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Resumen

El presente proyecto se enfoca en estudiar la estabilidad de algunas moléculas organicas
modelo de importancia pre-biolédgica y biolégica, en condiciones que simulan aquellas probables en
la vecindad de un manantial hidrotermal en la Tierra primitiva, como ejemplo de una etapa importante
de la evolucién quimica en los tiempos primordiales.

Para este propoésito, se estudié la cinética de descomposicion de compuestos modelo (acidos
carboxilicos, carbohidratos y bases nitrogenadas) en disolucién acuosa y en estado sélido. Para este
objetivo, se estudié la influencia de los gradientes de temperatura (termdlisis) o radiacion ionizante
(radidlisis) mediante técnicas espectroscopicas, electroquimicas y cromatograficas. Se utilizaron
disoluciones libres oxigeno con salinidad, presion y pH fijos, en presencia o ausencia de minerales
relevantes en los manantiales hidrotermales.

Entre los resultados mas importantes, se destaca que el mecanismo de formacién depende
del tipo de energia utilizada y puede conducir a la obtencién de diferentes productos, de los cuales
algunos son relevantes en el contexto de evolucion quimica. Cuando los sistemas bajo estudio fueron
expuestos a energia térmica o radiacion ionizante, se formaron compuestos que pueden tener
importancia como moléculas pre-bioldgicas. Adicionalmente, los resultados obtenidos mostraron que
existe una diferencia si en los sistemas esté presente un mineral ya que, por ejemplo, los minerales
pueden catalizar y direccionar la reacciones quimicas, ademas de que también pueden ser agentes

concentradores y agentes protectores de materia organica.

Abstract

This project is focused on to study the stability of some organic molecules with pre-biological
and biological importance simulating those probably present in the vicinity of a hydrothermal spring
on the primitive Earth, as examples of an important stage of chemical evolution in primordial times.
For this purpose, the kinetics of decomposition of model compounds (carboxylic acids, carbohydrates,
and nitrogenous bases) in agueous solution and solid state, was made. To this aim, the influence of
temperature gradients (thermolysis) or ionizing radiation (radiolysis) was studied through
spectroscopic, electrochemical, and chromatographic technigues. The salinity, pressure, and pH and
free of oxygen solutions, were fixed, in the presence or absence of relevant minerals in the
hydrothermal springs.

When the systems under study were exposed to thermal energy or ionizing radiation, they
formed compounds that may have importance as pre-biological molecules. The results obtained
showed that there is a difference if in the systems if there is a mineral present. The mechanism of

formation is dependent on the type of energy used.
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1. Capitulo primero
Antecedentes y generalidades

1.1. LaTierra primitivay el origen de la vida

Desde su formacién, la Tierra ha experimentado diversos cambios los cuales
continllan hasta la actualidad. ElI Precambrico constituye una de las etapas mas
importantes en la historia del planeta, se inicia desde la formacién de la Tierra hace
4.55-4.5 Ga aproximadamente (Allegre, Manheés, y Gopel, 1995) (1 Ga=1x10° afios)
y concluye hasta hace unos 0.54 Ga. Durante esta etapa, particularmente en los
periodos Eoarqueano y Paleoarqueano (de 4 a 3.6 y de 3.6 a 3.2 Ga,
respectivamente), ocurrieron muchos de los eventos mas importantes del planeta,
como ejemplo el paso de un planeta estéril a un mundo lleno de vida (Brocks, Buick,

Summons, y Logan, 2003). Figura 1.

Sedimentos organicos
Producto de un metabolismo

[ Formacién de la Tierra y la Luna

O EEE @

I zircones mis antiguos
océanos [] [J [ O ]
Acrecién contnental | I I 1 | ERE 001 ENIE [ s S 1 s [

Paleo".rqueano Mesoarqueano | Neoarqueano Palecproterozoico |

I l 28 [ 2!6 214 I 2‘[2 I 2I.0 ] 1.]8Ytempo(Ga)

Fosiles de estromatolitos

- R

Primeros registros de vida
Evidencia Geoquimica Firmas isotépicas

Rocas sedimentarias

Microestructuras
de estromatolitos

Figura 1. Primeros registros de vida(Manson y Von Brunn, 1977; Nutman et al., 2016; Schidlowski,
2001; Walter, Buick, y Dunlop, 1980).
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Existen diversas hipétesis que intentan explicar como los seres vivos
pudieron emerger en la Tierra. Desde el punto de vista cientifico, existen dos
enfoques principales en los cuales se propone como fue que las interacciones
fisicoquimicas entre las moléculas organicas e inorganicas presentes en la Tierra
primitiva, pudieron originar la complejidad molecular actual. Por un lado, se
encuentra el enfoque genético, que propone la gradual acumulacién de compuestos
organicos (especialmente compuestos que son parte del material genético)
sintetizados en una atmosfera primitiva con grandes cantidades de dioxido de
carbono, que formo lo que John. B. S. Haldane (1929) llamo la sopa primitiva
(Haldane, 1929; Tirard, 2017). Por el otro, se encuentra la teoria metabdlica, que
propone la existencia de un metabolismo rudimentario primario (Wachtershauser,
1988). Cualquier hipoétesis en esta area de conocimiento, existente o futura, requiere
considerar al menos los siguientes factores para que sea factible: 1) sintesis de
materia organica a partir de compuestos mas sencillos, 2) estabilidad de la materia
organica sintetizada en el medio circundante, 3) fuentes de energia para promover
las reacciones y 4) un ambiente geologico adecuado y probable que haya existido

durante el periodo de evolucion quimica.

1.2. Evolucidén quimicay quimica prebiotica

El estudio del origen de la vida se ha dividido principalmente en tres etapas:
evolucién nuclear, evolucion quimica y evolucion biolégica (Calvin, 1956). La
evolucién quimica propuesta por Haldane en 1928 debid ocurrir en un periodo de
tiempo corto en escala geoldgica, que va desde la formacion de la Tierra hace 4.55-

4.5 Ga hasta la aparicion del primer ser vivo entre 3.8 y 3 Ga. El Hadeano (4.55-4.5
10|Pagina



a 4 Ga) es el periodo de tiempo en la Tierra en donde se debid dar la mayoria de
los procesos que tuvieron como consecuencia que la vida emergiera. Formalmente
se define a la evolucion quimica como la serie de procesos fisicos y quimicos que
explican la formacion abiética de compuestos organicos de importancia biologica y
los mecanismos por los cuales fueron aumentando su complejidad y ordenamiento,
bajo condiciones que probablemente existieron en la Tierra primitiva (Negrén-
Mendoza et al., 1996; Orgel, 1968).

La quimica prebibética, por otro lado, es una herramienta multidisciplinaria
utilizada para estudiar procesos de la evolucién quimica. En ella se proponen
modelos quimicos y se simulan condiciones en el laboratorio, que intentan explicar
parte de los procesos que pudieron ser relevantes para que la vida emergiera en la
Tierra primitiva. Uno de los experimentos mas conocidos e importantes en esta area
(Lazcano y Bada, 2003) fue el experimento desarrollado de por Stanley L. Miller en
1953 en el que sintetizé aminoéacidos (Figura 2), en condiciones abidticas que se
habian propuesto originalmente por Oparin y retomadas por H. C. Urey y J. D. Bernal

(Miller, 1953).

ABMRTIC
Acip

Glyerne

o ALAVWVE A

B-ALANNE

& AMina.
M-8R Aciy

Figura 2. Cromatografia de papel para la identificacién de aminoacidos en el experimento de Miller.
Tomada de Miller (1953).
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Cincuenta afos después de la publicacion de Milller, el quimico Jeffrey L.
Bada (estudiante de Miller) analizdO muestras de viales sellados del experimento
original de 1953 guardadas en el Instituto Oceanografico de Scrips en La Jolla,
EE.UU, reportando la formacion de 23 aminoéacidos, 4 aminas y 7 compuestos

organosulfurados (Parker et al., 2011).

1.3. Materia organica de importancia bioldégica y pre-
bioldgica relevante en quimica prebiética
1.3.1.Bases nitrogenadas

Las bases nitrogenadas son compuestos ciclicos aromaticos que incluyen
dos o mas atomos de nitrogeno. Se les clasifica en dos tipos: las bases puricas
(adenina y guanina), las cuales son derivados de la purina (CsHsN4) formada por
dos anillos heterociclicos, uno de seis y otro de cinco atomos (Figura 3) y las bases
pirimidicas (citosina, timina y uracilo) las cuales provienen de la pirimidina (C4HaN?2)

formada por un anillo heterociclico de seis atomos (Figura 4).

. , Figura 4. Pirimidina.
Figura 3. 9H-purina.
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Las bases nitrogenadas son parte de macromoléculas organicas de gran
importancia en quimica prebiotica, como el DNA (acido desoxirribonucleico) y RNA
(acido ribonucleico), moléculas responsables de contener y trasmitir la informacion
genética; o en moléculas contenedoras de energia en diversos procesos
metabolicos, como el ATP (CioH16Ns013P3, adenosin trifosfato) (Figura 5) y el ADP
(adenosin difosfato) o sus respectivos analogos con las diferentes bases

nitrogenadas CTP, TTP,UTP, etc.

