RADIOLYSIS OF FROZEN METHANOL IN AQUEOUS SOLUTION 
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Abstract

Methanol (CH3OH) is a common molecule in comets, interstellar clouds, and other extraterrestrial bodies. The molecules of H2O, CO, CO2, CH4, NH3, and  Comets commonly contain ices of water, carbon monoxide, carbon dioxide, methane, and ammonia. In addition, some of the organic compounds as the considered precursors for prebiotic synthesis, such as alchole, aldehyde, acid are included. methanol, hydrogen cyanide, formaldehyde, ethanol, and formic acid, have been shown to be present in comets. The chemical behavior of methanol in conditions similar to the space environment (low temperature and high radiation fields) is of interest in chemical evolution studies. To this end, the irradiation of frozen aqueous methanol, in a suggested proportion present in comets, was simulated in a 60Co gamma source. The irradiation doses were 36–1300 kGy. The results demonstrate the formation of complex molecules at low temperatures. These findings are important for understanding the cold chemical evolution of matter. In other words, chemical reactions at low temperatures could have played a major role in the development of life on our planet. Because of the occurrence of organic matter, the study of frozen solutions simulating cometary nuclei is relevant in the comprehension of the nature of the compounds, which could have contributed to the inventory of organics on Earth in early times.

Abstract should be the essence of results and discussion. This abstract seems to be introduction and experimental. 
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Introduction

Most of The universe environment is at low temperatures and under  high energy radiation fields. The molecules existing in outer space react with each others to synthesis organic compounds as it was called “cold chemical evolution” by Kiryukhin [1]. The transformation and complication of organic molecules at low temperatures under conditions similar to those present in outer space is of undoubted interest. Kiryukhin 1[]
 calls it the “cold chemical evolution”. Among the extraterrestrial bodies where these transformations occur are comets. Comets’structure The comet is composed of the aggregates of interstellar dust particles 2[]
, and supposed . Comets are thought to be the least thermally processed solids, and the most primitive bodies of the Solar System 3[]
. The core is They contain a silicate core, and the inner mantle  the organic refractory materials, inner mantle, and the outer mantle predominantly of water ices in which are embedded many small particles 4[]
. The spectroscopic analysis suggests the presence of molecules such as NH3, CH4, H2CO, CH3OH, HCO2H, and HCN. The possibility of delivery of such compounds on planets makes those bodies very attractive for their connection with chemical evolution and the origin of life on Earth.

Since their formation, The comets have been exposed to internal and external radiation sources since their formation. External sources, besides ultraviolet radiation, include high levels of ionizing radiation, due to of cosmic rays as  formed primarily from protons (93%), helium nuclei (6%), and other heavier nuclei. An estimation of the energy deposited on the surface of a comet for energies was several hundreds MGy (0.001–1010 GeV) over a comet’s lifetime [5-7]. have been calculated as a function of the depth,resulting inhundreds of MGy5-7


[ ADDIN EN.CITE ]
. (On the other hand, internal sources refer to the decays of imbedded radionuclei that have contributed over the comet’s life up to 3 MGy [5] ) ? . The interaction with energetic radiation profoundly affects the cometary nuclei’s composition at 15–20 m depth, and new chemical species are produced by radiolysis. Therefore, the radiation-induced reactions are very important when one considers the evolution of the cometary material. The estimated total absorbed dose—accumulated over a comet’s lifetime from both internal and external sources—is nearly 3000 3 x 103 MGy at the surface [5, 7]. Gamma rays of 60Co are a useful tool for simulating the radiation process in cometary material, because the most abundant protons in cosmic rays have energies of about 2 GeV and a LET similar to60Co gamma rays. The interaction between of the comet and with the  charged particles with energies of 2 GeV is much more complex than that it is with 60Co rays, but the two have similar energy deposition per unit path length. In addition, the handling of samples with this type of source, more common in many laboratories, is easy and accessible [5, 6]. Consequently, the radiation chemistry can may be a very precise and useful tool to simulate the evolution of organic molecules present in a cometary nucleus and exposed to high-energy radiation.
Since As the most of the species present in the radiolysis of liquid water has been detected directly or indirectly in frozen water ices (•OH radical, •H radical, and the trapped electron), Whelan 8[]
 has proposed that a similar mechanism may be applicable in both phases, through medium effects and  that modify the individual behavior details.
Methanol has been detected in comets, interstellar clouds, and dust particles 9


[ ADDIN EN.CITE , 10]
. The radiation chemistry of methanol has been documented extensively 11[, 12]
. Pulse radiolysis studies of methanol at room temperature showed the formation of the hydroxymethyl radical (•CH2OH), which ; this radical’s presence was verified by scavenging experiments [11, 12]. When methanol is irradiated at 77 K, the electron spin resonance (ESR) spectrum indicates the presence of two species: the hydroxymethyl radical and the solvated electron, almost in stoichiometric amounts [12]. Many radiation (UV and heavy ions) experiments were are performed in thin films of methanol 13-15


