts; one part of the filtrate was used for HPLC analysis while other for ESI-MS 

analysis. 
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2.7.1 HPLC Analysis: 

All the solutions obtained from the reaction system were analyzed with HPLC 

(Waters 2489, binary system) equipped with a column of Waters (Spherisorp 5 µm ODS2 

4.6mm x 250 mm). UV detection was performed at 200 nm wavelength. The mobile phase 

compositions were 10 mM sodium hexane sulphonate acidified with phosphoric acid to 

pH-2.5 (solvent A) and acetonitrile of HPLC grade (solvent B) with a flow rate of 1 

ml/min. The reaction products were identified by retention time and co-injection method. 

Yields of the products were determined comparing peak area of products to the standards 

Figures 2.19-2.21. 

2.7.2 ESI-MS Analysis: 

A Bruker Esquire 4000 (Bruker Daltonics Data Analysis 3.3, Germany) ion trap 

mass spectrometer interfaced to electrospray ionization (ESI) source was used for mass 

analysis for the formation of peptides in the presence of manganese oxides. Ionization of 

analytes was carried out using the following setting of ESI: nebulizer gas flow 10 psi, dry 

gas 5 L miri 1, dry temperature 300 °C, capillary voltage 4000 V. Calibration of m/z was 

performed using ES-tuning mix. The ESI-MS/MS experiments of the products were also 

performed under the same conditions using positive ionization mode. 

2.8 Adsorption and Oxidation of Aromatic Amines in the Presence of manganese 

oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)) 

2.8.1 Estimation of Amines Concentrations 

The concentration of aromatic amines was estimated spectrophotometrically which 

involved the measurement of amine at the wavelength of maximum adsorption (? m ). 

Electronic spectra of ribose nucleotides were recorded using Shimadzu UV-1601 

spectrophotometer which showed characteristic 	values of amines at 280nm, 295nm, 

290nm and 286nm, for aromatic amines namely aniline, p-anisidine, p-chloroaniline, p- 
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toluidine respectively. Standard curves were prepared by plotting absorbance versus 

concentration (Table.2.9). The standard curves for various . amines are shown in Figures 

2.22-2.25. 

2.8.2 Adsorption of Aromatic Amines 

Preliminary experiments were initially carried out to find out the suitable 

conditions for the adsorption of amines. The adsorption of aniline, p-toluidine, p-anisidine 

and p-chloroaniline on manganese oxides as a function of amine concentration (2.0 x 10-5  

M to 1.4 x 10-4  M) was studied by adding 5 ml of amine solution to 0.1 g of manganese 

oxides each time. The amine-metal oxides suspensions were shaken initially for half an 

hour to equilibrate at temperature of 30 °C. The suspensions were centrifuged after 24 hr, 

supernatant liquid decanted off, and leftover amine concentration in it was determined 

spectrophotometritally. For adsorption study, aniline and p-toluidine suspension was kept 

for 24 hr and p-chloroaniline suspension was kept for 72 hr due to poor adsorption. The 

amount of amine adsorbed has been calculated as the difference between amine 

concentration before and after adsorption. The concentration of amine at equilibrium and 

the amount adsorbed were used to obtain the adsorption isotherm. 

2.8.3 Determination of Adsorption Isotherms 

The equilibrium concentration. of adsorbate and the amount (Xe) adsorbed per gram 

adsorbent was used to study the adsorption isotherms. The amount of adsorbate which 

adsorbed on one gram of adsorbent has been calculated using the formula: 

X  — (Ci—Ceq)xVxMxl000 
e 	 W 

Where 

	

Xe 	= Amount (mg) of adsorbate adsorbed on one gram of adsorbent 

	

C; 	= Initial concentration of adsorbate 

Ceq  = equilibrium concentration of adsorbate 
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V 	= Volume of adsorbate solution 

	

M 	= Molecular weight of adsorbate 

	

w 	= Amount (mg) of adsorbent used 

2.8.4 Determination of Percent Binding 

The percent binding of aromatic amines on metal oxides under study was 

determined at the saturation point of adsorption isotherms. The percent binding was 

calculated using the optical densities (O.D.) of adsorbate before and after adsorption as 

shown below: 

= 
O.D of adsorbate before adsorption- O.D of adsorbate after adsorption x 100 

% Binding O.Dof adsorbatebeforeadsorption 

2.8.5 Analysis of Reaction Products by GC-MS 

In alkaline medium (p11>8) brown-red colored products of oxidized amine were 

deposited on the manganese oxide (manganosite (MnO), bixbyite (Mn203), hausmannite 

(Mn304) and pyrolusite (Mn02)) surfaces within 24 h. These colored products were 

extracted and concentrated in benzene for GC—MS analysis. Products thus formed were 

analyzed on a GC-MS (Perkin Elmer—Claurus-500) with FID detector equipped with a 

capillary column (ELITE-1 with stationary phase 100% dimethyl polysiloxane column 

length 30 m, diameter 0.32 mm). The conditions for GC were as follows: Injector 

temperature, 250 °C; transfer line temperature, 250 °C. The capillary column temperature 

was programmed as follows: 80 °C for 2 min; from 80 °C to 260 °C at 10 °C min 1, held at 

250 °C for 15 min. Helium was used as a carrier gas with a flow rate of 2 ml min'. The 

mass spectrometer conditions were ion source 250 °C and ionization energy 40 eV. 
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Table 2.1 

Table 2.2 Surface area of manganese oxides 

Metal oxides Surface area values(m /g) 

Manganosite (MnO) 238.89 

Bixbyite (Mn203) 226.56 

Hausmannite (Mn304) 218.35 

Pyrolusite (Mn02) 214.57 

Table 2.2 

Magnetic susceptibility data of Manganese oxides 

Metal Oxide µeff (cap) (B.M.) µeft (obs) (B.M.) 

Manganosite (MnO) 5.9 4.9 

Bixbyite (Mn203) 4.9 5.0 

Hausmannite (Mn304) 4.9 4.7 

Pyrolusite (Mn02) 3.9 	S  4.1 
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Table 2.3 

d spacing corresponds to manganese oxalate (Mn (C204).2H20) 

d/A (reported) 

5.65 

4.59 

3.66 

3.62 

3.13 

3.04 

2.836 

1.982 

1.777 

d/A (observed) 

5.65 

4.60 

3.68 

3.61 

3.18 

3.05 

2.852 

1.994 

1.789 

h k 1 

1 0 1 

1 0 2 

1 0 3 

0 1 3 

2 0 0 

0 2 0 

2 0 2 

3 1 0 

1 3 3 

Table 2.4 

d spacing corresponds to Manganosite (MnO) 

d/A (reported) 	d/A (observed) 	h 	k 	1 

2.5449 2.5675 1 1 	1 

2.204 2.2067 2 0 	0 

1.5584 1.5718 2 2 	0 

1.3290 1.3494 3 1 	1 

1.2724 1.2817 2 2 	2 

1.102 1.098 4 0 	0 
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Table 2.5 

d spacing corresponds to Bixbyite (Mn203) 

d/A (reported) 	d/A (observed) 	h 	k 	1 

2.7164 2.7197 2 2 	2 

2.5149 2.5041 1 2 	3 

2.3525 2.3552 4 0 	0 

2.2179 2.1975 3 3 	0 

1.8454 1.8351 4 3 	1 

1.7180 1.6958 5 2 	1 

1.6634 1.6643 4 4 	0 

1.4186 1.4191 6 2 	2 

1.1762 1.1854 8 0 	0 
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Table 2.6 

Table 2.5 d spacing corresponds to Hausmannite (Mn304) 

d/A (reported) 	d/A (observed) 	h 	k 	1 

4.9203 4.9244 1 0 	1 

3.0854 3.0867 1 1 	2 

2.8825. 2.8809 2 0 	0 

2.7624 2.7666 1 0 	3 

2.48.71 2.4864 2 1 	1 

2.4601 2.4598 2 0 	2 

2.3605 2.3641 0 0 	4 

2.0382 2.0368 2 2 	0 

1.7945 1.7974 1 0 	5 

1.5764 1.5755 3 2 	1 

1.5427 1.5424 2 2 	4 

1.4412 1.4394 4 0 	0 
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Table 2.7 
d-spacing corresponds to Pyrolusite (Mn02) 

d/A (reported) d/A (observed) h k 1 

. 4.9203 4.9276 1 1 0 

3.0854 3.0887 1 0 1 

2.8825 2.8772 2 0 0 

2.7624 2.7665 2 1 1 

2.4871 2.4865 2 2 0 

2.3605 2.3654 3 0 1 

2.0382 2.0372 1 1 2 

1.7945 1.7972 2 0 2 

1.5764 1.5750 3 2 1 

1.5427 1.5428 4 0 0 

Table 2.8 
Concentration versus absorbance data for standard curve of ribose nucleotides 

Concentration 

(Mx105) 

Absorbance 

5'-AMP 5'-GMP 5'-CMP 5'-UMP 

Xmax = 259 nm kmax = 254 nm Xmax  278 nm Xmax = 262 nm 

0 0 0 •0 0 

8 1.01 0.86 0.77 0.60 

12 1.49 1.40 1.11 0.88 

16 1.97 1.81 1.57 1.23 

20 2.39 2.29 2.01 1.54 

24 2.75 2.68 2.52 1.76 

28 3.34 3.17 2.82 2.06 
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Table: 2.9 
Concentration versus absorbance data for standard curve of amines 

Concentration 

(Mx104) 

Absorbance 

Aniline p-chloroaniline p-anisidine p-toluidine 

Xmax = 280 nm ,max  = 290nm ,max 295nm 2max = 286 nm 

0 0 0 0 0 

1 0.13 0.204 0.213 0.263 

2 0.28 0.44 0.44 0.47 

4 0.54 0.891 0.94 0.92 

6 0.821 1.372 1.45 1.35 

8 1.083 1.824 1.95 1.76 

10 1.385 2.272 2.45 2.18 

12 1.662 2.772 2.95 2.62 

15 2.12 3.452 3.74 3.214 



CHAPTER II 
	 EXPERIMENTAL 

N 
It 
[V 
LO 
(D II 
id 

2500 
co 

~ o 
II n 

2000 cD 
v 

III I 

Lii O
b
i 	0) 

rn 

1500 
1 . 1 	

CO 

i II 

1000 

500 

10  20  30  40  50  60  70 

2-Theta-Scale 

X- Ray diffraction pattern of manganese oxalate (Mn (C204).2H20) 

Figure 2.1 

ri 
M 
N 

3000 

2500 

2000 
l0 

1500 

1000 

500 

 

10 	20 	30 	40 	50 	60 	70 

2-Theta-Scale 

XRD spectra of Manganosite (MnO) 