NH,
O o o
O O O N N)
onH
HO  OH

Figura 5. ATP adenosin trifosfato.

La sintesis abidtica de la adenina a partir de cianuro de amonio, propuesta
por el Bioquimico Joan Oré en 1960 (Figura 6), es otro ejemplo de un experimento
de quimica prebidtica (Or6, 1960). En 1983 Voet y Schwartz propusieron un posible
mecanismo de reaccion para la formacion de adenina en Bioorganic Chemistry

(Voet y Schwartz, 1983).
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Figura 6. Mecanismo de reaccion para la sintesis de adenina a partir de disoluciones acuosas de
cianuro de amonio. Tomada de Voet y Schwartz (1983).

1.3.2.Acidos carboxilicos

Los acidos carboxilicos son compuestos de gran importancia biologica
(Figura 7). Una de las funciones de estas moléculas es ser los intermediarios en las
principales rutas metabdlicas de los seres vivos (i.e. ciclo de Krebs). Los acidos
carboxilicos son intermediarios en las rutas de sintesis de moléculas mas complejas
de importancia biolégica como aminoacidos, azucares, triacilglicéridos, porfirinas y
pirimidinas (i.e. gluconeogénesis) (Lehninger, Nelson y Cox, 2005). Por ello, el
estudio en quimica prebidtica de estas moléculas es relevante en el periodo de
evolucion quimica. Por ejemplo, en el caso de la radiolisis del acido acético en
disolucién acuosa se obtiene la sintesis abiodtica de acido succinico (Figura 8), un

intermediario en el ciclo de Krebs (Garrison et al., 1954).
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Figura 7. Estructura general de los acidos carboxilicos? .
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Figura 8. Produccién de hidrogeno, peroxido de hidrégeno y acido succinico en funcién de
la dosis de radiacidn de disoluciones de acido acético (Garrison et al., 1954).

1.3.3.Carbohidratos

Los carbohidratos son moléculas organicas cuya formula minima es (CHz20)n
(Figura 9). Son fundamentales y de gran importancia para los sistemas biologicos
actuales (Gabius, 2000; Joyce, 1989). El papel de estas moléculas en la actualidad
es servir como: 1) moléculas energéticas, ya que al igual que las bases nitrogenadas
son parte de la molécula de ATP la cual libera energia en la glucdlisis (Figura 10) y

sus analogos con otras bases nitrogenadas y 2) funcionar como moléculas

1 R ya no es parte del grupo funcional, pero la fuerza de los acidos carboxilicos depende del

efecto electro-atractor o electro-donador de R.
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estructurales en los acidos nucleicos, particularmente en la cadena espiral de la

ribosa-5-fosfato de los polimeros de DNA y RNA (Figura 11). Por todo ello, la

sintesis y estabilidad de estos compuestos (i.e. ribosa), en condiciones primigenias

es un aspecto de gran relevancia en el periodo de la evolucién quimica terrestre.

" e ITl
(l:/ H—C—OH
H—C—OH H—C=0
H—(|3—OH H—(|3—OH
] ]
Aldosas Cetosas

Figura 9. Estructura general para los carbohidratos dependiendo de su grupo funcional. Se muestra la

forma de las aldosas y las cetosas (Morrison et al., 1998).
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Figura 10. Diagrama general de la glucélisis.
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Figura 11. Cadena espiral de la ribosa-5-fosfato en el RNA.

1.4. Fuentes de energia probables en la Tierra primitiva

Las fuentes y tipos de energia existentes en la Tierra primitiva son una pieza
clave dentro de los procesos que ocurrieron en el periodo de evolucién quimica, ya
que la energia es la encargada de iniciar, potenciar y dirigir todos los procesos
fisicoquimicos. Se han propuesto muchos procesos para generar diversos
compuestos orgéanicos (i.e. la formacién de ciano-compuestos) (Ferris y Hagan,
1984) con diferentes fuentes y tipos de energia probables en la Tierra primitiva
(Tabla 1) (Miller y Orgel, 1974, Garzon y Garzén, 2001). Sin embargo, no se puede
afirmar que una sola fuente de energia haya sido la Unica o la principal responsable
de producir las reacciones, ya que sélo la participacion de varias o todas ellas pudo
haber logrado generar todos los compuestos organicos de importancia biolégica y
pre-bioldgica, ya que se han reportado resultados relevantes en experimentos de
quimica prebidtica utilizando diversas fuentes de energia. De esta premisa, surge la
importancia de estudiar la sintesis y estabilidad de moléculas de importancia

biol6gica expuestas a diferentes tipos de energia presentes en la Tierra primitiva.
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Tabla 1. Fuentes de energia en la Tierra primitiva.
Fuente Flujo (Jatm) Intensidad (Ja'm3) | Inventario (Ja?)
Radiacién solar
UV (total) 1.4x108 1.2x10* 6x10%?
UV (A < 150) 7.1x10% 6 3x10%9
Descargas 1.7x108 14 7x101°
eléctricas
Rayos césmicos 60 5x103 2x1019
Viento solar 8x103 0.7 3x1018
Ondas de chogque 4.6x10* 4 2x10%°
Volcanes 6x103 0.5 2x10Y
Radioactividad 1.17x10° 1.17x10? 10%°
Corteza (huecos) 1.5x10° 1.5x10% 1.510
(5x10%9)
Depasitos de U 108 103 3x1018 (10%)
(granos)
Depositos de U i 105 i
(huecos)
a Asumiendo una porosidad de 0.03.
Los valores en paréntesis son de h= 30k.

Modificada de Garzén y Garz6n (2001).

1.4.1.Energia térmica: importanciay participacion en
evolucién quimica.

Un tipo de energia, ampliamente propuesta en experimentos de quimica
prebiotica, es la energia térmica. Actualmente, se encuentra distribuida en varios y
diversos ambientes; existen gradientes de temperatura en la atmosfera, en aguas
termales producto de la actividad volcanica, en estanques calentados
geotérmicamente, manantiales hidrotermales submarinos con temperaturas entre
90-400°C (Russell y Hall, 2009, Russel y Hall, 1997), manantiales hidrotermales
subaéreos con temperaturas de 48 a 89°C (i.e. Parque Nacional de Yellowstone,
EE.UU.) (Hamilton, et al., 2011) ademas de muchas inter-fases como las formadas
por roca-aire, nieve-aire, etc (Muller y Schulze-Makuch, 2006). Estos gradientes de

temperatura son muy importantes desde el punto de vista de la quimica prebidtica,

ya gue estos sistemas podrian haber suministrado la energia necesaria para
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promover muchas reacciones quimicas importantes en el periodo de evolucion
quimica (Washington, 2000). Aunque al mismo tiempo, se debe mencionar que esa
energia también podria haber promovido reacciones de termdlisis, degradando los
productos de sintesis (Muller y Schulze-Makuch, 2006). Asi, el calor de las fuentes
endogenas, ademas del calor generado por el impacto de cuerpos extraterrestres
debieron estar presentes en la Tierra desde su formacion (Oré, 1961). Por ello, la
energia térmica debid ser una fuente constante que posiblemente contribuyo a la

evolucion quimica del planeta.

1.4.2.Radiacidn ionizante: importancia y participacion en la
evolucién quimica.

El uso de energia en forma de radiacion gamma en experimentos de quimica
prebiodtica tiene su base en las ventajas que tiene respecto a otras fuentes de
energia como son: 1) alto poder de penetracion en la mayoria de la materia
organica, 2) independencia de la temperatura, pH, presion, concentracion,
humedad, estado de agregacion, etc.; 3) amplia abundancia durante el periodo en
el que ocurrio la evolucion quimica (Tabla 2) (Draganic et al., 1991), ya que existe
en toda la corteza terrestre ademas de la proviene de fuentes extraterrestres en
forma de particulas ionizantes como los rayos cosmicos o el viento solar (Tabla 1);
4) eficiencia en la sintesis de compuestos organicos (Draganic et al., 1991); y
finalmente 5) su capacidad de fungir como directriz de algunos procesos
fisicoquimicos especificos. Por todo ello y por la gran importancia de los procesos
abidticos en la Tierra primitiva en los que pudo participar la radiacion ionizante, la

radiacion gamma ha sido propuesta como fuente de energia por muchos autores en
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diferentes procesos prebidticos (Negron-Mendoza y Ponnamperuma, 1976),
algunos de los ejemplos pueden ser a) la sintesis de compuestos sencillos y
macromoléculas (Ferris et al., 1968), b) reacciones de polimerizacion (Colin-Garcia
et al., 2008; Cruz-Castafieda et al., 2014), condensacion, descarboxilacion (Negron-
Mendoza y Ramos-Bernal, 1998), desaminacion (Meléndez-Lépez et al., 2014),

auto-ensamblaje (Heredia et al., 2017), fosforilacidn, ciclacion (Ferris et al., 1968),

etc.
Tabla 2. Fuentes radiactivas de origen terrestre.
Fuente Comentario
Seguras Tiempo de vida media (x10° afios)
0K 1.25
232Th 1.39
2351 0.71
238 4.5
244py 4.5
Probables Elementos radiactivos con vida media cortas
Reactores nucleares Los mismos radioelementos y radiaciones que en los
naturales. reactores artificiales.