[ ADDIN EN.CITE ]
 simulating the effect of radiation in interstellar space. Other studies analyzed the samples obtained by spraying suspensions onto liquid nitrogen 16[]
. Less effort has been devoted to the study of irradiation in bulk, a key point was to more closely approaching the phenomenon on comets. In this work, frozen dilute solutions of methanol were was irradiated in the bulk. The used concentration was estimated according to the published data [10]. The results show the formation of more complex molecules, confirms that chemical reactions can still occur at low temperatures, such as those existing in space. Some experiments were done in the presence of mixtures with formic acid, a simple molecule also presents in comets, to make the system more complex and especially to look for the formation of hydroxyaldehydes, as the simplest sugar-like molecules.
Method Experimental
Sample preparation

The glasswares for experimental was were cleaned by the treatment with a mixture of nitric and sulfuric acids17[]
, according to standard procedures in radiation chemistry 18[]
. Water had previous been was purified by the triple distillation [17].
The chemicals were of the highest purity of commercially available. purity. Aqueous solutions of methanol (Merck reagent, 99.5%)  was prepared by mixing methanol (99.5% Merck reagent) with distilled water, and the content of methanol was 0.15 mol / litter [dm−3 ]. Aqueous solution of formic acid was 0.1 mol / litter (GFS Chemicals, USA). For the samples of experiments, the methanol (aqueous solution) and the methanol-formic acid (the mixture of above respective aqueous solution by 1 : 1) were used. The samples were saturated with Ar gas and sealed off in the glass ampoules (15 ml) for 60Co gamma rays irradiation. 
Aliquots of CH3OH solution (15 mL) were placed in glass ampoules for irradiation. The samples were saturated with Ar to displace O2. Three sets of samples were used: (1) methanol (aqueous solution) irradiated at room temperature; (2) frozen methanol (aqueous solution) irradiated at 77 K in a Dewar flask with liquid nitrogen; (3) A 1:1 mixture of methanol-formic acid (0.1 mol dm−3, GFS Chemicals, USA). All sets were prepared and irradiated in the same position and dose.
Irradiation
The samples in glass tube were irradiated by 60Co gamma rays (Gamma-beam 651-PT at ICN, UNAM, Mexico City) at room temperature and at 77K using liquid nitrogen. The dose was the range of 36 – 1,300 kGy with a dose rate of 15 kGy/h. The dose was determined by a chemical dosimeter (ferrous sulfate and cupric sulfate dosimeter) [17]. Frozen and liquid solutions were exposed to different radiation doses. Irradiations were carried out in a gamma ray source of 60Co (Gamma-beam 651-PT) at ICN, UNAM (Mexico City, Mexico). The irradiation doses were 36–1,300 kGy. The dose rate was 15 kGy/h.
Analysis of samples
The products by irradiation were analyzed by After irradiation, frozen solutions were thawed at room temperature; the decomposition was followed by Gas Chromatography (GC) (Varian 2400 equipment with flame ionization detector, using . The stainless-steel column was packed with Chromosorb 102, 80/100 mesh), and by Liquid Chromatography-Mass Spectroscopy (LC-MS) (Waters SQ Detector, USA, single-quadrupole mass spectrometer). 
Results 
Decomposition of methanol and formic acid
Methanol. In this case, The dynamics of methanol and formic acid decomposition in the mixture acueous solution by gamma rays irradiation at room temperature were shown in figure 1. For both organics the concentration  decreased with dose as like an exponential fanction, and at lower dose range it was proportional to dose. As is irradiated with higher doses is more noticeable decomposition (Figure 1).
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Formic acid. This compound also follows a linear dynamic decomposition, and at higher doses decomposed very fast.

{The data of fromic acid in large scale fig. and in small scale fig. are not conincident, the plot of ◯ is lower than ♦ in large fig., but it is opposite in small fig. please check them.} 

Fig 1. Decomposition of methanol (◆) and formic acid (○) as a function of dose for methanol-formic acid mixture solution by irradiation at room temerature. {OK or not ?}
The products formed by the irradiation for the methanol solution at room temperature (298 K) in a steady state were formaldehyde, ethylene glycol, and glycolaldeyde, and their concentrations were in the range (0.1 – 1) × 10−5 mol dm−3, and also carbon dioxide was about 1x10−4mol dm−3. The same products were detected at room temperature and 77 K, though the yields in the frozen system were about 1 / 10. times lower. Figure 2 shows the LC-MS data for of the same samples at RT and 77K. two temperatures. Ehylene glycol and a dimer of methanol were is observed up to 160 kGy. In the methanol-formic acid mixtures the yield of formation of glycolaldeyde increased than that in respect to the methanol solution.