Figure 2.2 

67 



CHAPTER II 
	 EXPERIMENTAL 

2200 

2000 

1800 

1600 

cti 
1400 

Cl) 

1200 

1000 

800 

600 

400 

10  20  30  40  50  60  70 

2-Theta-Scale 

XRD spectra of Hausmannite (Mn304) 

Figure 2.3 

I CO I 

1600 
N 
11 I. I 

1400 II 
-i O N  r II 

O 
1200 0  o I cD t - 

N 	0 O II II 

a 	 O 	r I 	I H 
1000 N 

II N O 
,~ 

800 

600 

400 

10  20  30  40  50  60 
 

70 

2-Theta-Scale 

XRD spectra of Bixbyite (Mn203) 

Figure 2.4 



CHAPTER II 

n 
2000 

1800 

1600 

1400 

1200 

1000 

600 

600 
30 	 40 

2-Theta-Scale 

XRD spectra of Pyrolusite (Mn02) 

Figure 2.5 

(a) 	 (b) 	 (c) 	 (d) 
FE-SEM images of manganese oxides (a): MnO, 
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Figure 2.6 
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TEM Images of Manganese Oxides (a): MnO, 

(b): Mn304, (C): Mn203 (d): Mn02 

Figure 2.7 
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Standard curve of 5'-GMP 
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Figure 2.13 
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standard curve of 5'-U1VH' 

Figure 2.14 
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CHAPTER III 	INTERACTION OF RIBOSE NUCLEOTIDES WITH MANGANESE OXIDES 

3.1 Introduction 

Though life that exists today is based on DNA genomes and protein enzymes, there 

is convincing evidence that hypothesizes the origin of life based on RNA [1]. This 

primordial era referred to as the "RNA world" [2] hypothesizes that all modem organisms 

are descendants of a prebiotic self-replicating moiety, which utilized RNA as both genetic 

as well as catalytic material [3]. This hypothesis is now an almost universally held view [4-

6]; but could this RNA World have stood at the ultimate origin of life? This is currently 

still an open question. Yet while there are still substantial problems, there are now good 

leads for simple, spontaneous processes on the early Earth for both the synthesis of 

nucleotides and their concentration to oligonucleotides. 

Further study on the origin of life addressed questions regarding the sources of 

small organic molecules that composed the first self-replicating system and the mechanism 

of evolution of cell-like enclosure from an abiotic supply of biomonomers [7-8]. Numerous 

chemical and biochemical studies pertaining to the chemical evolution and origin of life, 

performed under simulated prebiotic conditions, have appeared owing to various 

pioneering work in this field [9-13] but such aggregation of biological precursors into 

prebiotic biopolymers was puzzling to many. It was Bernal who proposed that adsorption 

of organic molecules onto mineral surface like clays would have catalytic relevance to the 

emergence of prototypical polymeric templates [14]. Similarly Ferris showed that clays 

could catalyze activated nucleotide polymerization reactions [15-19]. Smith studied the 

potential role of natural minerals on which aggregation and entrapment of nucleobases 

might have occurred thereby, reinforcing the potential role of natural minerals acting as 

scaffolds and aiding in the catalysis of reactions necessary for the evolution of early life 

[20]. 

Like natural minerals, transition metals may have been important as catalysts for 

the formation of biopolymers during chemical evolution and the origin of life [21-23]. 
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Catalysts may have been important for the origins of life because they tend to direct the 

reaction along a few reaction pathways so that a limited array of products is obtained. 

Catalysts bind specific types of compounds to their surfaces and then convert them to a 

limited number of products. Manganese is the 10 t̀' most abundant element in the biosphere 

(_1014  kg of suspended and dissolved manganese found in oceans) and is second only to 

iron in relative terrestrial abundance of the transition metals. On average, crustal rocks 

contain about 0.1% by weight of Mn [24], coordinated with oxygen, and may also exist in 

the bottom of seas as nodules. The existence of manganese on Mars has also been reported 

[25]. In the early stages of the Earth's evolution, volcanoes were a major source of such 

elements which in turn may have been involved in adsorption and catalytic reactions of 

biomolecules in molecular evolution. The catalytic activity of manganese for many 

reactions in the presence of nucleotides, mRNA to give oligoribonucleotides is already 

reported [26]. Visscher and Schwartz have concluded that the synthesis of pyrophosphate-

linked oligomers from the bis-phosphoimidazolides of deoxyadenosine and 

deoxyguanosine, as well as from acyclic analogs of these nucleosides, is catalyzed much 

more effectively by Mn (II) [27]. 

Manganese exists in various oxidation states on Earth. The microbial oxidation of 

soluble Mn (II) is an important process for the formation of soluble Mn (III, IV) oxides in 

natural environments [28]. Abiotic oxidation of Mn (II) under aerobic condition at neutral 

pH proceeds only at a limited rate [29-30]. Microorganisms are responsible for much of the 

Mn-oxide as they greatly accelerate its formation rate [28] and produce oxidation states of 

> 3.4 compared to the abiotic laboratory synthesis value of 3.1 [29]. 

We proposed that since the redox potential of the primitive Earth's atmosphere was 

low and the atmosphere was less oxidized, manganese oxides of lower oxidation states 

were more important for selectively adsorbing and concentrating bio-molecules during 
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chemical evolution. In the present work, we studied the interaction of ribose nucleotides 

namely, 5'-GMP, 5'-AMP, 5'-CMP and 5'-UMP with manganese oxides of varied MnIO 

ratio (MnO, Mn304, Mn203 and Mn02). Ribose nucleotides have negatively charged 

phosphate groups, lone pair containing nitrogen atoms, and aromatic rings with it electron 

clouds. So interaction could have taken place with the negatively charged moieties of 

nucleotide and the positively charged surface of manganese oxides [31-32]. It was 

observed through a series of adsorption studies that manganese oxides of lower oxidation 

state are adsorbents for ribonucleotides and thus may have played a role in chemical 

evolution. 

3.2 Evaluation of Parameters Suitable for Adsorption Studies of Ribose Nucleotides 

on Manganese Oxides 
The parameters such as concentration range of adsorbate, particle size of adsorbent, 

contact time to attain the equilibrium for adsorbate and adsorbent, quantity of adsorbent, 

pH and the temperature were - optimized to study the adsorption of ribose nucleotides on 

manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)). 

The adsorption of ribose nucleotides (5'-AMP, 5'-GMP, 5'-CMP and 5'-UMP) on 

manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)) was studied as a function concentration of adsorbates at neutral pH. 

The concentration range of all the four ribose nucleotides was — (05 x 10-5  M — 60x10 5  M). 

The manganese oxide was of 200 mesh size and 25 mg of the oxide was used for the 

adsorption studies. The equilibrium ranging time from 1 hr to 48 hr was studied to 

determine the equilibrium time. The 24 hr time was found to be suitable to achieve the 

equilibrium indicating maximum adsorption. 
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3.3 Results and Discussion 

3.3.1 Interaction of Ribose Nucleotides with Manganese Oxides 

Adsorption of 5'-AMP, 5'-GMP, 5'-CMP and 5'-UMP on manganese oxides 

(manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (MnO2)) 

were studied as a function of concentration at neutral pH—'7. As it is well established as per 

our previous observation that maximum adsorption occurs at neutral pH [21-23]. The 

results obtained are shown in Table 3.3.1-3.3.16 and Figures 3.3.1-3.3.4 which indicate the 

amount (mg) of ribose nucleotides adsorbed per gm of manganese oxide at neutral pH. 

It was observed that Purine nucleotides showed higher adsorption than 

pyrimidine nucleotides. The order of adsorption is as follow: 

5'-GMP>5'-AMP> 5'-CMP > 5'-UMP 

After optimizing conditions, adsorption of nucleotides on a fixed amount of 

manganese oxide (25mg) was studied by varying concentrations of nucleotides (05x10-5  M 

to 60x 10-5  M), at neutral pH at room temperature. 

The adsorption of ribose nucleotides followed Langmuir adsorption isotherm as 

given below. 
Ce  Ce  +  1  k  
X, X. Xm  L 

where, 

Ce 	= 	equilibrium concentration of nucleotide (mole/liter) 

Xe 	= 	amount (in mg) of nucleotide adsorbed per gram weight of 

adsorbent (mg) 

Xm 	W 	amount of nucleotide adsorbed at saturation (mg/g) 

kL ` = 	Langmuir adsorption constant (1/mg). 

The adsorption data were obtained at neutral pH (-7.0) and over a wide 

concentration range of adsorbate (05 x 10-5  M to 60x10 5  M). A plot of Ce vs. Xe was 
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sigmoid in nature. From the data of the curve at saturation, the percent binding was 

calculated and are listed in Table 3.3.17. The adsorption data were found to follow 

Langmuir adsorption isotherm. 

The initial portion of the isotherm represents a linear relationship between the 

amount adsorbed and the equilibrium concentration of the ribonucleotides. At a higher 

concentration range, the isotherm showed a saturation phenomenon indicating no further 

adsorption. A typical graph of Ce/Xe  vs Ce  is a straight line Figures 3.3.5-3.3.8. KL and Xm  

values were determined and are shown in Table 3.3.18. In general, manganese oxide; 

manganosite (MnO) was found to have extremely high affinity in its oxide for ribose 

e kLC  
nucleotides as the extent of surface covered (e = 1+k ) 

was determined to be about 

100% for all the four nucleotides. 

The nature of interaction between the ribonucleotide and the oxide plays a vital role 

in understanding the mechanism underlying the higher adsorption affinity on certain oxides 

of manganese [33-37]. In a manganese oxide/water system, Me-OHZ+  and Me-0-1 , 

hydroxyl groups on the solid surface are the most important sites for surface interactions. 