Modificada de (Draganip et al., 1991) Varios reactores nucleares naturales como el de Oklo, Gabdn,
Africa pudieron estar activos desde hace 1.8 a 4.1 Ga.

1.5. Superficies minerales relevantes en la Tierra primitiva

“Life, geologically speaking, consists of the interference with secondary
lithosphere—atmosphere reactions so as to produce a small but ever-renewed
stock of organic molecules” J. D. Bernal en Florkin (1960) p. 34.

En 1951, John D. Bernal propuso la posible participacion de las arcillas y
destaco su relevancia en el contexto de la evolucién quimica. El mismo sugirié por
primera vez que las arcillas pudieron servir como: 1) agentes de adsorcion de
monomeros, aumentando asi la concentracion de éstos; 2) agentes catalizadores,
y 3) como sitios de proteccion para evitar la degradacién de moléculas necesarias

para la sintesis prebidtica de moléculas mas complejas (Bernal, 1951). Ademas,
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propuso que estos procesos pudieron haber ocurrido en un ambiente formado en
distintas inter-fases entre la hidrosfera y la litosfera (Ponnamperuma et al., 1982).
Muchos son los sélidos propuestos en experimentos de quimica prebiotica,
considerando su posible presencia en la Tierra primitiva. Entre ellos destacan:
silicatos, carbonatos, arcillas y basaltos (Hazen y Sverjensky, 2010; Otroshchenko
y Vasilyeva, 1977). Un ejemplo destacado de la propuesta de participacion de las
superficies sdlidas en la evolucion quimica fue propuesto por Wachterhauser en
1988, en donde presenta la teoria del metabolismo de superficies como modelo

antecesor de las enzimas y los templetes bioquimicos (Wachtershauser, 1988).

1.6. Ambientes geoldgicos probables en la Tierra primitiva.

Al igual que la energia, los ambientes geoldgicos, en donde se desarrollaron
las primeras reacciones quimicas que enriquecieron la Tierra primitiva con materia
organica, son una variable fundamental y determinante en la evolucién quimica en
la Tierra. Por ello, el determinar su posible existencia y su posible participacion en
procesos de evolucion quimica es una tarea que se ha abordado desde un
panorama multidisciplinario, donde disciplinas como la geoquimica, la radioquimica,
la geologia, etc. han propuesto posibles ambientes geoldgicos con diversas
variables fisicoquimicas en la Tierra primitiva. Siendo estos ambientes geoldgicos,
un conjunto de variables fisicoquimicas con las cuales se puede disefiar posibles

escenarios para elaborar experimentos de quimica prebidtica.

1.6.1.Manantiales hidrotermales submarinos

¢, Sin los océanos la vida nunca hubiera emergido en nuestro planeta?
El 71 % de la superficie terrestre actual esta cubierta por agua (océanos, rios, lagos,

glaciales y acuiferos) (NASA Earth Observatory, 2010) y de ese porcentaje, el 99 %
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es espacio habitable. Con menos del 10% de los océanos explorados, se estima
que entre un 50-80 % de toda la vida? esta bajo la superficie marina (Mora et al.,
2011). Esta idea ha impulsado nuevas propuestas sobre los origenes de la vida en
la Tierra proponiendo un nuevo escenario fisicoquimico para realizar experimentos
en quimica prebidtica.

El 90 % de toda la actividad volcanica del planeta ocurre en los océanos y
con el descubrimiento de los manantiales hidrotermales submarinos en la década
de los 70 del siglo XX, se propuso que estos sistemas pudieron haber sido sitios
relevantes en procesos de evolucidén quimicay en el origen de la vida (Russel y Hall,
1997). Una propuesta de la participacion de estos sistemas en la evolucion quimica
fue presentada por el quimico Gunter Wachtershéauser en 1988, quien planted la
hipotesis de que los primeros organismos debieron ser de tipo termofilicos y
quimioautotrofos. Estos organismos habrian estado dotados de un metabolismo
que se efectuaria en la superficie de particulas solidas de sulfuros de metales de
transicion, principalmente sulfuros de hierro, como los que estan presentes en los
manantiales hidrotermales submarinos (Wachtershauser, 1988). Sin embargo, esta
propuesta es controversial y no se han realizado experimentos que lo prueben,
ademas que hay evidencias en contra de que los primeros organismos fueran
termofilos (Miller y Lazcano, 1995).

Los manantiales hidrotermales submarinos se clasifican en dos tipos

principales (Tabla 3): 1) unos profundos, de 1 a 3 kilometros (fumarolas negras)

2 Actualmente se han nombrado y clasificado 1.5 millones de especies de un total calculado
de 8.7 millones.
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(Figura 12), que emiten gases calentados directamente por el manto de la Tierra, a
temperaturas superiores a 300°C; y 2) otros menos profundos menores a 1 kildbmetro
(fumarolas blancas) (Figura 13) con temperaturas cercanas a 90°C, donde es mas
probable que ocurrieran los procesos de sintesis y conservacion de compuestos
organicos. Existen hipoétesis que proponen a los sistemas hidrotermales como
reactores quimicos donde se sintetizaron muchos compuestos organicos de interés
pre-bioldgico o biolégico por procesos abidticos a través de reacciones tipo Fischer-
Tropsch (FTT)3, que involucran reacciones con gases a altas presiones y
temperaturas, en la presencia de minerales, como la siderita, los carbonatos, 6xidos

de hierro o silicatos (Masters, 1979).

Tabla 3. Comparacion entre los sistemas hidrotermales submarinos mas comunes.

Fumarolas negras Fumarolas blancas
Profundidad (km) 1-3 <1
Monticulo sulfuros de metales carbonatos
pH del sistema y su vecindad 2-7 hasta ~7 9-11 hasta ~7
Gradientes de Temperatura 400 a2 ensu 90aZ2ensu
(°C) vecindad vecindad
CO2 (mmol/kg) 4-215 ~0
H2 (mmol/kg) 0.1-50 0.1-50
CHa4(mmol/kg) 0.05 ~0
H2S(mmol/kg) 3-110 ~0
Metales de transicion Fe(Il) y Mn(l1) Fe(ll) y Mg(ll)
Presencia en el Hadeano poco probable probable

Entre los aportes experimentales que apoyan la participacion de estos
ambientes geoldgicos en los procesos de evolucién quimica se encuentran: 1) el
publicado por Marshall en 1994 mostrando la sintesis de aminoacidos en disolucién

acuosa en simulaciones hidrotermales (T=200°C) (Marshall, 1994); 2) los informes

3O+ (20 + 1) Hy=Cn Hay 2+ 1 Ho O (Produccion de parafinas)
nCO + (2n) Hy=Cy, Hay, + nH,0 (Produccién de olefinas)
Reacciones exotérmicas, que requieren alta presion (20-30 bar) y alta temperatura (200—
350°C).
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en donde se muestra la estabilidad de algunos aminoacidos solvatados en agua en
contacto con fluidos supercriticos (300-400°C) (Islam et al ., 2003) (Alargov et al.,
2002); 3) en el 2009 se publicdé que el equilibrio de oligomerizacion/hidrélisis de
aminoacidos se desplaza a la oligomerizacion bajo condiciones hidrotermales
(Lemke, Rosenbauer y Bird, 2009); y 4) en el articulo de Bada, et al., 1995,
publicaron que los manantiales hidrotermales submarinos no son sitios de sintesis
sino de descomposicion de la materia organica; en éste como en otros experimentos
de quimica prebidtica se demuestra que algunos aminoacidos no podrian ser

sintetizados o ser estables a temperaturas superiores a 250°C (Ito et al., 2006).

Figura 12. Fumarola negra. Tomada de https://www.marum.de/en/Discover/Deep-Sea.html
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Figura 13. Fumarola blanca. Tomada de https://sciworthy.com/are-the-building-blocks-of-life-from-a-
hydrothermal-vent/

1.6.2. Manantiales hidrotermales subaéreos

Los sistemas hidrotermales subaéreos también son producto de la actividad
volcanica de la Tierra, particularmente son grietas en la corteza terrestre de las
cuales emana agua (magmatica y metedrica) calentada geotérmicamente, rica en
minerales y metales disueltos, con temperaturas de 48 a 95°C y pH desde 3 hasta
9.5, ademas de vapores compuestos por agua, CO2y H2S a manera de géiser,
formando depdésitos que pueden ser silicatos, carbonatos, boratos y/o sulfatos
dependiendo de la fuente de alimentacion del manantial (Campbell et al., 1988).