The yield of products observed by GC and LC-MS should indicate in table for the each irradiation condition. 
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Fig. 2. LC-MS spectra of methanol 0.15 mol dm−3 irradiated to 160 kGy at RT and 77K different temperatures and the same dose: (Aa) blank of methanol, (Bb) methanol irradiated at 77 K, (Cc) methanol irradiated at 298 K (room temperature). Legend: (1) methanol, (2) glycolaldehyde (2-hydroxyacetaldehyde), (3) ethylene glycol. Data are not scaled.
Discussion

[Comets surface has been subjected for a long time to radiation effects. UV radiation has been considered the most important source for the processing of volatiles in comets; but the action of ionizing radiation is also essential. Unlike UV light, ionizing radiation is able to penetrate, and its effects are not restricted to the surface. Ionizing radiation is ubiquitous and acts over the lifetime of the comet. It has enough energy to cause ionization to the medium, and it transfers a fraction of its energy to the target. Furthermore, in the case of ionizing radiation, a single photon or incident particle causes a cascade of secondary ionizations and causes further ionizations.

Water is the most abundant compound in a comet’s volatile fraction. For  simplicity, in these simulation experiments it is assumed that the deposition of radiation energy is via the water molecules. 

The understanding of the radiation chemistry of a multicomponent system, such as a cometary nucleus, is not achievable without an insight into the radiolytic behavior of the system’s individual components. For this reason, we irradiated methanol and methanol/formic acid solutions, some of the simplest organic constituents of cometary nuclei. We also added formic acid to look for the possibility of an aldol-type reaction between methanol, formic acid, and/or its radiation products, in order to yield possible precursors for more complex molecules. In the frozen solutions, we made the measurements after thawing, and the changes that are observed probably took place during the thawing. Measurements in situ will be necessary to understand the chemistry involved in the ice.
                The irradiations were performed at 77 K (liquid nitrogen) and at 298 K (room temperature). Whipple and Stefanik 19[]
 calculated that, for a comet with a radius of about 10 km and a density of about 1.3 g/cm3, the temperature of the core should be 30–85 K. These temperature variations are due to the heat originating from the decay of the radionuclides embedded and to the comet’s approaching the Sun periodically. The experiments performed at room temperature offer an insight in the radiation-induced processes and help analyze and the identify radiolytic products whose formation at low temperatures occurs at lower yields.]
Above part may be introduction and not in discussion

Methanol

Alcohols are the organic equivalents of water, given their polar nature, showing a similar behavior under irradiation. Irradiated, alcohols can easily capture hydroxyl radicals and hydrogen; this property has led them to be used as scavengers as added to aqueous systems. The eaq− radical also reacts with alcohols, but with lower reaction rates 20[]
.
Under high doses, the reactions become very complex, because of the accumulation-transformation of radiolytic products that begin taking part in further reactions. It was necessary, however, to consider high-dose experiments, because such conditions may allow prebiotic precursors to be formed. The main reactions are abstraction type, by the attack of the •H/•OH radicals, as follows:
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One product that has been detected by LC-MS in the radiolysis of methanol is glycolaldehyde (2-hydroxyacetaldehyde, HOCH2CHO). Glycolaldehyde is a plain but very important molecule. It is the simplest hydroxyaldehyde, the first possible monosaccharide, a diose (a monosaccharide containing two carbon atoms)21[]
. Prebiotically, it is accepted that sugar formation occurred via the formose reaction 22[]
, in which the first step is the formation of glycolaldehyde; this molecule becomes autocatalytic, favoring the further reactions. Glycolaldehyde has been detected in interstellar clouds 23[]
; even if the formation mechanism is not well understood, it is supposed to occur by polymerization of formaldehyde on interstellar grains or in the gas phase [23]. The next polyhydroxy aldehyde for the sugar formation is glyceraldehyde, which may be formed from the radiolysis of methanol-formic acid mixture.
Methanol-formic acid Mixtures
The irradiation of mixtures of methanol and formic acid at doses up to 1300 kGy produced a solid whose amount increased with the dose. Upon drying, the solid became a brown powder, soluble in water at alkaline pH. The chemical nature of this oligomer has not been known up to now. For the decomposition of formic acid, the following reactions can take place:
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Above reaction mechanism is the decomposition of formic acid. Are there no interaction between methanol and formic acid ? 
Discussion should be made by using the data of experimental, but the relations among the data are not clear. It needs to reconsider the discussion. 
Final remarks
Comets are exposed to ionizing radiation through their formation by two different sources: the decay of radionuclides incorporated in their structure (inner source), which affect the whole body of the comet; and cosmic rays (external source), which interact with the upper layers. This situation implies that cometary components may have been altered by the action of the ionizing radiation. The importance of methanol’s radiolytic behavior, in conditions of low temperature and high radiation fields, is due to its potential transformation to molecules of biological significance, such as formaldehyde and glycolaldehyde (the simplest form of sugar that can be found).
The results show that radiation-induced reactions at low temperature contribute to the “cold chemical evolution” of the universe. Comets are considered carriers of organics to primitive Earth. Therefore, radiation-induced reactions may have played a role in the development of life on our planet. Research is now taking place in our laboratory to elucidate such a role.
The difference of products between RT and 77K irradiation  should show more clearly.  
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