These groups can act as acids or bases, depending on the pH of the solution. In the present 

study, according to the literature [38-41], the zero points of charge Pzpc of MnO, Mn203, 

Mn304 and Mn02 are >10, >10, 7.7 and 7.3 respectively. At neutral pH (pH < Pzpc), the 

hydroxyl groups on the manganese oxide surface exist in the acidic form and the adsorbent 

surface is positively charged. Electrostatic interactions of positively charged surface of 

manganese oxides (MnO and other manganese oxides) with nucleotides may take place 

through negatively charged atoms in the phosphate groups, via the 7t electrons of the 

aromatic ring or rings, and/or via the lone pair of electrons on N and 0 atoms. Such 

explanations are verified by the infrared spectral studies conducted. 
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The nature of the interaction between ribonucleotides and the manganese oxides is 

mainly electrostatic, which was further elucidated by means of infrared absorption study 

which showed shifting of particular metal oxide-phosphate peaks [42-45]. Electrostatic 

interaction of phosphate groups with positively charged groups and hydroxyl sites at the 

surface of magnetite was postulated by Daou et al. Antelo et al. similarly stressed the 

importance of pH and ionic strength while explaining the higher adsorption of phosphate to 

goethite in acidic medium. Higher adsorption of phosphate by manganosite (MnO) at 

acidic pH was also explained by Chitrakar et al. and Li and Stanforth in lines of 

electrostatic forces of attraction as the primary mode of interaction. The shift in 

wavelengths of characteristic frequencies of ribonucleotides, manganese oxide in 

nucleotide-manganese adducts (Figure 3.3.9 (a), (b) and (c), respectively) indicates 

interactions between the ribonucleotides and manganese, which also confirmed by 

(Tables 3.3.20-3.3.21). It appears that the binding may also be mediated by either N-1 or 

N-7 for 5'GMP and 5'AMP, and N-3 for 5'CMP and 5'UMP. The adsorption is presumably 

related to the involvement of N-1, N-3 and N-7 of the base residues, lone pair of nitrogen 

atom, and to the dissociation of the two available protons of the phosphate groups. A shift 

towards lower wavelength of N-H bending froml647cm"1  to 1629 cm 1  shows the 

involvement of the NH2 groups present on the base of 5'GMP ribonucleotides in the 

interaction of ribonucleotides with manganese. A strong band at 1084 cm' in 5'GMP 

corresponding to C-O-P vibration has been shifted to 1102 cm" 1 . Thus interaction likely 

takes place through amino and phosphate groups of ribonucleotides with positively 

charged manganese oxide surfaces [23]. 

The presence of significant change in the typical infrared frequencies of N-H and 

C-O-P suggests that the adsorption of ribonucleotides is a surface phenomenon occurring 

on the surface of metal oxides. Ribonucleotides interact through their purine or• 
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pyrimidines residue and phosphate group with the positively charged surface of the 

mineral. Greater adsorption of 5'-GMP and 5'-AMP may be due to the higher number of 71 

electrons in their aromatic ring system. 

Manganese oxides with different oxidation states like 2, 3 and 4 exist [46-49] with 

decreasing average volume per Mn ion (A3 ) in each form of the oxide [45]. The prebiotic 

condition existing in the bottom of sea was essentially reducing [50]. This is suitable for 

the adsorption of ribonucleotides on the surface of the Mn (II) and Mri (III) which changed 

slowly to the more stable state of manganese oxide, Mn (IV) with the increasingly 

oxidizing nature of the primitive Earth's atmosphere [51]. The oxic conditions prevailing 

at bottom of seas were clarified by thallium isotope studies carried out by Nielson [52] and 

further reported by Sleep and Bird [53]. 

Field Emission Scanning Electron Microscopic studies of the GMP, manganese 

oxide and GMP--rmanganese oxide adduct was also studied and is shown in Figure 3.2.10. 

FE-SEM photographs of manganese oxide-nucleotide adduct shows that surface of 

manganese oxide becomes smooth and colour of surface of manganese oxide changes to 

that of GMP. EDX pattern also supports the adsorption as percentage of C, N, P and 0 

increases in the EDX pattern of adduct. 

Among the manganese oxides used, Manganosite (MnO) showed maximum affinity 

towards ribose nucleotides while Pyrolusite (Mn02) the least, which may be due to 

available surface area. The order of affinity towards ribose nucleotides observed: 

Manganosite (MnO)> Hausmannite (Mn304)>Bixbyite (Mn203)>Pyrolusite (Mn02) 

3.4 Conclusion 

Manganese oxides may have played a role in adsorbing and concentrating 

molecules in the primeval soup during chemical evolution. The results of the present study 

on the adsorption of ribonucleotides on manganese oxides support the hypothesis by 
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demonstrating a high degree of adsorption and strong affinity of ribose nucleotides towards 

manganese oxides. All of the manganese oxides synthesized from manganese oxalate were 

nanosized, their surface morphology was irregular and porous, and all had more or less 

similarly high specific surface areas. All these observations are favorable and conducive to 

higher adsorption of ribose nucleotides. Our studies otherwise revealed that nucleotides 

have a greater binding affinity on lower oxidation state manganese oxides (MnO and 

Mn304). Adsorption was higher for 5'-GMP and 5'-AMP compared to 5'-CMP and 5'-

UMP. Our studies also revealed that electrostatic interactions are likely the main 

contributing factors for the observed adsorption on manganese (II) and (III) oxides. The 

higher electrostatic interaction between the positive metal-oxide surface and the negative 

part of the ribonucleotide could have been conducive for adsorption and preservation of 

these biomolecules as well as for promoting further polymerization reactions. Adsorption 

process may have protected these biomolecules from degradation and helped for further 

polymerization reactions. 
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CHAPTER III 	INTERACTION OF RIBOSE NUCLEOTIDES WITH MANGANESE OXIDES 

Table 3.3.19 
Typical Infrared frequencies (cm') of ribose nucleotides before and after adsorption 

on manganosite (MnO) 

Ribonucleotides SNH vP=o  

5'-AMP 1647 1084 

(1617) (1126) 

5'-GMP 1605 1083 

(1594) (1121) 

5'-CMP 1539 1091 

(1532) (1102) 

5'-UMP 1473 1082 

(1468) (1085) 
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CHAPTER III 	 INTERACTION OF RIBOSE NUCLEOTIDES WITH MANGANESE OXIDES 

Table 3.3.20 

Typical infrared spectral frequencies (cm') of ribonucleotides before and after 

adsorption on manganosite (MnO) 

Ribonucleotides v NH2  6NH vP=o 

5'-AMP 3221 3343 1647 1084 

(3395)* (3462) (1635) (1121) 

5'-GMP 3143 3433 1605 1083 

(3263) (3478) (1594) (1099) 

5'-CMP 3122 3334 1539 1091 

(3275) (3384) (1532) (1102) 

5'-UMP 1473 1082 

(1468) (1085) 
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(c) 

Representative FE-SEM photographs of MnO (a), GMP (b) and GMP-
MnO adduct (c) 

Fig.3.3.10 
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CHAPTER IV 	 FORMATION OF NUCLEOBASES IN THE PRESENCE OF MAGANESE OXIDES 

4.1 Introduction 

Formation of small reactive intermediates serve as the backbone in prebiotic organic 

synthesis, such as hydrogen cyanide, formaldehyde, formamide, ethylene, cyanoacetylene, 

acetylene and many more molecules which probably combine to form large and more complex 

precursors that ultimately form stable biomolecules. Most of these reactive intermediates 

might have been produced relatively by slower rate; hence their concentrations were lower in 

the primitive ocean. Subsequent reactions were dependent on many factors, such as the 

balance between atmospheric production rates and rain-out rate of small reactive 

intermediates, degradation rates, temperature and pH of early ocean. HCN has long been 

regarded as a key intermediate in the synthesis of nitrogen containing biomolecules on the 

primitive Earth [1-2]. 

The prebiotic origin of ribonucleic acid (RNA) is of great importance due to the 

hypothesis that the earliest form of life used RNA or proto-RNA for information storage and 

catalysis [3]. For these reasons, and the fact that adenine can be synthesized by a variety of 

model prebiotic reactions, it is widely speculated that nucleobases were likely part of the very 

first proto-RNA polymers. These simpler molecules then went on to form RNA or a molecule 

similar to RNA (proto-RNA) and eventually gave rise to the RNA world. The hypothesis that 

RNA preceded the emergence of proteins and that the first self-replicating system was made of 

RNA or proto-RNA known as the "RNA World Hypothesis". Due to the unlikely formation of 

RNA directly from the "prebiotic soup", many chemists believe that RNA was not the first 

self—replicating molecule to form, but was instead preceded by simpler molecules. 

The robustness of nucleic acid base pairing in molecular recognition suggests that even 

the earliest genetic polymers of life may have used a similar mechanism for information 

storage and transfer, perhaps even with the same canonical nucleobases that are used in 
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contemporary life. It has. also been suggested that the first genetic polymers would have 

assembled from pre existing building blocks (i.e. nucleobases, sugars, phosphate) through 

condensation-dehydration reactions [4-7]. Thus, the abiotic synthesis of the RNA nucleobases 

and related molecules is of great interest for understanding the chemical origin of life. 

Deoxyribonucleic acid (DNA), the cell's repository for genetic information, and 

ribonucleic acid (RNA), the chemical intermediate between DNA and proteins, encode their 

information of purine (adenine and guanine) and pyrimidine bases (cytosine, thymine and 

uracil). In DNA and RNA, each base is bonded to a sugar, and the sugars are linked by 

phosphate to form information-carrying polymers. Although there are currently five main 

nucleic acid bases many alternative bases might have been present in the primitive ocean. 

Steven Benner. proposed that early life on earth may have started with an expanded set of 

nucleobases, some of which have been lost or replaced in due course of time due to Darwinian 

natural selection [8]. 

Historic synthesis of adenine from ammonium cyanide followed by synthesis of amino 

acids, purine and purine intermediates from HCN demonstrated the importance of hydrogen 

cyanide [9]. The mechanism for the formation of purines has been postulated extensively with 

a variety of different reactants including HCN, formamide and formamidine [10-15]. 

The most studied mechanism is the formation of adenine from HCN, the proposed 

pathway for this reaction is shown below. 

120 



CHAPTER IV 	 FORMATION OFNUCLEOBASES IN THE PRESENCE OF MANGANESE OXIDES 
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Putative mechanisms for the formation of adenine from hydrogen cyanide 

The limiting reaction in this mechanism is the step in which the HCN tetramer 

(diaminomaleonitrile) combines with formamidine to form aminoimidazole carbonitrile. Orgel 

and Ferris (1966) showed that this step can be bypassed via a two-photon photochemical 

rearrangement of diaminomaleonitrile [16]. This process has been shown to proceed readily to 

give high yields of aminoimidizole carbonitrile from diaminofumaronitrile. Once the 

aminoimidizole carbonitrile has formed it is readily converted to adenine as follows. 