Evidencia geoquimica indica que, a lo largo del tiempo geolégico, los
sistemas hidrotermales subaéreos como Yellowstone (Figura 14) han sido comunes
y parecen haber sido responsables de la formacion de muchos yacimientos

importantes de minerales y metales (Fournier, 1989).
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Ejemplos de estos sistemas hidrotermales estan ampliamente distribuidos en
la Tierra ya que podemos encontrar en Estados Unidos, Islandia, Rusia, India,
Australia y Nueva Zelanda, pero existe evidencia geoldgica que indica que estos
sistemas fueron abundantes en la Tierra primitiva. Como ejemplo tenemos el
sistema hidrotermal sulfurado de Pilbara en Australia con una antigiiedad de 3.45
Ga en el cual se ha propuesto evidencia de microfésiles de estromatolitos como una
forma de vida primitiva (Djokic et al., 2017).

Se ha propuesto que en estos sistemas hidrotermales, particularmente en los
sedimentos, dentro de los procesos de hidratacion-secado, mondmeros de
nucledtidos pudieron haber sido sintetizados, concentrados y estabilizados, e
incluso a través de catalisis heterogénea pudieron ser polimerizados (Deamer y
Georgiou, 2015).

Las

T p———
S

b,

Figura 14. Manantial hidrotermal en el parque Nacional de Yellowstone, Estados Unidos. Tomada de:
https:/ivivaglammagazine.com/the-best-places-to-stay-in-yellowstone-national-park/
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Se han propuestos otros posibles sistemas hidrotermales en los cuales la
energia térmica para calentar el agua no proviene del calor del magma, si no de
reactores nucleares naturales cuyo combustible nuclear son depdsitos de naturales
de 2%°U (Figura 15), los cuales pudieron ser abundantes en Hadeano (Figura 16).
Siendo asi la radiacion ionizante* una variable adicional a las otras variables

fisicoquimicas de los anteriores sistemas hidrotermales (Ebisuzaki y Maruyama,

2017).

Atmésfera (CO2, H20, N2)

Sepentinizacién
(Metales Ni-Co, minerales ETR, FeS)
Compuestos orgénicos

macromoleculares
I} Inadeld,

proteinas)
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Fe,p 4 Minerales
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Figura 15. Manantial hidrotermal subaéreo con combustible nuclear. Tomada de Ebisuzaki y Maruyama

(2017)
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Figura 16. Abundancia del isotopo de 2%°U en el Hadeano respeto a su vida mediay al isotopo 238U.
Tomada de Ebisuzaki y Maruyama (2017)

4 \/éase apéndice: Cadena de decaimiento de 23°U
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1.7. Variables fisicoquimicas posibles en experimentos de

guimica prebidtica

hidrotermales

simulando manantiales

La Tabla 4 muestra la posible forma de interaccion de los diversos sistemas

hidrotermales con la materia organica.

Tabla 4. Sistemas hidrotermales y medios de reaccion.

Sistema hidrotermal y sus vecindades

Estado de agregacion y medio de
difusién de la materia organica

Submarino (negras)

e Disoluciones acuosas con fluidos
supercriticos

Submarino (Blancas)

e Disoluciones acuosa y solidas
e Suspensiones acuosas con
minerales

Subaéreos

e Disoluciones acuosas y soélidas
e Suspensiones acuosas con
minerales
e Sedimentos en estado sdlido

La Tabla 5 muestra algunas de

las posibles variables mas relevantes

presentes en los sistemas hidrotermales, con las cuales interactia la materia

organica.
Tabla 5. Posibles variables fisicogquimicas relevantes en los sistemas hidrotermales.
Sistema L - o
. Temperatura | Radiacién | Fuerza | Superficies | Presion | Metales de
hidrotermal y sus pH o o . L
) (°C) ionizante | idnica minerales (atm) transicion
vecindades
Submarino (negras) 2-7 2-300 gamma Si sulfuros 200-300 Si
Submarino (blancas) | 7-11 2-90 gamma Si carbonatos 90 Si
carbonatos,
. silicatos,
i gammay si y/o )
Subaéreos 2-10 40-90 ) sulfatos, >1 si
ultravioleta no
sulfuros,
boratos
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En estudios de evolucion quimica, tan importante es la sintesis de compuestos
como la estabilidad de éstos en el medio ambiente prevaleciente; por ello, debe
existir un balance entre la formacion y destruccion de dichas moléculas para

tenerlas disponibles para su posterior utilizacion.

2. Capitulo segundo. Hipotesis

Si la sintesis de compuestos organicos se puede dar en las condiciones de
presion y temperatura que prevalecen en las areas adyacentes a los cuerpos de
agua que rodean a los manantiales hidrotermales subaéreos o submarinos, la
presencia de solidos como las arcillas, en particular la montmorillonita, permitirian
gue moléculas organicas como las bases nitrogenadas, los acidos carboxilicos o los
azucares pudieran adsorberse y, asi las superficies de estos solidos contribuirian a
proteger a los compuestos organicos de la hidrdlisis y de fuentes externas de
energia como el calor, o la radiacibn gamma, contribuyendo a incrementar la
estabilidad de las moléculas en estas condiciones.

De esta manera, estos ambientes geoldgicos pudieron haber sido sitios
idéneos para que se llevaran a cabo reacciones prebioticas, que enriquecieron con
materia organica a la Tierra primitiva y que, por otro lado, brindaron condiciones

ambientales mas estables que la superficie terrestre.

29|Pagina



3. Capitulo tercero. Objetivos

3.1. Objetivo general

Estudiar la estabilidad de algunas moléculas organicas de importancia
biolégica (bases nitrogenadas, acidos carboxilicos y carbohidratos) en condiciones
gue simulen las variables presentes en la vecindad de un manantial hidrotermal,
como ejemplos de reacciones que pudieron ser relevantes en el contexto de la
evolucion quimica. Ademas, de ser posible, evaluar el posible efecto protector de
los minerales hacia los compuestos modelo®:

v’ citosina (base pirimidinica)

guanina (base purica)

acido succinico (acido carboxilico — participante en el ciclo de Krebs)
acido malénico (acido carboxilico — inhibidor del ciclo de Krebs)
gliceraldehido (triosa - quiral”)

glicolaldehido (diosa — no quiral).

ANENENENEN

Para cumplir el objetivo, se estudio la cinética de descomposicion de algunos
compuestos organicos con dos tipos de energia probables en los manantiales
hidrotermales (calor y radiacion gamma), simulando la vecindad de un manantial
hidrotermal con gradientes de temperatura o dosis de radiacion, en medios de
fuerza idnica, presion y pH fijos, en presencia o ausencia de minerales relevantes
en estos ambientes. Monitoreando y describiendo individualmente la participacion
de cada una de las variables fisicoquimicas involucradas, posteriormente se
evaluaron algunas posibles combinaciones de variables fisicoquimicas formando

sistemas cada vez mas complejos.

5 Véase apéendice: Compuestos modelo - Moléculas organicas
7 Véase apéndice: Quiralidad
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3.2. Objetivos particulares

1) Evaluar la cinética de descomposicion de los compuestos modelo frente a
dos fuentes de energia probables en los manantiales hidrotermales:
a. Estudiar la termdlisis de los compuestos modelo en estado sélido y
en disolucién acuosa.
b. Estudiar la radidlisis gamma de los compuestos modelo en estado

sélido y en disolucién acuosa.

2) Evaluar el efecto causado en la cinética de descomposicion de los
compuestos modelo por la presencia de superficies minerales relevantes en
los manantiales hidrotermales frente a dos fuentes de energia.

a. Estudiar la termdlisis de los compuestos modelo en presencia y
ausencia de las superficies minerales.
b. Estudiar la radidlisis gamma de los compuestos modelo en presencia

y ausencia de las superficies minerales.

3) Proponer mecanismos de reaccion que describan los sistemas de reaccion

propuestos.
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4. Capitulo cuarto. Procedimiento experimental

Modelo simple de un sistema hidrotermal (sistema quimico).

El simil del sistema hidrotermal que se utilizé consta de una fase liquida y
una fase mineral en una mezcla fisica sometido a: 1) termdlisis a diferentes
temperaturas o 2) radidlisis a diferentes dosis de radiacibn gamma, en un sistema
cerrado que en una muy primera aproximacion podrian simular las condiciones de

manantiales hidrotermales submarinos y subaéreos.

v' Fase liquida: se prepararon disoluciones de los compuestos modelo, en
concentraciones que pudieron existir en los océanos de la Tierra durante el
periodo Hadeano (10 y 10° M) (Schlesinger y Miller, 1973): guanina (base
purica), citosina (base pirimidinica), acido succinico y malénico (acidos

carboxilicos), gliceraldehido y glicolaldehido (aldosas).

v Lafase mineral: estara representada por alguna superficie mineral relevante
en estos ambientes hidrotermales: olivina (que se trasforma en serpentina),
montmorillonita de Na*, montmorillonita de Fe®, atapulgita y/o

hectorita.”

Una vez terminado el proceso de termdlisis o radidlisis se analizaron
inmediatamente ambas fases de las muestras (liquidas y sdlidas) a través de

técnicas espectroscopicas, cromatograficas y espectrometria de masas.

4.1. Preparacion de materiales

Todo el material de vidrio que su utilizé fue tratado por 30 minutos con el i6n
nitronio (Figura 17) el cual es un oxidante fuerte formado in situ en una mezcla
sulfonitrica caliente, seguido de un lavado con abundante agua bidestilada
comercial y finalmente horneado por 24 horas en una mufla a 300°C (O’Donnell y
Sangster, 1970).
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4.2 Reactivos utilizados

Los reactivos utilizados en todos los experimentos fueron de la mejor calidad
y mayor pureza disponible comercialmente de diversas marcas como Merck®
(Alemania) o Sigma-Aldrich® (EE. UU).

Todos los disolventes utilizados son de grado HPLC de la marca Honeywell
Burdick y Jacson™, adicionalmente fueron filtrados con una membrana de Naylon®
de 0.25 pym de la marca Supleco®.

El agua utilizada en todas las reacciones se tridestilé para eliminar cualquier
tipo de contaminacion con materia organica segun los procedimientos descritos en
el apéndice partiendo de agua bidestilada comercial y desionizada con una
resistividad de 18,2 MQ/cm en un sistema de produccién de agua ultra pura de la
marca Milli-Q®, Merck®.

La arcilla (montmorillonita de sodio SWy-1) utilizada en las reacciones,
siempre del mismo lote, se obtuvo de “Clay Minerals Repository of the Clay Minerals
Society at the University of Missouri”, y se sometié a un tratamiento con peroxido de
hidrogeno con el fin de eliminar impurezas organicas.

La arcilla (montmorillonita de Fe3*), se obtuvo a partir de la montmorillonita
de sodio SWy-1 mediante una reaccién de intercambio catiénico con disoluciones
de FeCl3-5H20 en concentracion 1N (Gerstl y Banin, 1980) y se caracterizo
mediante difraccion de rayos X' y espectroscopia en el infrarrojo’2.

HNO3 t H,80, <= H,NO3* + HSO,
Mezcla Sulfonitrica

H,0 T NO," l6n Nitronio
(eletrdfilo fuerte, oxidante fuerte)

HSO4(NO,) Sulfato de acido de nitronio

Figura 17. Formacién de ién nitronio.

10 v/éase apéndice.
11 Analisis elaborado en la USAI, Facultad de Quimica, UNAM.
12 Analisis elaborado en el Instituto de Ciencias Nucleares, UNAM.
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4.3. Preparacion de muestras

Todas las disoluciones y suspensiones fueron preparadas con agua
tridestilada y colocadas en tubos de cultivo sellados las cuales fueron burbujeadas
con argon durante cinco minutos, esto con el objetivo de desplazar el oxigeno del
disolvente y saturar el sistema con el gas inerte. Las muestras en estado sélido
fueron colocadas de igual forma en tubos de cultivo sellados y evacuados mediante
una linea de vacio.

En los casos donde se modificd el pH de la disolucion, se ajustoé con acido

férmico y/o hidréxido de amonio medido con papel pH de la marca Sigma-Aldrich®.

4.4. Termolisis de muestras
Reacciones de termolisis

e En las reacciones de termdlisis se calentaron los sistemas quimicos entre 90
y 110°C, para ello se utilizaron dos sistemas de calentamiento: 1) un sistema
de calentamiento por contacto indirecto con un disolvente organico en un
sistema a reflujo (Figura 18), y 2) un reactor Parr®* modelo 4560 de 500 mL
(Figura 19) de la marca Parr Instrument Company®, operado mediante un
Controlador Modular modelo 4848.

13 |os reactores Parr estan fabricados con acero inoxidable T316 y son disefiados para soportar
reacciones a altas temperaturas y presiones ademas de ser inertes a las reacciones.
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Disolvente v & |

organico 8

Figura 18. Sistema de calentamiento mediante contacto indirecto con disolventes organicos a reflujo.

Figura 19. Reactor Parr modelo 4560 de 500 mL, ICN, UNAM.
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4.5. Irradiacion de muestras
Reacciones inducidas por radiacion gamma.

La irradiacibn gamma de las muestras se llevé a cabo en un irradiador de tipo
alberca “Gammabeam PT 651" (Figura 20) con barras de °Co en distribucion en “V”
(Figura 21) a diferentes razones de dosis, localizado en el Instituto de Ciencias
Nucleares de la UNAM

Ventila para maniobrar la

tra da de f 2
Tapones de la ventila — J‘z ot g"m I.:j";:;r‘:.':‘“’ de fuentes

Control del sistema
{ y neumatico del movimeento
de las fuentes radiactivas: es
un conjunto de poleas y
trampas de aire. tiene un
block con nueve dispositives
que dejan pasar ¢l are

wFiltro que permite
la venlilacion de [
camara de irradiacion
Se hunde 4 m bajo
tiesra

Ubncacion de la

camara de
- > ' irradiacion y sihios
i w‘ ~ e de lus productos y

y  Muestras para

. o : irradiarse
~ )
/ ( : \‘ 210m

. i de grosor

[ t
| ' - @ Lamina de aluminio para
" 1 proteger las fuentes
Fuente d 137 ’ s Concreto estructural reforzado con
st nbe g - ! oxido de baria de 75 cm de diametro

para pruebas de
protecoon y verificacion

de control personal Qo

aLabennto de acceso con muros
de 2.10 m de espesor y piso falso J

Fuentes de cobalto-60

S

de seguridad

s Consola de Control de todo ¢ sistema

@ Piscina profunda de agua d 2
del irradiador y de las fuentes . A ORSHREIS Mre

5 cm didmetro
de minerales para blindaje de la radiacion

Figura 20. Irradiador Gammabeam PT 6514,

Figura 21. Disposicion espacial de la barras de 6°Co en el irradiador?®.

14 Fuente: Dr. Epifanio Cruz Zaragoza del Instituto de Ciencias Nucleares, UNAM
s Modificada de http://www.alati.la/encontacto-2-mexico2.html
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Cuantificacion e identificacion de reactivos y
productos de reaccion

4.6. Espectroscopia de Infrarrojo TF-ATR
El analisis de las muestras mediante espectroscopia en el infrarrojo se llevé
a cabo en un equipo Spectrum 100 FT-IR, PerkinElImer® con muestreo mediante la
técnica ATR'® y 16 escaneos, operado mediante el Software Spectrum™ en el

Instituto de Ciencias Nucleares, UNAM.

4.7. Espectrofotometria de UV-Vis
Para analisis de las muestras mediante espectrofotometria UV-Vis se utilizd
un espectrofotometro ubicado en el Instituto de Ciencias Nucleares, UNAM de la
marca Varian™ modelo Cary 100 UV-VIS operado con un el software Cary WinUV,
utilizando celdas de cuarzo con 1 cm de paso Optico, variando la longitud de onda

de 200 a 800 nm dependiendo del compuesto en analisis

4.8. Polarografia

Todas las medidas de polarografia para las muestras irradiadas se realizaron
a temperatura ambiente (25°C) con una disoluciéon acuosa estandar de DL-
gliceraldehido en una concentracién molar de 1x10. Las curvas polarogréficas se
registraron utilizando un polarégrafo modelo 797 VA Computrace, Metrohm®, bajo
las siguientes condiciones de trabajo: barrera de potencial entre 0.0 Vy -1.7 V,
velocidad de escaneo de 0.005 V/s, ancho de pulso de 0.05 V y tiempo de pulso de
0.04 s; como electrolitos soporte se utilizaron hidroxido de amonio y cloruro de
amonio a pH 8.24. Como electrodo de trabajo se utilizé un electrodo de goteo de
mercurio con un tiempo de caida de 1 s; como electrodo de referencia empled un
electrodo Ag/AgCl| y un electrodo auxiliar de platino. El analisis se elabor6 en el
laboratorio 114 de posgrado de Quimica (Laboratorio de Electroquimica Analitica
del Departamento de Quimica Analitica), Facultad de Quimica, UNAM.

16 ATR de la siglas en inglés Attenuated Total Reflectance
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4.9. Cromatografia de gases (GC)

Los andlisis de cromatografia de gases se elaboraron en dos equipos
diferentes dependiendo del analito mediante los respectivos esteres metilicos'® de
los acidos carboxilicos, malonico, succinico, malico, 1, 2, 3-butanetricarboxylic,
tricarballilico, aconitico, citrico, succinico y fumarico sintetizados siguiendo el

procedimiento descrito en Cruz Castafieda y Negron Mendoza (2013) .