N=C` lNH2 	N-C~ JNH2 	N=C 	N 

~I 	T I 	-T N 
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H2N ~
C =N 	H2N 	

H 
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Putative pathway for the formation of adenine from diaminomaleonitrile 

Along with the production of adenine, other purines could have been generated from 

aminoimidizole carbonitrile, including diaminopurine and isoguanine. Aminoimidazole 

carbonitrile (AICN) is easily converted to aminoimidazole carboxamide (AICA) that can then 

lead to the formation of hypoxanthine, guanine, and xanthine as given below [17-18]. 
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Putative pathways to the formation of purines from AICN 

A linkage between hydrogen cyanide chemistry and formamide chemistry is made due 

to the fact that formamide is the hydrolysis product of hydrogen cyanide as shown below: 

H2O  p  H2O  0  H2O  0 

II II + NH3 	 ~I + NH4+ HCN 	c C 

H 	N H2 / OH 	
H/ \O CR 

Formarnide 	Formic Acid 	 Ammon ium.for.mate 

Formation of ammonium formate and formamide from hydrogen cyanide 

Formamide (HCONH2) being a simple amide containing one carbon atom has received 

great attention. It also displays a high dielectric constant value and boiling point without an 

azeotropic effect and can be concentrated from dilute solutions simply by water evaporation 

[19]. With HCN chemistry, two main issues remain unresolved: (i) the thermodynamic 

instability of HCN under hydrolytic conditions and (ii) the narrow panel of nucleobases, 

limited only to purines that can be formed via HCN condensation processes. HCN chemistry 

in homogenous solution first requires dissolution in water. After the dissolution process, 
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polymerization and hydrolysis of HCN compete, and the resulting concentrations are 

determined. Hydrolysis to formamide predominates in dilute solutions while polymerization 

takes over at higher concentrations. Since HCN is more volatile than water it cannot be 

concentrated by simple evaporation at pH lower than its pKa  9.2 at 25 °C. This suggests that 

eutectic freezing is a valid means for HCN to reach a sufficient concentration for 

polymerization. 

While eutectic freezing is a valid pathway for the formation of the purines from HCN, 

it is assumed that the eutectic freezing of formamide will not lead to the formation of purines. 

However, the above assumption does not take into consideration that (i) formamide can be 

formed from prebiotic compounds diffused over the early Earth other than HCN and (ii) 

formamide is a liquid over a wide range of temperature and pressure values, with a boiling 

point of 210 °C and with very limited azeotropic effects [20]. 

Formamide, unlike HCN, can be very easily envisioned as a prebiotic molecule using 

the drying lagoon model. The drying lagoon model implies that the formamide would become 

concentrated if the water were to dry because of the high boiling point of formamide 

compared to water and the fact that water and formamide do not form an azeotrope. 

Formamide can be very easily concentrated by evaporating off any lower boiling point 

compounds leaving behind the pure formamide. 

Saladino, Di Mauro and co-workers have described formamide thermochemistry in 

detail, cataloguing the variety of potentially prebiotic compounds generated when neat 

formamide is heated in the presence of montmorillonite and other clays, phosphate minerals, 

cosmic dust analogues, and iron-sulphur minerals [21-24]. They have identified a variety of 

purines and pyrimidines among mineral-catalyzed formamide reaction products, as well as 
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acylonucleosides, some simple amino acids, and other small molecules of prebiotic 

importance, such as carbodimide and urea. 

Interestingly formamide was also detected in gaseous phase in the interstellar medium 

[25], in long period comet Hale-Bopp [26] and tentatively in the solid phase of grains around 

the young stellar object W33A [27]. The selectivity and reactivity of formamide can be finely 

tuned by the presence of minerals and metal oxides. These compounds are heterogeneous 

catalysts for the condensation of formamide to biomolecules, or alternatively, they can control 

the degradation kinetics of formamide to other compounds which are useful intermediates for 

prebiotic syntheses [28]. Moreover, minerals are able to preserve newly synthesized 

biomolecules from chemical and photochemical degradations [29-30]. 

Early earth conditions where prebiotic formamide formed, it is most likely that the 

reaction of formamide occurred with clays. Possible reactions could have been brought on by 

the fact that suspended components of clays were in the formamide dilute solutions, the clays 

could have provided the surface on which the formamide reactions occurred. 

Metal oxides characterized by photo reactivity, such as titanium dioxide (Ti02) served 

as efficient catalysts for the synthesis of different nucleobases from formamide [31]. Synthesis 

of monomers, building blocks of protein and nucleotides from formamide using different 

metal oxides and minerals as catalysts has extensively been studied [32]. Minerals can 

catalyze in situ decomposition of formamide to other chemicals that are potentially candidates 

for the construction of both purine and pyrimidine scaffolds, such as ammonia and HCN [21]. 

Recently, the role of clays in the prebiotic synthesis of amino sugar derivatives starting from a 

mixture of formamide and formaldehyde has also been reported. Since amino sugars are the 

key intermediates in the synthesis of complex nucleic acid derivatives, this simple procedure 
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opened up a novel pathway for the formation of nucleosides under plausible primordial 

conditions [33]. 
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Basic formamide chemistry (Saladino et al., 2007) [36] 

125 



CHAPTER IV 	 FORMATION OF NUCLEOBASES IN THE PRESENCE OF MANGANESE OXIDES 

Heat 

	

* NH2COH 	— HCN + H2O 

* NH2COH +1120 	__= HCO2NH4 

OH 

O 	 OHO 	±  H. 

H1 	

N 
2 	 H 

	

NH2 	H2N~N 	

2 HCN 

KH 	 HO N NH 

	

H 	 H 
formamide dimer 	(Bredereck Ang. Chemie 1959) 

0 	NH OH 	 NH2 	 2 
N113- N 	NH2 	NH3 N 	2 H NH2 

	N N j 
N 

-H20 N 	2 	 N N2 
H2 	H 

H 	 H 

Mechanism of formation of purine nucleobases: 

OH 

	

O 	 OH O 	 H 	NH 

	

2 
HA 	

H 
NH2 	 H2N 	

+ 2 HCN 

H 	 HON 'N  NH 

	

H 	 H 
formamide dimer 

OH 	 NH2 	 NH2 
H.N NH2 	 H.N NH2 	 N 

Redox H NH3 ~H —_ 
O N NH2 	0N 

H 	 H 	 H 

Cytosine 

Mechanism of formation of pyrimidine nucleobases 

A main aim of the present study is to explore more about the formation of nucleobases 

from formamide using manganese oxides in different forms (manganosite (MnO), bixbyite 

(Mn203), hausmannite (Mn304) and pyrolusite (Mn02)) with varying Mn/0 ratio. Different 
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forms iron oxides having in the same oxidation state could also affect the yield of the products 

due to their regioselectivity were being studied in previous work [34]. 

The upper limit temperature 180 °C for the synthesis of nucleobases from formamide in 

our experiment was set as the boiling point of formamide is 211 °C. The temperature at which 

formamide undergoes appreciable thermal decomposition is reported as 180-190 °C [35]. 

Thus the most favorable set of conditions for the synthesis of nucleobases from formamide 

would be (i) high concentration of formamide, (ii) the presence of catalytic system and (iii) a 

temperature range 100-180 °C [23]. The reaction performed by taking neat formamide (5.7g, 

5m1, 0.12 mol) at temperature range 100-160 °C for 12-96 h in the presence of 50 mg of 

selected catalysts (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)). Blank experiments were also performed under similar conditions. The 

reaction mixture was then centrifuged and filtered using 0.2 gm filter paper and then this 

mixture was divided into two parts, one part was used for HPLC analysis and the other for 

ESI-MS analysis. Attention was focused on the formation and identification of purine and 

pyrimidine derivatives in the cases where of the products formed were in higher yield only. 

The main identified products were purine, 9-(hydroxyacetyl) purine, 4(3H)-pyrimidinone, 

cytosine, thymine and adenine. Only purine was formed in the blank experiment. 

4.2 Results and Discussion 

Studies on the formation of nucleobases from formamide showed that in the absence of 

a catalyst only purine was formed, while in the presence of manganosite (MnO), bixbyite 

(Mn203), hausmannite (Mn304) and pyrolusite (MnO2) formamide afforded a number of 

various nucleobases namely, adenine, cytosine, purine, 9-(hydroxyacetyl) purine, thymine and 

4(3H)-pyrimidinone in good yields (Table 4.1). 
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The identification of the products were carried out by HPLC and further confirmed by 

electro spray -ionization 'mass spectrometry (ESI-MS) technique. Figure 4.1 represents the 

HPLC chromatograms of standards (purine, 4(3H)-pyrimidinone, cytosine, thymine and 

adenine).The yields were recorded in mg of product formed per gram of formamide. The 

HPLC results (Figure 4.2) showed number of peaks including purines and pyrimidines after 

analysis of all the reaction mixtures. The products identified were purine, 9-(hydroxyacetyl) 

purine, cytosine, 4(3H)-pyrimidinone, thymine and adenine, which were confirmed by co-

injection with authentic samples. Prepared solutions of at least five different concentrations of 

each standard compound were used to construct standard calibration curves. Spiking of 

reaction products with standard compounds was also performed to confirm retention time. It 

was observed that all the forms of manganese oxides used produced nearly the same products, 

with different % yield. Manganosite (MnO) was found to produce the highest yield of purine, 

.9-(hydroxyacetyl) purine, 4(3H)-pyrimidinone, cytosine, thymine and adenine from 

formamide. Hausmannite (Mn304) also produced a higher yield of purine compared to 

manganosite (MnO) but other products in lesser yield. Bixbyite (Mn203) and pyrolusite 

(Mn02) afforded the lowest yield of the products in comparison to other manganese oxides 

used. It was observed that formation of product gradually started after 12h and yield of the 

products became constant after 48h hence it was concluded that 48h was the optimum time for 

the formation of the products (Figure 4.2). Low yield of the products were observed below 

150 °C. Time dependent analysis of product formation (formamide heated with manganosite 

(MnO)) is shown in Figure 4.3. 

The mass spectra of the reaction mixtures obtained were characterized by [M + nH] + 

ions. Analysis of the reaction solutions by EST-MS showed formation of cytosine [M+ H]+  

m/z 112, 4(3H)-pyrimidinone [M+ H]+  m/z 97, purine [M+ H]+  m/z 121, 9-(hydroxyacetyl) 
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purine [M +H]+  179, adenine [M+ H]+  m/z 136, thymine [M+ H]+  m/z 127 and the adenine 

[M+ 3H]+  m/z 139. Figure 4.4 illustrates the ESI MS analysis results of the products formed 

by heating formamide with manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)). As shown in Figure 4.4 the peaks at m/z 97, 112, 121, 179, 136, 127 and 

139 etc were identified as protonated 4(3H)-pyrimidinone, cytosine, purine, 9-(hydroxyacetyl) 

purine, thymine and adenine, respectively and their mass fragmentations also shown Figure . 

Plots shown in Figure 4.5 belong to the MS/MS spectra of products formed. 

The results suggested that manganese oxides are efficient catalysts for the formation of 

nucleobases from formamide. The significance of the above study is that manganosite (MnO) 

and hausmannite (Mn304) afford almost the same yield of purine while hausmannite (Mn304 ) 

affords low yield under the same condition of the experiment. The surface area of manganosite 

(MnO) is 238.89 m2/g whereas hausmannite (Mn304), bixbyite (Mn203) and pyrolusite 

(Mn02) have 226.56 m2/g, 218.35 m2/g and 214.57 m2/g respectively. Since the surface area 

of manganosite (MnO) is not much larger than that of .hausmannite (Mn304), therefore it 

seems to be reasonable that the yield of the products could not be explained only on the basis 

of surface area of the catalysts but some other factors such as structural shape, surface acidity 

etc are also important. In view of these results it is proposed that manganese oxides present on 

the primitive Earth could have played a significant role in the synthesis of various biologically 

important compounds. These catalysts might have increased the thermal stability of 

nucleobases through molecular recognition processes or by simply isolating them from the 

external environmental condition. 

It is assumed that minerals having metals in reduced form might have been more active 

during the course of chemical evolution. From present study it may be concluded that different 

forms of manganese oxides having lower Mn/O ratio have higher yields of product. But all the 
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forms of manganese oxides are also equally important for the formation of various 

biologically important molecules such as nucleobases from the precursors like formamide. 

The present work shows the importance of manganese oxide ((manganosite (MnO), 

bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)) as prebiotic catalysts in 

chemical evolution and origin of life which might have played a significant role in the 

synthesis 'of small molecules like nucleobases and also in condensation of these small moieties 

into larger molecules which are ultimately responsible for the emergence of life on the Earth. 

Above study also supports the hypothesis that formamide is a probable precursor for the 

formation of purine and pyrimidine bases during the course of chemical evolution and origin 

of life. 

4.3 Conclusion: 

The present work shows the importance of manganese oxide as prebiotic catalysts in 

chemical evolution and origin of life which might have played a significant role in the 

synthesis of small molecules like nucleobases and also in condensation of these small moieties 

into larger molecules which are ultimately responsible for the emergence of life on the earth. 

The present study also supports the hypothesis that formamide is a probable precursor for the 

formation of purine and pyrimidine bases during the course of chemical evolution and origin 

of life. It is also confirmed that minerals having metals in reduced form might have been more 

active during the course of chemical evolution due to the presence of reduced atmosphere at 

previous Earth condition. From our experimental results it may be concluded that different 

forms of manganese oxides having lower Mn/0 ratio have more reactive in reaction involving 

in the biological system. 
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Table 4.1 

Condensation of formamide at 160°C in the presence of manganese oxides (manganosite 

(MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02)) for 48 h 

Catalysts' 
Yieldb  of products` formed (mg/g of formamide) 

4(3H) - 9- Thymine 
Purine Pyrimidinone Cytosine Adenine (hydroxyacetyl) 

urine 

No catalyst 25.625 - - - - 
Manganosite 51.244 17.973 6.434 4.664 2.886 3.545 

(MnO) 

Hausmannite 48.453 16.614 4.129 4.346 2.695 3.511 
(Mn304) 

Bixbyite 36.821 9.571 3.782 4.397 1.875 2.974 
(Mn203) 

Pyrolusite 34.873 7.892 2.982 4.112 2.542 2.481 
(Mn02) 

a Reactions were performed in the presence of 50 mg of catalyst. 

b  Quantitative evaluation was performed by HPLC (Agilent 1100 series LC system) equipped with 

Agilent Hypersil (ODS 5 µm/ 200 x 2.2 cm) column. Mobile phase used was a buffer solution of 

(KH2PO4  + H3PO4) of pH — 4.05; with a flow rate of 0.75 ml/minute under isocratic condition and 

detection of products formed was done by measuring absorbance at 260 nm. Because of the uncertainty 

of the number of formamide molecules involved in the synthesis of the recovered products the yield 

was calculated as mg of the product formed per gram of formamide. The yields of products were 

calculated by comparing peak area to the standards. 

Products were identified by co-injection analysis with authentic samples. 
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CHAPTER V 	OLIGOMERIZATION OF AMINO A CIDS IN THE PRESENCE OF MANGANESE OXIDES 

5.1 Introduction: 

Life probably emerged through chemical evolution [1-2], initially involving 

combinations of simple molecules present on the primitive Earth into organic compounds 

(e.g. amino acid, and nucleotides) [3]. These simple precursors produced eventually more 

complicated biopolymers [4-6]-  The first biopolymers might have been condensed phases of 

peptides at the surface of minerals or other substances [7]. Peptide-like polymers seem to 

be among the first macromolecules, which might have played a key role in chemical 

processes leading to emergence of the first living cell [8]. On the basis of theoretical and 

experimental considerations, primitive oceans have been proposed as the probable starting 

place of life on Earth. One of the considerations strongly supporting early oceans as 

primeval locale for chemical evolution was that the organic compounds once formed and 

settled in the ocean were protected from degradation by strong ultraviolet light on the 

primitive Earth. In addition to the above consideration, the hypothesis of chemical 

evolution in the primeval seas is more favorable because the seas might have provided a 

wealth of catalytic surfaces, source of transportation and mixing of intermediate products 

[9]. The interaction of wide variety of organic molecules such as amino acids, peptides, 

nucleic acid bases, nucleotides, among each other on the clay and clay minerals have been 

investigated in detail [10-13]. Correlation of the concentration of minor transition metals 

with their biological behavior in primeval seas has also been established [14]. It has been 

proposed that transition metal ions abundantly present in primeval seas might have formed 

complexes with simple molecules readily available to them and played crucial roles in 

chemical evolution. Studies on the importance of transition metals in chemical evolution 

have also been reported [15]. 
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Amino acid condensation catalyzed by inorganic oxide surfaces is a widely recognized 

scenario for the prebiotic peptide formation on the planets of the Earth-like group [16-26]. 

All the works reported in these lines have involved different kind of Clays. The results 

obtained strongly support the heterogeneous condensation hypothesis, but at the same time 

gave poor insight into chemical mechanism of the peptide formation and the role of 

different surface. This was probably due to the complexity involved in minerals surface 

chemistry, i.e. presence of different active surface sites, surface functional groups to planes, 

layers, edges, etc. [27]. For a better understanding, oxides of silica and alumina were 

introduced for catalytic activity in the amino acid condensation [28-29]. Metal oxides 

constitute an important component of the Earth crust and other planets and their role in 

catalyzing different important reactions in the course of chemical evolution and origin of 

life cannot be ruled out. Under mild conditions, alumina has been reported to catalyze 

peptide bond formation of alanine. All the three forms of alumina, acidic, neutral and basic 

are useful for the formation of Ala2, Alai and cyclic Ala2 [30]. Activated alumina has been 

used as energy source for peptide bond formation [31]. Highest yield of Ala2 was obtained 

with neutral alumina. Alumina-catalyzed peptide bond formation up to trimmers and 

tetramers has also been reported. Use of activated alumina afforded longer chain oligomers 

of glycine up to (Gly)1-1 [32]. Synthetic ferrihydrite was found to act as amino acid 

adsorbent and promoter for peptide bond formation [33]. Condensation of DL — 

glyceraldehydes to ketohexoses in the presence of iron (III) oxide hydroxide has also been 

reported [34]. 

In an effort for studies on peptide bond formation, the catalytic activity of manganese 

oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite 
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(Mn02)) having different surface area and surface acidity has been studied. In the present 

work study on oligomerization of glycine, alanine and (3-alanine in the presence of 

manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)) in the temperature range 50-120 °C has been carried out. 

5.2 Results and Discussion: 

In the control experiments with glycine only, formation of a trace of Cyclic (Gly)2 and 

(Gly)2 was observed after 35 days, however, formation of a peptide in the blank experiment 

of alanine was not at all observed, in accordance with the previous observations [35]. 

Tables 5.1-5.2 shows list the yields of products obtained by heating glycine and alanine in 

the presence of manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite 

(Mn304) and pyrolusite (Mn02)) at temperatures 50 °C, 80 °C and 120 °C for 35 days. 

Representative HPLC chromatograms are shown in Figures. 5.1-5.3. The reaction products 

were identified by retention times and co-injection method. The overall yield of products as 

the function of time and temperature are given by Figures 5.4-5.11. Yields of the products 

were determined comparing peak area of products to the standards. 

Formation of peptides up to trimer was observed with glycine only whereas alanine 

afforded only its dimer. Glycine in the presence of manganosite (MnO) afforded formation 

of (Gly)3 (16.7%) along with (Gly)2 (33.2%) and Cyclic(Gly)2 (9.4%) while alanine 

afforded (Ala)2 (12.75%) and Cyclic(Ala2) (4.7 %) after 35 days of heating at 90 °C. The 

results on formation of peptide bond at 50 °C suggest that peptide formation can also occur 

at lower temperatures and do not require the presence of localized heat sources, such as 

volcanoes and hydrothermal vents. Thus, Manganese is the 10 x̀' most abundant element in 

the biosphere (_1014  kg of suspended and dissolved manganese found in oceans) and is 
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second only to iron in relative terrestrial abundance of the transition metals. On average, 

crustal rocks contain about 0.1% by weight of Mn [36], coordinated with oxygen, and may 

also exist in the bottom of seas as nodules; abiotic peptide synthesis might be a highly 

feasible process at a very, short astronomical time scale. All the oxides afforded formation 

of cyclic anhydride along with dimer of amino acid. Up to trimer of glycine was found in 

the presence of manganese oxide. 

The formation of, diketopiperazine was favored at higher temperature, 120 °C (Table 

5.1) with all the oxides because that the amount of adsorbed water (i.e. the thickness of 

hydrate layer at the oxides surface) was relatively low as compared to ambient temperatures 

that shift equilibrium of dehydration reactions. Under such conditions, the cyclization of 

(gly)2 and (ala)Z into diketopiperazine is much more favorable than peptide chain 

elongation. Thus it would be quite natural to detect (gly)3, at lower temperature 90 °C, 

though the overall reaction rate decreases. 

ESI-MS spectra of standards have also been given in Figures 5.12-5.13. Figure 5.14 

represent the EST MS spectra of products obtained when glycine and alanine were heated at 

90 °C for 28 days in the presence of manganosite (MnO). In the MS spectra of glycine, 

mass 76.1 corresponds to [Gly+H]}, 115 for [CycG1y2+H]+, 132.9 for [G1y2+Hf and 189.9 

for [Gly3+H]+  . The ms spectra of alanine mass 90.1 corresponds to [Ala + H]+, 115 for 

[CycAla2 + H]+  and 160.9 for [alai + H]+. The results of oligomerization of simple amino 

acids support the view of Holm et al. about (3-FeOOH.Cln  as an interesting candidate as 

prebiotic replication matrices [37]. The Red Sea and other sea floor are proposed as 

spreading centers and possess most of the characteristics that are necessary for prebiotic 

formation of organic substances [38]. Under such conditions catalytic polymerization of 
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prebiotic molecules after sorption of the monomer organic molecules like amino acids the 

crystalline host structures may have the vital role. 