A. Cromatégrafo de la marca Varian™ modelo 3700 acoplado a un detector de
ionizacion de flama (FID), equipado con una columna empacada, OV 17 en
Cromosorb W 3% 80/100 AW, con programador de temperatura de operacion
con intervalo de 60 a 260°C a 6°C/min, ajustando la temperatura del inyector y
del detector a 250°C. Los gases empleados fueron: nitrdbgeno como gas
acarreador con un flujo de 30 mL/min, hidrégeno con un flujo de 30 mL/min y
aire con un flujo de 300mL/min. Se inyecté 1 uL de muestra por inyeccion. El
cromatdgrafo se ubica en el Instituto de Ciencias Nucleares, UNAM

B. Cromatégrafo de la marca SRI Instruments™ modelo 8610C acoplado a un
detector de ionizacion de flama, equipado con una columna MXT-Volatiles con
un largo de 30 m, con un programa de temperatura de 80 a 200°C a 10 °C/min,
seguido de una isoterma de 200°C durante 5 minutos. Los gases empleados
fueron: nitrdgeno como gas acarreador a 8 psi de presion; hidrégeno a 19 psiy
aire 7 psi de presion para el FID. Se inyectd 1 yL de muestra por inyeccioén. El
cromatdgrafo se ubica en el Instituto de Ciencias Nucleares, UNAM

4.10. GC-Espectrometria de masas (CG-EM)
Para la identificacion de los analitos mediante CG-EM se utiliz6 un
cromatografo modelo 6850 Agilent Technologies® equipado con una columna
capilar de la marca HP™ modelo 19091S-433E de 30 m de longitud y acoplado a

un detector de la marca Agilent Technologies® modelo 5975C VL MSD con un

18 \Véase apéndice: Esterificacion de Fisher
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detector “Triple-Axis”. Se utilizd6 helio como gas acarreador. El programa de
temperatura fue: inicio con una isoterma de 70°C por 2 minutos, seguido por una
rampa en aumento de 10°C por minuto hasta 230°C vy, finalizando, con otra isoterma
de 230°C por 1 minuto. Se inyectd 1 uL de muestra por inyeccién. Este se ubica en

el Instituto de Ciencias Nucleares, UNAM

4.11. Cromatografia de liguidos de ultra alta presién
(UHPLC-UV)

El analisis de cromatografia de liquidos se elabord con un cromatdgrafo
modelo Ultimate 3000™ manufacturado por ThermoFisher Scientific™ conformado
por una bomba isocratica UltiMate ™ |SO-3100SD, un compartimiento de columna
con control de temperatura UltiMate™ 3000 TCC-3000SD, acoplado con un detector
de UV con longitud de onda variable ThermoFisher Scientific™ Dionex™ UltiMate ™
3000 VWD. Como fase movil para la determinacion de las bases nitrogenadas se
utilizé una disolucién de 0.1 moles/L de acetato de amonio disueltos en una mezcla
de 80% agua y metanol 20% a pH=4, con flujo de 0.4 mL/min monitoreado a 260
nm y una columna C18 (4.6 x 75 mm, 3.5 pum con particulas esféricas)
manufacturada por Waters Corp®. Se inyectaron 20 pL de muestra por inyeccion
usando un loop y una valvula de Inyeccion Rheodyne. El cromatégrafo se ubica en

el Instituto de Ciencias Nucleares, UNAM.

Para el caso de los azlicares o compuestos tipo azucares se utilizo:

A. Una disolucion 70:30 metanol:agua con flujo de 1.3 mL/min monitoreado por un
detector ELSD y una columna Astec CHIROBIOTIC™ T manufacturada por
Sigma-Aldrich® .

B. Una disolucion 50:50 metanol:agua con flujo de 0.4 mL/min monitoreado a 260
nm y una columna C18 (4.6 x 75 mm, 3.5 pum con particulas esféricas)

manufacturada por Waters Corp®.
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4.12. Cromatografia de liquidos-Espectrometria de
masas (LC-EM)

El analisis cromatogréfico se elabor6 con un sistema compuesto por una
bomba isocrética modelo 515 Waters Corp®, una columna C18 (4.6 x 75 mm, 3.5
um con particulas esféricas) manufacturada por Waters Corp® acoplada a un
detector de masas de cuadruplo simple modelo SQ-2 de la marca Waters Corp®
con una fuente de ionizacion por electrospray en modo negativo (ESI-) y modo
positivo (ESI+) de la marca Waters corp®. Como fase movil para la determinacion
de las bases nitrogenadas se utiliz6 una disolucion de 0.1 moles/L de acetato de
amonio disueltos en una mezcla de 80% agua y metanol 20% a pH=4, con flujo de
0.4 mL/min. Para el caso de los azUcares o compuestos tipo azlcares se utilizd
como fase movil una disolucién 50:50 metanol:agua con flujo de 0.4 mL/min. El
cromatdgrafo se ubica en el Instituto de Ciencias Nucleares, UNAM

4.13. Resonancia paramagnética electronica (EPR)

Para analizar las muestras mediante EPR se utilizé un espectrémetro modelo
JES-TE300 Jeol Inc® en el Instituto de Quimica, UNAM, operando en la banda X
con una frecuencia de 100 kHz de modulacién y de una cavidad cilindrica en el
modo TEoi1. La calibracion del campo magnético se hizo con un gausimetro de la
marca Jeol Inc® modelo ES-FC5. Con el objetivo de lograr una geometria
reproducible en la cavidad, las muestras (0.02 g) se colocaron en una celda de
cuarzo tipo planay se midié a temperatura ambiente. Los ajustes del espectrometro
para todos los espectros fueron los siguientes: 334.4 + 10 mT; 8 mW de potencia
de microondas; horno de microondas de frecuencia 9,43 GHz, modulacién de
ancho, 0.125 mT; constante de tiempo, 0,1 s; amplitud 200; tiempo de barrido 120

s; 13 escaneos.
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5. Capitulo quinto. Resultados

Una vez completado el proceso de radiolisis o termdlisis en la disolucién
acuosa para cada analito, se realizé una separacion por métodos fisicos. La fraccion
liquida se separ6 de la soélida para analizar posteriormente ambas fases como se

muestra en la Tabla 6:

Tabla 6. Estrategia de analisis.
Andlisis de la fase liquida | Analisis de la fase solida

a) Analito remanente a) Adsorcion y desorcion

b) Productos formados b) Superficie

5.1. Citosina (base pirimidinica)
La principal reaccion del proceso de termalisis y de radidlisis de la citosina en
disolucién acuosa (1x10“4 M) es una reacciéon de desaminacion de la base

pirimidinica generando otra base pirimidinica: uracilo (Figura 22).

NH, O
\N hvoA NH
\ —( L
N @) N O
H H
Citosina Uracilo

Figura 22. Reaccion de desaminacion de la citosina.

Como principal método para la identificacion de los productos de reaccion se
utilizé HPLC vy los respectivos espectros de fragmentacion (Figura 23), la
descomposicion de la citosina fue cuantificada por espectrofotometria de UV a 267

nm (Figura 24) obteniendo un e267 experimental de 855.84mol* L cm™ (Figura 25).
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Figura 23. Anélisis HPLC-MS de citosina.
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Figura 24. Analisis de espectrofotometria UV

de citosina a 267 nm.

Citosina (mol/L)

Figura 25. Curva de calibracion de citosina.

La cuantificacion de la produccion de uracilo se hizo con espectrofotometria de UV
a 258 nm.
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5.1.1. Experimentos de termalisis

El principal producto de la termdlisis de citosina en disolucién acuosa (1x10
4 M) a pH 7 a 92°C fue uracilo. La formacién del uracilo es dependiente del tiempo
de reaccion, después de 1 026 horas el porcentaje de recuperacion de citosina fue

de 72 %. La Figura 26 muestra la descomposicion de citosina en funcion del tiempo.
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Figura 26. Termdlisis de la citosina en funcion del tiempo.

El principal mecanismo de reaccion propuesto en este trabajo para la
termdlisis de la citosina se muestra en la Figura 27 (Cruz-Castafieda, 2016).
NH, RO NH, 0-H OH
2 H 3
CN CNH

=N
N O N/KO N/J\O
H H H

o) otH
[‘LNH - \Q+ NH
N~ O N/J\o

Figura 27. Mecanismo de reaccion propuesto para formacion de uracilo en la termdlisis de citosina.