It is important to note that among the all forms of manganese oxides, (manganosite 

(MnO) and are the most efficient, as it produced longer oligomers of amino acids as well as 

high yield of both glycine and alanine. While bixbyite (Mn203) and pyrolusite (Mn02) 

produced glycine and alanine oligomers in comparatively low yields. The observed yield of 

the products with three iron oxides studied followed the trend; 

Manganosite (MnO)> hausmannite (Mn304)> bixbyite (Mn203)> pyrolusite (Mn02) 

Catalytic efficiency of manganese oxides can be explained on the basis of surface area 

and surface acidity of the catalyst used. The 'observed results clearly reflect the role of 

surface area of the catalysts having potent chemical functional groups. The most reasonable 

explanation for the formation of oligopeptides at the surface of manganese oxides is the 

specific surface area and surface acidity i.e. surface hydroxyl groups. The observed trend is 

in conformity with the decreasing surface area of manganese oxides. As could be observed 

from the data of surface area that manganosite (MnO), having maximum surface area 

(238.89 m2/g) is the' most effective compared to hausmannite (Mn304) (226.56 m2/g), 

bixbyite (Mn203) (218.35 m2/g) and pyrolusite (Mn02) (214.57m2/g). Besides surface area, 

surface acidity of manganese oxides might also be responsible for the -higher yield. In a 

manganese oxide/water system, Me-OHZ+  and Me-0-1, hydroxyl groups on the solid surface 

are the most important sites for surface interactions. These groups can act as acids or bases, 

depending on the pH of the solution the zero points of charge Pzpc of MnO, Mn203, Mn304 

and Mn02 are >10, >10, 7.7 and 7.3 respectively. At neutral pH (pH < Pzpc), the hydroxyl 

groups on the manganese oxide surface exist in the acidic form and the adsorbent surface is 
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positively charged. Electrostatic interactions of positively charged surface of manganese 

oxides (MnO and other manganese oxides) with amino acids may take place through 

negatively charged atoms present in amino acids by carboxylic and amino groups, via the 

nonpaired electrons of the oxygen and nitrogen. Probable Mechanism for the peptide bond 

formation on a manganese oxide surface has also been proposed (Figure. 5.15). 

In the presence of -alanine, formation of oligopeptides also occurs under the similar 

conditions. Alanine and (3-alanine both afforded dimer. After 35 days yield almost 

remained constant. Formation of oligopeptides was supposed to take place by the 

interaction between Lewis acid Mn" + centers with negatively charged oxygen of amino 

acids as shown in figure given below: 

NH2 

CH2 

C 

/0 

Mn° 

5.3 Conclusion 

1. Manganese oxides (manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02)) are able to catalyze the reaction of peptide bond formation in 

glycine and alanine without applying drying/wetting conditions. 

2. Formation of peptide bond was observed even at 50 °C after 7 days of heating. High 

temperature favored formation of diketopiperazine derivatives. 
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3. Glycine on manganosite (MnO) produced Cyclic (Gly)2, (Gly)2  and (Gly)3, and with 

alanine, Cyclic (Ala)2 and (Ala)2. Hausmannite (Mn304) also produced the same 

products but in lesser yield, while bixbyite (Mn203) and pyrolusite (Mn02) produced 

cyclic anhydride of glycine and alanine with a trace amount of dimer. 

4. It may be concluded that during the course of chemical evolution the role of each of 

these oxides was very significant in catalyzing polymerization of biomonomers. 
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Figure 5.6 
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ESI MS spectra of [A] Glycine, [B] Glycylglycine, [C] Glycylglycylglycine 

Figure 5.12 
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E 

EST MS spectra [A] Alanine and [B] Alanylalanine 

Figure 5.13 
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In 

ESI MS spectra of products formed when glycine [A] and alanine [B] was heated for 35 

days at 90 °C in the presence of manganosite (MnO) 

Figure 5.14 
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CHAPTER VI 	 INTERACTION OF AROMATIC AMINES WITH MANGANESE OXIDES 

6. 1 Introduction: 

The basic platform for all the prebiotic reaction producing polymeric substances 

from which life has emerged is clays and clay minerals. So clay minerals might have 

concentrated biomolecules and catalyzed their Oligomerization during the course of 

chemical evolution [1].  The interaction of a wide variety of organic molecules such as 

amino acids, peptides [2-4], nucleic acid bases [5], nucleotides [6-8] on the clays and clay 

minerals have been investigated in detail. The adsorption of organic molecules on clay 

surfaces take place mainly through cation exchange, ion dipole, coordination, hydrogen 

bonding and interaction of aromatic amines by clays have also been studied in detail by a 

number of workers [9-11]. 

Amines are one of the important classes of organic compounds which are widely 

distributed in nature in the form of amino acids, alkaloids and vitamins. The presence of 

amino acids containing aromatic ring on the primitive Earth has been proposed by 

Friedmann and Miller [12]. One could, reasonably postulate the presence of aromatic 

amines on the primitive Earth environment. During the last few years, experimental studies 

on the catalytic role of cyano complexes and their possible role in chemical evolution have 

been carried out. A number of metal hexacyanoferrate (II) have been prepared and their 

interaction properties towards amino acids [13-14], nucleotides [15-17], aromatic amines 

[18-21] and amino pyridines [22-24] have been studied. It has been established by the 

above study that metal hexacyanoferrate (II) are highly efficient in adsorbing amines in 

neutral as well as alkaline media (pH-9) to bring about oxidation of the amines. It has been 

proposed that transition metal ions abundantly present in primeval seas might have formed 

complexes with simple molecules readily available to them and played crucial roles in 

chemical evolution. Studies on the importance of transition metals in chemical evolution 

have also been reported [25-27]. Manganese oxides with different Mn/O ratio also found 

significantly good adsorbent for ribose nucleotide in source of chemical evolution [28]. 
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In order to further investigate - the importance of manganese oxides during the 

course of chemical evolution in catalyzing different reactions, aromatic amines were 

interacted with manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and 

pyrolusite (Mn02). Spectral studies have indicated that surface acidity of manganese 

oxides is responsible for interaction. 

6.2 Adsorption of Aromatic Amines on Manganese Oxides: 

6.2.1 Evaluation of parameters necessary for investigating the adsorption 

equilibrium: 

The optimum conditions which set up for investigating the adsorption equilibrium for the 

amine and metal oxides are 

• I. 	Concentration of adsorbate 

II. Particle size of adsorbent 

III. Equilibrium time for adsorbate and adsorbent 

IV. Quantity of adsorbent 

V. Effect of pH and effect of temperature 

For determining the adsorption isotherm of amines on manganese oxides a moderate 

concentration range of amines (2x 10-5  to 1.4x 10-4) has been chosen in order to get 

absorbance of amines in the suitable range of the absorbance scale on the 

spectrophotometer. 

Manganese oxides of various particle sizes have been tested and it was found that 

particle size of 20-100 mesh was the most suitable one. In order to fix up the equilibrium 

time and quantity of adsorbent for optimum adsorption, experiments were performed 

varying the time of contact (30 minute to 24 hour) and the amount of metal oxides at a 

fixed adsorbate concentration (5x 10-4M). It was observed that the maximum adsorption 

took place when the amount used was 50 mg per 10 ml of adsorbent solution for aniline, p-

toluidine, p-anisidine and p-chloroaniline for 24 hour. Adsorption of p-chloroaniline on a 
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metal oxide was found to be a slow process and equilibrium was found to establish after 72 

hours. 

6.3 Effect of pH 

Adsorption of amine was studied over wide pH range (4-9) on all metal oxides. 

Buffer used to maintain pH were acetate (pH 4 to 7) and Borax (pH-9). It was found that 

adsorption of aromatic amines on manganese oxide was negligible in acidic and basic 

media. A neutral pH range (6.8-7.12) was found to be suitable for maximum adsorption. 

Electronic spectra of aniline, p-anisidine, p-toluidine and p-chloroaniline were 

recorded on a UV spectrophotometer (Model UV-188-240V, Shimadzu Corporation 

Kyoto, Japan). The characteristic Xm  values for amines (aniline, p-chloroaniline, p-

toluidine and p-anisidine are 280 nm, 290 nm, 286 nm and 295 nm, respectively. Infrared 

spectra of adsorbates, adsorbent, and adsorption adducts were recorded on a Perkin-Elmer 

1600 FTIR spectrophotometer using KBr pellets. A series of 50 ml glass test tubes were 

employed and each tube was filled with 10 ml of amine solution of varying concentration. 

Manganosite (MnO), bixbyite (Mn203), hausmannite (Mn304) and pyrolusite (Mn02) (100 

mg) was added to each tube. The pH of the solution was adjusted to the desired value using 

acetate or borax buffers. Species of these buffers did not get adsorbed onto the manganese 

oxide surface. This was verified by conductivity measurements as there was no change in 

the inflection point of buffers with and without manganese oxides. The tubes were shaken 

with a spinix votex shaker initially for 1 h and then allowed to equilibrate at 25 °C with 

intermittent shaking at fixed time intervals. The equilibrium was attained within 6 h. The 

equilibrium time and concentration range were, however, decided after a good deal of 

preliminary investigations. The concentration of aniline, p-chloroaniline, p-toluidine and p-

anisidine was measured spectrophotometrically at 280 nm, 290 nm, 286 nm and 295 nm, 

respectively. The amount of amine adsorbed was calculated from the difference between 

the amine concentration before and after adsorption, all the results are shown in Table 
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6.3.1-6.3.16. The equilibrium concentration of amine and the amount adsorbed were fitted 

in the adsorption isotherm (Figures 6.3.1-6.3.4). However, in alkaline medium (pH>8) 

brown-red colored products were deposited on the Hausmannite (Mn304) surfaces within 

24 h. These colored products were concentrated for GC-MS analysis by extraction in 

benzene. Analysis of the reaction products was performed on a Perkin Elmer gas 

chromatograph coupled directly to a Perkin Elmer mass spectrometer system. Separation 

was performed on a fused silica capillary column (Elite-5 model) with a composition 5% 

diphenyl and 95% dimethyl polysiloxane. The conditions for GC were as follows: Injector 

temperature, 280 °C; transfer line temperature, 250 °C. The capillary column temperature 

was programmed as follows: 80 °C for 2 min; from 80 to 260 °C at 10 °C min', held at 250 

°C for 15 min. Helium was used as a carrier gas with a flow rate of 2 ml min I . The mass 

spectrometer conditions were ion source 250 °C and ionization energy 40 eV. 