43|Pagina



5.1.2.Experimentos de radidlisis
Los experimentos de radidlisis de la citosina mostraron que la molécula en
disolucién acuosa libre de oxigeno a pH, se descompone un 75 % a una dosis de
7.4 kGy y se descompone completamente a una dosis de 22 kGy (Figura 28).
Adicionalmente se determiné que la formacion de uracilo es también dependiente

de la dosis (Figura 29).
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Figura 28. Descomposicion de citosina en funcion de la dosis absorbida.
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Figura 29. Andlisis de espectrofotometria UV de uracilo a 258 nm.
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5.1.3.Experimentos con suspensiones

Se elaboraron experimentos de adsorcion/desorcion de citosina en tres

diferentes superficies sélidas (olivina, Na*-montmorillonita y Fe**-montmorillonita) a

tres diferente valores de pH (2, 7y 11) y los resultados mostraron que la citosina en

general se adsorbe preferentemente a pH &cidos (particularmente en las

montmorillonita). A pH alcalinos, la adsorcién es menor a 6% con las tres superficies

sélidas (Figura 30).
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Figura 30. Experimentos de adsorcidén/desorcidn de citosina en superficies sdlidas, dependiente del

pH.

Adicionalmente, se determind que, a pH alcalino, la presencia de las

superficies sodlidas con las que se experimentd, no modifico ni los procesos de

radiolisis ni los procesos de termalisis.
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5.2. Guanina (base purica)

5.2.1.Experimentos de radiolisis en

disolucion acuosa
Los experimentos de la radidlisis de la guanina en disolucion acuosa, libre de
oxigeno, mostraron la alta inestabilidad de la base nitrogenada ante la radiacion
gamma, ya que a los 4 kGy se descompone mas del 90% de la guanina (Figura 31)

(A. L. Meléndez-L6pez, 2018).
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Figura 31. Descomposiciéon de guanina en disolucién acuosa, en funcién de la dosis absorbida.

Debido a la poca estabilidad de los productos formados ante la radiacion
gamma, estos compuestos no pudieron ser identificados dada su baja

concentracion en la disolucion.
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5.2.2.Experimentos de radidlisis en

estado soélido

Experimentos previos de radidlisis de guanina en estado sélido (Meléndez-
Lépez, 2018) determinaron que la principal reaccién corresponde a una
dimerizacion, la cual fue analizada por HPLC-MS y su respectivo peso molecular

(Figura 32).
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Figura 32. Anélisis HPLC-MS de guanina irradiada en estado sélido. La masa de 301 g/mol
corresponde al dimero. Tomada de (A. L. Meléndez-L6pez, 2018).

5.2.3.Experimentos con suspensiones

Se elaboraron experimentos de adsorcion/desorcion de guanina en Na*-
montmorillonita a tres diferentes valores de pH (2, 7y 11). Los resultados mostraron
que la guanina en general se adsorbe preferentemente a pH acidos. A pH alcalinos

la adsorcion aproximada es del 20% (Figura 33).
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Figura 33. Adsorcion/desorcion de guanina en Na-montmorillonita, dependiente del pH

Los experimentos de radidlisis de guanina en suspension acuosa con
montmorillonita de sodio mostraron que la guanina aumenta su estabilidad ante la
radiacion gamma en comparacion a los experimentos en los que hay ausencia de
la arcilla, ya que a 77 kGy aun se tiene mas del 60% de la guanina presente en el

sistema (Figura 31)
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Figura 34. Descomposicion de guanina en suspensidn acuosa con arcilla, funcién de la dosis
absorbida.
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5.3. Acido succinico

(acido

carboxilico -

participante en el ciclo de Krebs)

5.3.1.Experimentos de termalisis

En la reaccion de termolisis a 105°C en un intervalo de 0 a 100 horas

del &cido succinico, se encontré que la principal reacciéon es una reaccion de

descarboxilacion (Figura 35). El acido propiénico (C3HsO2) y el didxido de carbono

(CO2) son los principales productos de reaccion y fueron identificados por sus

respectivos espectros de fragmentacion en espectrometria de masas (Figura 36).

HO
O A HO
e 0 + CO,
O
OH
Figura 35. Reaccion de descarboxilacion del acido succinico inducida por calor.
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Figura 36. Espectro de fragmentacion del acido propiénico formado en la termdlisis del acido
succinico.
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5.3.2.Experimentos de radidlisis

Los experimentos de la radidlisis del &cido succinico en disolucion acuosa

libre de oxigeno mostraron que la principal reaccion corresponde a una

polimerizacion. El principal producto de reaccion corresponde al dimero del acido

succinico (Figura 37) Adicionalmente, se determiné la formacién de otros acidos

carboxilicos (Tabla 7) detectados a través de cromatografia de gases acoplado a

espectrometria de masas (Figura 38).

2

O

hv
OH

OH

O

4>

O

HO
HO

O

O

O

OH
OH

Figura 37. Radiolisis del acido succinico en disolucién acuosa. Se observa la formacién del dimero.

Tabla 7. Productos de la radiélisis del acido succinico en disolucidén acuosa.

Compuesto Estructura desarrollada
Acid Ali ?\
cido malico
HO
C4Hs0Os \[/\# o
0 OH
Acido malénico O o
C3H404 HO OH
] HO. -0
Acido 1,2,3-butantricarboxilico G ‘ )
~ N ~
C7H100s =~ 0H
(8]
o . . O O
Acido tricarballilico
CsHsOs HO OH
O~ OH
Acido aconitico QHD‘tD 0
CsHeOs HO ,J-LM,:_; v’JRDH
; 0. OH
Acido citrico O U\
CesHsO o)l\ |
6M807 H 6 OH
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Figura 38. Cromatografia de gases de los ésteres metilicos de los acidos carboxilicos formados por la

irradiacion gamma (69.4 kGy): (1) malénico, (2) succinico, (3) malico, (4) 1, 2, 3- butantricarboxilico, (5)
tricarballilico + aconitico, (6) citrico, (7) dimero del &cido succinico.

Considerando que la radiolisis se desarrollo en disolucion acuosa, la principal
interaccion de la radiacibn gamma es con las moléculas de agua (Figura 39);
produciendo especies altamente reactivas las cuales posteriormente racionan con

la materia organica presente hasta obtener productos estables de reaccion
mostrados en la Figura 40.

Hzo —AN\N—> .H + .OH + e_aq + H2 + H202

Figura 39. Radidlisis del agua.
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Figura 40. Reaccion general entre los acidos carboxilicos y productos de radidlisis del agua.

El mecanismo de reaccion propuesto para radidlisis gamma del &cido
succinico en disolucion acuosa se muestra en la Figura 41 (Cruz-Castafieda, Colin-
Garcia, y Negron-Mendoza, 2014).

0 0
, HC—COOH Eg 8:
H,C—COOH
o) 0
Dimero succinico
H,C—COOH H,C—COOH, )
| — l. + COOH
H,C—COOH CH,
‘COOH — 3 CO, + H
HC—COOH ___ 5 5 GH,cooH
H,C—COOH
(l)H
HCI)—COOH + OH HC—COOH
H,C—COOH H,C—COOH
Acido malico
HO—COOH 1 /COOH oo
+
H,C—COOH 2 HE—COOH
H,C—COOH
Acido tricarballilico
_ H,C—COOH
(l';HZ , HG—COOH CH,
H,C—COOH H,C—COOH H(|3—COOH
H,C—COOH

Acido 3-carboxihexanodioico
Figura 41. Mecanismo general para laradiolisis acuosa del &cido succinico.
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5.3.3.Experimentos con suspensiones

Con el objetivo de evaluar el posible efecto causado por las superficies
minerales se desarrollaron experimentos de radiolisis en suspensiones acuosas del
acido succinico utilizando montmorillonita de sodio.

Los resultados mostraron que la reaccion principal es la reaccion de
descarboxilacion (Figura 42), y no una reaccién de polimerizacibn como ocurre en
la radiolisis del acido succinico en disolucion acuosa. Los productos de la reaccion
fueron el diéxido de carbono (CO2) y el &cido propionico (CsHesOz2) identificados por
cromatografia de gases - espectrometria de masas (Figura 43).
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Figura 42. Cromatografia de gases de los ésteres metilicos de los acidos carboxilicos formados por la
irradiacion gamma en suspension acuosa): (1) propionico, (2) maloénico, (3) succinico, (4) mélico.
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Figura 43. Espectro de fragmentacion de masas del &cido propionico formado por la radidlisis del
acido succinico en suspension
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5.4. Acido malonico (acido carboxilico — inhibidor
del ciclo de Krebs)

5.4.1.Experimentos de termolisis
La termdlisis del acido maldnico en un intervalo de 0 a 120 horas a 95°C
mostré6 como reaccion principal la de descarboxilacion (Figura 44). Se identificaron
como productos de reaccion el acido acético (C2H4032) y el diéxido de carbono (CO2)
(Figura 45) (Villafafie Barajas, 2015) (Cruz-Castafieda et al., 2015).
HO
o) A HO
> ):o + CO,

O

HO

Figura 44. Reaccion de descarboxilacion del 4cido maldnico inducida por calor.
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Figura 45. Formacion de acido acético por la termolisis de acido malonico.

El mecanismo de reaccion para la formacién del acido acético (Figura 46),
puede ser similar al propuesto para la formacion del acido oxalico, piravico y
oxoacético por la transferencia de un hidrégeno en un estado de transicién ciclico

(Back y Yamamoto, 1985; Yamamoto y Back, 1985b, 1985a).
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HO < )\ v+ §

Figura 46. Mecanismo de reaccion para la formacion de acido acético en la termolisis de acido
maldnico.