6.4 Results and Discussion 

A neutral pH range (-'7.0) was selected for preliminary adsorption studies of 

aromatic amines on manganese oxides (manganosite (MnO), bixbyite (Mn2O3), 

hausmannite (Mn304) and pyrolusite (Mn02)). A remarkable change in the amount of 

adsorbate was observed by varying the pH of the solution. Subsequent studies were 

performed at pH-7.0 which was optimum for the maximum adsorption of all the amines. 

The neutral pH is physiologically significant as most of the reactions in living systems take 

place in neutral media. Since amines are basic with lone pair of electrons on nitrogen and 

also assisted by t-electron clouds on aromatic rings, easily interact with positively charged 

surface of manganese oxides. It was observed that at lower pH range aniline showed 

greater uptake as compared to p-anisidine. This can be explained on the basis of the fact 

that in acidic media p-anisidine has a greater tendency for salt formation and hence a lesser 

tendency to interact with manganese oxides. On the other hand, aniline has a lesser 

tendency in comparison with p-anisidine for salt formation resulting in a greater tendency 
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to interact with manganese oxides. At a neutral pH, p-anisidine has more electrons 

available to interact with both the manganese oxide and thus there is a drastic increase in 

uptake. Adsorption isotherms of aniline, p-chloroaniline, p-toluidine and p-anisidine in the 

present case show that adsorption is fast in both the cases and the isotherms are regular, 

positive, and concave to the concentration axis. A typical graph of Ce/Xe vs Ce is a 

straight line (Figures 6.4.1-6.4.4). Adsorption data can be represented through a Langmuir 

adsorption isotherm which assumes the formation of a monolayer of solute molecules on 

the surface of the adsorbent and given by 

Ceq 	k 
Xe Xm Xm  L 

where, 

Ceq 	= 	equilibrium concentration of solute (mole/liter) 

Xe 	= 	amount of solute adsorbed per gram weight of adsorbent (mg) 

X,,, 	= 	the moles of solute required per gram weight of goethite and 

akaganeite for the formation of complete monolayer on the surface 

kL 	= 	Langmuir adsorption constant (1/mg) 

The percent uptake of p-anisidine, p-chloroaniline, p-toluidine and aniline is 

represented by (Table 6.4.17). The values of Xm  and KL were also calculated (Table 

6.4.18). Xm  values also indicate that anisidine adsorption is more in comparison to that of 

other amines. It is observed from percent binding that p-anisidine is strongly adsorbed on 

manganese oxides in comparison to aniline. The observed adsorption trend is also related 

to the basicities of the amines. This indicates that p-anisidine is a stronger base than other 

amines which reflects the greater availability of electrons for the interaction. 

The infrared spectra of manganese oxides before and after adsorption were 

recorded and ' analyzed. The results are given in Figures 6.4.5-6.4.8. The change in 

characteristic frequencies of manganese oxides after adsorption was not remarkable. The 
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pronounced change in the characteristic frequencies of amino group indicates that the 

interaction occurred through the manganese oxides with an amino group. 

Field Emission Scanning Electron Microscopic studies of the amine and manganese 

oxide was also performed. Figure 6.4.5 represents FE-SEM of anisidine, manganese oxide 

and p-anisidine—manganese oxide adduct. FE-SEM photographs of manganese oxide-

nucleotide adduct shows that surface of manganese oxide becomes smooth and colour of 

surface of manganese oxide changes to that of amine. EDX pattern also supports the 

adsorption as percentage of C, N, and 0 increases in the EDX pattern of adduct. 

Further it was also observed that in alkaline medium pH >8 all the amines reacted with 

hausmannite (Mn304) to give the colored products. 

6.5 Oxidation of Aromatic Amines in the Presence of Manganese Oxides 
In alkaline medium (pH>8) brown-red colored products were deposited on the 

hausmannite (Mn304) surfaces within 24 h. These colored products were concentrated for 

GC—MS analysis by extraction in benzene. Analysis of the reaction products was 

performed on a Perkin Elmer gas chromatograph coupled directly to a Perkin Elmer mass 

spectrometer system. Separation was performed on a fused silica capillary column (Elite-5 

model) with composition 5% diphenyl and 95% dimethyl polysiloxane. The conditions for 

GC were as follows: injector temperature, 280 °C; transfer line temperature, 250 °C. The 

capillary column temperature was programmed as follows: 80 °C for 2 min; from 80 to 260 

°C at 10 °C min', held at 250 °C for 15 min. Helium was used as a carrier gas with a flow 

rate of 2 ml min'. The mass spectrometer conditions were ion source 250 °C and 

ionization energy 40 eV. 

The analysis of products extracted in benzene was performed with gas chromatography 

interfaced with mass spectrometer. 
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6.5.1 Reaction of aniline with hausmannite (Mn304) 

Mass spectra of the reaction products corresponding to peaks at retention time (Rt ) 

3.31, 7.29, 16.62 and 25.51 min are shown in Figures 6.5.1-6.5.3. The formation of 

benzoquinone (Rt  7.29 min) is clearly evidenced by the peaks corresponding to m/z 108, 

82, and 54, in accordance with its fragmentation pattern determined by electron 

bombardment. However, GC—MS study of the peak with Rt  16.62 min showed the 

formation of azobenzene confirmed by a peak at m/z 182. Some other mass peaks in the 

fragmentation pattern of the product at m/z 105, 77, and 51 were also observed. Rt  25.51 

peak corresponds to tetramer of aniline, confirmed by their fragmentation pattern. A well-

known mechanism is proposed for the formation of benzoquinone, tetramer of aniline and 

azobenzene (Figures 6.5.7-6.5.8). 

6.5.2 Reaction of anisidine with hausmannite (Mn304) 

In the case of anisidine the chromatogram showed two major peaks with Rt  3.81 

and 15.72 min corresponding to anisidine and its dimer, respectively. Mass analysis of the 

product, with R, 15.72 min showed major peaks at m/z 242, 135, and 107 which correspond 

to fragmentation of anisidine dimer (Figure 6.5.4). A possible mechanism for the formation 

of dimer of anisidine may be proposed as shown in Figure 6.5.9. 

6.5.3 Reaction of p-chloroaniline with hausmannite (Mn304) 

In the case of p-chloroaniline *the chromatogram showed two major peaks with R, 

3.87 and 30.72 min. Peak with retention time (Rt) 3.87,corresponding to p-chloroaniline 

whereas the second peak at retention time (Rt) 30.72 min corresponds to its dimer. Mass 

analysis of the product with Rt  30.72 min showed major peaks at m/z 139, 111, 92 and 77 

which correspond to fragmentation of p-chloroaniline dimer (Figure 6.5.5). A possible 

mechanism for the formation of dimer of p-chloroaniline may be proposed as shown in 

Figure 6.5.10. 
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6.5.4 Reaction of p-toluidine with hausmannite (Mn304) 

The oxidation products of p-toluidine gave well defined and well separated peaks in 

gas chromatogram with Rt  3.25 and 27.59 min. Mass spectra of the peak with Rt  27.59 

min showed molar mass 317 (100 %), which corresponds to trimer of p-toluidine Figure 

6.5.6. Some high fragments observed were 300, 226, 211, 107, 91 and 77. Above got 

fragmentation masse patterns resembled with possible fragmentation pattern of a trimer. 

Peak with Rt  3.25 min corresponds to the starting material, i.e. p-toluidine. Possible 

mechanism for the formation of dimer of p-toluidine was also proposed (Figure 6.5.11). 

6.6 Conclusion 

In view of present studies it can be suggested that manganese oxides once formed 

in the prebiotic environment, could have interacted with important biomolecules in order to 

protect them from degradation and have catalyzed their oligomerization. The implications 

of this research in prebiotic chemistry are of significance because it has shown 

experimentally that lower metal oxygen ratio provide a good adsorption site that could 

have played an important role in early stages of chemical evolution. The present research 

has shown that manganese oxides Manganosite (MnO), Bixbyite (Mn203), Hausmannite 

(Mn304) and Pyrolusite (Mn02) to be reasonable and plausible candidate in studies 

involving adsorption and condensation of biologically important molecules. 

180 



~~c! 
c kn l N — — Ln N O .-- 	O p 00 N \O cn '.O N M 

U . . cV c- M 'i 

0a) 

E O 00' O 
oo 

M 
N 
'fl 

N 
\D 

N 00 
' 
O'. 

'.D 
0 

• O O O O O O O O 

U O O 000 M N N N N 
o ,- M Sri '.o 00 0; o; 

C 
r ' 
r4 O - N~ N N N N W 
0 O O O O .-- •-- N 

II 

a) 

o aa)  
O 

o O O 
M p 

'.O 0 
O N 

N '.0 rr ~n 
o, o 0 0 0 0 o O o 

~.o 

O N Il 
.--~ 
000 

r+ N 
N 

~t 
kn 

'.O 
N 

Q~ O  O O O — ' - r- "' 

O~ 
.- 

w 

p O N '.Q 00 O N 

U o 

0 r, N [- 00 

00 



r-. 
O 

0No U° ° v' rn o o 
--+ — N N cM ' v~ 

4-~ O 

b V ' bA 

bE N d' 
o cd O r-+ M kn l0 N 00 01 

O O. O O O O O 

U ° °o ~7N o tn -- n 00 
— M V O o0 06 01 

O O~ 
~.~ 
cr  o C..) 

W v O N vii ono 'J C -t ' 
V O O O O — 4- M d 

~ O 

O 

O 

_ 

cn 	̀~ o o ° o 0 0 0 0 

o 

'~ - p N N 
,~ -- 
 00 

.-+ 
O 

N 
N 

"J I'O 

O O O — .-4 4 	- 4- 

V 

X73~  • rID 

O N 'ct \O 00 4 

4-, 

Uj Z •-• N M ch vn © N 00 

W to 
E 



W 
ti 

a ~JC~N -. in O N N - O Lfl N 
- . N mm v ~O 

0 

b E O 00 d 01 M N O~ 
o cC O . M ¼O N 00 00 

O O O O O O O O 

o' ^ 

U° I O N ~' o M N Vl O  
- C - M d \O N 00 O~ 

O 
r-r 

p 
O — N 

M v1 
— 
O L!1 C — N 01 M 

O O O O - .--i N M 

11 O O O N N 
c o ° o o O O O 

N 	S,, 
0 

'd p N 
,-4 
00 

- 
O 

N 
N 

~t 
" 

\O 
h 

O 
O N O 00 

Vj z .-- N M `o N 00 

M 
00 



LI 

N - S kn o 00 \O 
N - •  N N M P 00 

O 

rte. . ~ 	O 	bA 
5 0 o• tad O M 
'  

- '.0 5 00 
O O O O O O O O 

a' ^ . C C '- C\ Cfl c .— M O V 
'.O 5 00 00 

O o 

- 
O 

'- 

O 
- O S C 

W N 110 00 

O O  ,- -+ 
U 

O 

ii 
O O O O ' N 5 

O O O O O O O O 

O 
) 
U 

co 

N - •-1 N V \O 
N Ln 00 o N S 

- - '-" 
0 

U  

N ct '.O 00 

n i z r. N M v i '.o s o0 



N O 
cn N O '-+ O M N M N 

U N N M t \O 

4-1 
0 

O 
aj '/ 

+-+ 'd  
Q — M 

'z1' 
d. 

00 
Vl 

00 
\D 

vl 
N 

O 
00 

O O O O O O O O 

o' ^ 

I x O . M ' O N 00 01 

D 
n 
II 	~ 

o 

0) 
v O N ~ 000 N O N \O 

N W v O O O O •-• N M zr 

+a 
O 

O ~ O 

r 	En 
O o 

O 
O 

Lfl 
O 

00 
O 

N 
--4 

N —1 \O 
N 

Q 
M 

LI 
W1 

O O O O O O O O 

UL-+ 	O 

O O O O O — '-4 — 

Q) 

b 

U 
p O N 'O oO 
U 

O 

z . , N \D N 00 

00 



A 
N M U°  N V 

4~ 

bu 
O r, 

O O k N 
O O O O O O O O 

Lj C) O N o N in 00 N 
O h Vl O1 M M M 00 

.-- M \D N 00 00 

hc 

cj y O 
O 

M 
N 

O 
V 

M 
O 

vl 
O 

N 
D 

00 
\C 

O' 
." 

O O O O •--~ --~ N M r 

a) 

~ C 
o .o 

1 1 o 0 0 0 0 o Q p 

0 
0 

C 
riD 
'd 

en O' mot' O N 00 
, O p N 
Q y0, C) O O O — ,— — 

O 

a) 

y~  O 0 O N O 00 
U P 

O 

C/j — N M v'l `O N 00 

W 

O 



O 

b 

O 
cd 
O 

p °) o N, LI N rn o U 
N 01 

O 

b o ' by 
E O bA 

nj 

y O O O O O O O O 

o' ^ 

Lj o o 
o 

N 
t 

N 
Ir 

o 
0 C rn 

' 
C 

o1 
O - M v i \O N 00 

p 

W V O N N O O M 00 
3 O O o . N m d 

y O 

E4 O 
O b O O O - N M IC 
ǹ O O O O O O. O O 

0 

v0, rp 	V) "d O M N 01 - d' N V'1 C O N N M 00 V1 
Q~ 	Cd O O O O - -4 .- 

—' 	U 
H O O k O N It \O 00  

U 
C 

Uj z -' N r1 d v '0. N 00 

N 00 



U Q M ¼Q C N rn M N M ~t M M U— 
oo 

O 

O. O N d N 
O 

c ^ 

U O O N 
xi 

U" 
O •-~ m f Ln 'O  

'— 
 N N M N M 00 M 

W O O O O — N M '.O 

s., 

O O ~-+ cd
, 

00 
	1 NN 

O O O O O O O O 

O 

OO O N h C N M 
00 

U 

N '.O 00  
4-r 

Uj 0 •- N h O [— o0 

a) 

0 

C 
O 



C 
v 

'C R 

DO 

A N 
Oi It 00 .- 00 00  

oo N o o, a, U p 
N M M ~O 

Ca) 
~! 	^ 
C~ nj Abp 

~ bA 

p .Mi N cn 1- 
O • O O O O O O O 

c ^ 
U O p 00 00 O NN 00 0 
l. O N It '-4 

~i Q •-+ M C N 00 C 

rLc •-.4o © 

W O N 	Opi fl 00 dt ~t 00 
O O O O •- N 

O. U 

co 
O 

O 
O 

N 
O 

•--~ 
-+ 

~O 
'-- 

Vl 
N 

"O 
M 

C\ 
d 

00 
"O 

p p O o 0 o p O 

O 
O '+ 
U 
O 
En 

C M oo N "t "0 00 
O .-i .-i  

a) 0 

a), 
— 	O 

v O N d' o O 00  N Ii 

U 0 .~ 

C/J 0 •--4 N M d V D N 00 

00 



GC 

p. 

Q) N 
C) 

' N N m 'n 00 

O 

'— 	bA 
bO 

U O M 

`' 

 
l— \D M 00 — 

O O O O O O O O 

m ^ 
U o 0 00 - C- O o 00 

I 
U 

 •-- en t r 00 

- o — 

O N O W) Ol\ Vn \O M 

W O N \1O O 00 O r-+ 00 
O O O '-- .- N rt 'r 

0 
U 

~ O 

Iii 

C) 

o 

O U O ,.._, M \1C O N M — 
,fl 	-d p M Vn 00 N o 00 
Q 	Cd O O O — .-- .— r-+ 

Ur 
r-+ 

 
U ^ 
0 O N D 00 O N d 

riD O z N en \O N 00 



II 

O 0 ' N OOi h N N 
N 

O ~ 

~ N 

Cib b4 

O N 
 

r~i dM, vii vii 
~y 

• 

O O O O O O O O 

v ^ 
j C) 00 O N •-• N M N 

O N d 00 00 \C N Ln 

n 	^, 

O — 

gyp, ~, O N N 
O O~ M 

W 
N 1-  O O 

O O O r+ N M ~O 
~  O 
C 	U 

a--1 O 
O 

C ~ O 

it 
o O o O 

O 
U 

O 

0 O 
-- 
M 

M 
Ln 00 

O 
N 

N 
d 

M 
O 

— 
00 

O O O — -- 

^ O~ 
~ 

O -; 	". 

X O N \O 00 

~ U o 

0 - N O N 00 

W 

O 

Z 
Cd 



U 

N  N 

N oho lND 
.—~ 

U° p N C 
N r-• N [ O' 

O ~ 

~ N O ^ 

E 
O ... 

O 
O 

M 
r+ 

Vl 
N 

M 
M 

O \O — 
LI 

' '+ 

•", O O O O O O O O 

cr ^ 

U ° N 00 

U 
O r M ' ~n O O ~O 

.. 	p O 

•,4 

U O N N N N LI 00 N N — 
v O O O •-- N M v  N 
O 
U 

a) 

• 

O 

O O O Cl M L L C 

0 

rID 
° .o 
Q 	a) r-+ M O O N M -~ 
fl °~,  Cu 'n oo Cl d 00 

c0, O O O — — -' 
N 

•O 

U t 
•Cd O  O N 'ct' C 00 O N d 

z .--+ N l 00 

w 
A 

C~. 



N O O 
' N O O 

'1 
O
'1 00 00 O 
N m o rn 

o 

m 01 m 
o C O 

00 m 
.--' kn "D N N 00 

O O O O O O O O 

o ̂  
U O C 00 m O ~ 

• 
N _ 

O - m D N N 00 

en 

0 
^ C ,r 

II 
g 	O 

W 0 O O O O N 'I Vl 
U 

O 

b ~ 

O ~ O 
o 

O 
Q' 	•p p 0 O N •--~ N \O 

v~ 00 
O O O O O O O O 

0 

O ,-. 00 00 00 N m 00 

r, 'n —L) 	O 

~"p O O ~-i O N d '.O OO -4 -4 -4 

cii '-, N en 't V i N 00 

M 
UN 



0 

I 
E 

I. 

N U 

~, N a 
G) .--~ 	O O 

M 
.--4 

.- + 00 
01 

M 
M 00 00 
00 

o _ 

O o bn 

vii, vii 
o 

cn ~r tr 
O O O O O O O O 

c ^ 
U O — O r+ 

O r- — N 00 .--4 V) d 

U 
~--+ M ~Y V i v1 

O O .~ 

~ U 	o 

W 	p O N 00 t N ON dam', kn 
o 0 O O O — M a 

U 

0 

~ o 
o 

O O N r L- O N 
— 

O 

0 CID .-4 00 00 00 N M 00 
14 O M Vl 00 • - 'f t O'\ 

O O O — — — ^" 
N 
0 

O 

O 	k O N '-' U 
U 

N cn '.0 [— 00 



tr 

c cy 0" U .-• 0 o o, 

Q.. 

0 0 bA 
•-- O~ 

U 
O — N M M ~ - rl 
O O O O O O O O 

o• ^ 

U ° o - .o r r. a 00 ~n 
11O 00 M t 00 C\ CO 
~--~ 

U  
N M M M M M 

0 l) 

O M - ~-- 'C N 
-- 

O ~ 
0 0 O O •-- N 4 ~O oo 

U 

it 

) 

O b O O M 'O 00 .--~ 
O O O O O O — — 

O 
) 

° M 00 
Q c04 O O O — — .-. — 

N 

N 

N O 00 
U 	..~ 

U 

Uj O — N r 00 

ON 



O 
Lfl 

N 
0 

I 

7d U r 

C) 

O 

cd 
4. 
C 

Lt o 00 
M 

'r 
O 

o 
01 

00 tS 
d CD 

-dr, 
° 0 on 
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Table 6.4.17 

Percent uptake of amines on manganese oxides 

Nucleotide 	I Percent binding 

Manganosite 	I  Hausmannite Bixbyite Pyrolusite 
(MnO) (Mn304) (Mn203) (Mn02) 

81.15 78.69 76.23 71.31 
p-Anisidine 

75.83 73.33 69.17 67.50 
p-Toluidine 

73.24 69.72 64.79 61.27 
Aniline 

71.13 50.00 38.03 31.69  
p-Chloroaniline 

197 



CHAPTER VI 	 INTERACTION OFAROMA TICAMINES WITH MANGANESE OXIDES 

Table 6.4.18 
Langmuir constants for adsorption of amines on manganese oxide 

Nucleotide (Manganosite 
(MnO) 

Hausmannite 
(Mn304) 

Bixbyite 
(Mn203) 

Pyrolusite 
(MnO2) 

kL  (1 Xm  kL (1 Xm  kL  (1 Xm  kL (1 Xm  
mg') (mg/g)  mg')  (mg/g) mg 1 ) (mg/g) mg')  (mg/g) 

p-Anisidine 
1.39 1.23 1.27 1.01 1.15 0.89 1.13 0.82 

p-Toluidine 1.36 1.06 1.22 0.89 .1.12 0.76 1.05 0.71 

Aniline 1.14 0.86 1.04 0.77 0.95 0.69 0.86 0.62 

p-Chloroaniline 1.03 0.78 0.72 0.48 0.55 0.33 0.48 0.28 
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