5.4.2.Experimentos de radidlisis

En la radidlisis del &cido maldnico en disolucion acuosa libre de oxigeno la
principal reaccion corresponde a una descarboxilacion. El principal producto de
reaccion corresponde al acido acético (C2H202) y al dioxido de carbono (CO2)
(Figura 47). Adicionalmente, se determind la formacién de otros &cidos carboxilicos
(Tabla 8) detectados a través de cromatografia de gases acoplado a espectrometria

de masas (Figura 48).

HO

O hy HO
o ):o + CO,
O

HO

Figura 47. Radidlisis de acido malénico en disolucién acuosa.
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Tabla 8. Productos de la radiélisis del acido malénico en disolucién acuosa.

Compuesto Estructura desarrollada
Fe4 - T O
Acido oxalico - OH
C2H204
(0]
Acido malénico 0 0
C3H404 HOMOH
F4 . ’ . O
Acido succinico y OH
CsHesO4 ©
(e}
Acido tricarballilico W
HO' OH
CsHsOs 0% 0H
HO
. , . L o)
Acido 2,3 dicarboxi-succinico OH
HO
CsHeOs o 3
OH
. ] OH
Acido citrico O/m\
CeHsO
6M87 H }ZJH QH

3 2[] 41 15
<
3
0
5
§ 6
= 3
0 10 20 30

Tiempo de retencion (min)

Figura 48. Cromatografia de gases de los ésteres metilicos de los acidos carboxilicos formados por la
irradiacion gamma (10 kGy): (1) oxalico (2) malénico, (3) succinico, (4) tricarballilico, (5) 2,3 dicarboxi-
succinico y (6) citrico.
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Debido a que la radidlisis del acido maldénico fue en disolucién acuosa, la
principal interaccion de la radiacion gamma es con las moléculas de agua (Figura
39) produciendo especies reactivas las cuales reaccionan con la materia organica
presente en la disolucién hasta obtener productos estables de reaccion como el
acido succinico y el 2,3-dicaboxi-succinico . El mecanismo de reaccion propuesto
para la formacién del acido succinico se muestra en la Figura 49, mientras que en

la Figura 50 se muestra el mecanismo de reaccion del 2,3-dicarboxi-succinico.

HO
o] | HO
hv
— o + \.ZO
o HO
HO
HO

\eg —» 0=C=0 + H

Yo i e

HO HO
. 0O
2 >:O e HOMOH

Acido succinico

Figura 49. Mecanismo de reaccién para la formacién del &cido succinico.

HO HO
o) o)
+ H——>» + H
o] o)
HO HO
HO HO
o) o)
+ OH ——» + Hy0
o] 0
HO HO
HO OH o
o o OH
2 - —
o HO 0]
HO O HO

Acido 2,3 dicarboxi-succinico

Figura 50. Mecanismo de reaccion para la formacion del acido 2,3-dicarboxi-succinico.
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5.4.3.Experimentos con suspensiones

Para evaluar el posible efecto causado por las superficies minerales se
desarrollaron experimentos de radidlisis en suspensiones acuosas del &cido
malonico utilizando montmorillonita de sodio.

Los resultados mostraron que la reaccion principal es la reaccion de
descarboxilacion (Figura 51-A). Se identific6 por cromatografia de gases -
espectrometria de masas, al dioxido de carbono (Figura 51-B) y al &cido acético
(Figura 51-C), similar a como ocurre en la radidlisis del &cido maldnico en disolucion

acuosa, pero en este sistema se obtuvieron menos productos secundarios de

..
reaccion.
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Figura 51. Cromatografia de gases de los acidos carboxilicos formados por lairradiacion gamma en
suspension acuosa (A) Espectros de masas de los productos obtenidos: (B) diéxido de carbono, (C)
acido acético.
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5.5. Gliceraldehido (triosa - quiral)

5.5.1.Experimentos de radidlisis en

disolucion acuosa

Los experimentos de radiolisis de 0 a 60 kGy del gliceraldehido en disolucién
acuosa mostraron la relativa inestabilidad de gliceraldehido, con un alta tasa de
reaccion (determinada por polarografia, Figura 54). El gliceraldehido se
descompuso mas del 95% a 28 kGy (Figura 52). El principal producto de reaccién
(Figura 53) corresponde al malondialdehido el cual tiene un equilibrio tautomérico
(Figura 55) identificado por espectrofotometria de UV a 246 nm (Figura 56), en
diferentes valores de dosis de radiacion (Fuentes Carredn, 2018). En la Tabla 9 se

presentan los productos adicionales de la radidlisis.
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Figura 52. Descomposicion de gliceraldehido en funcién de la dosis absorbida.

Figura 53. Radidlisis acuosa del gliceraldehido.
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Figura 54. Analisis polarogréfico del gliceraldehido.
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Figura 55. Equilibrio enol-cetona del malondialdehido.
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Figura 56. Espectrofotometria para la identificacion de malondialdehido. Siendo 1) 0 kGy, 2) 0.22 kGy,
3) 2.2 kGy, 4) 11 kGy y 5) 20 kGy.
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Tabla 9. Productos de la radidlisis del gliceraldehido en disolucién acuosa.

Compuesto Estructura desarrollada
Malondialdehido 0 OH
C3H402 H G H
Glicolaldehido H
C2H402 HOVKO
O
Metilglioxal
C3H402 H
(6]
(0]
Glioxal H
C2H202 H
o]
Formaldehido i
CH20
’ HO~ H

Dado que la radidlisis fue en disolucion acuosa, la principal interaccion de la

radiacion gamma es con las moléculas de agua (Figura 39), produciendo especies

reactivas las cuales reaccionan con el gliceraldehido presente en la disolucion hasta

obtener productos estables de reaccion tal como se muestra en el mecanismo de

reaccion propuesto (Figura 57 y Figura 58).

O

OH

-H,0

O OH

— W
~

H

O O
.

+ H

O o0

O OH
‘—; M
HM H H

Malondialdehido

Figura 57. Mecanismo de reaccion para la formacion del malondialdehido.
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Figura 58. Mecanismo de reaccion para la formacion del etilenglicol y el glicolaldehido.

5.5.2 Experimentos de radidlisis en estado sélido

Los experimentos de radiolisis del gliceraldehido en estado solido mostraron
la estabilidad de gliceraldehido ante la radiacibn gamma, ya que después de 320
kGy aun se conserva aproximadamente el 82 % (Figura 60). El principal producto
de reaccion corresponde al dimero de etilenglicol (Figura 59). En la Tabla 10 se
presentan los productos de reaccion de la radidlisis del gliceraldehido en estado
sélido determinados por cromatografia de gases acoplada a espectrometria de
masas (Figura 61), cromatografia de liquidos acoplada a espectrometria de masas
(Figura 62) y cromatografia de liquidos acoplado a espectrofotometria UV (Aguilar-
Ovando et al., 2018).

@) OH OH
hv

—»
H H,0 HO
OH OH

Figura 59. Radidlisis en estado s6lido del gliceraldehido.

OH
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Figura 60. Descomposicion de gliceraldehido en estado sélido en funcidn de la dosis absorbida.

Tabla 10. Productos de la radidlisis del gliceraldehido en estado sélido.

Compuesto Estructura desarrollada
Malondialdehido o OH
C3H4O2 H F H
Glicolaldehido H
C2H402 HO\/KO
Etilenglicol HO OH
C2HsO2 \_/
OH
Dimero de etilenglicol OH
(C2H602)2 HO
OH
_ . HO H
2-hidroxipropanal
C3HesO : g
3re6L2 O
Formaldehido i
CHz0 H™ H
. OH OH
Pentitol HO MOH
CsH120s5
OH
Acido férmico i
CHZOZ HO H
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Figura 61. CG-MS de los productos formados por la radidlisis del gliceraldehido en estado sélido (1)
formaldehido, (2) acido férmico, (3) etilenglicol, (4) malondialdehido (5) 2,3 glicolaldehido y (6)
gliceraldehido.
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Figura 62. HPLC-MS de los productos formados por la radiélisis del gliceraldehido en estado sélido (1)
acido férmico (reactivo) (2) glicolaldehido + etilenglicol, (3) malondialdehido, (4) 2-hidroxipropanal, (5)
gliceraldehido, (7) dimero de etilenglicol, (10) pentitol, (10-12) compuestos tipo azucares, (6, 8y 9)
desconocidos.
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5.5.3 Experimentos con suspensiones

Se elaboraron experimentos de adsorcién/desorcion de gliceraldehido en tres
diferentes arcillas (atapulgita, hectorita y montmorillonita) a tres diferente valores de
pH (2, 7y 11), los resultados mostraron que el gliceraldehido en general se adsorbe
preferentemente a pH acidos (especialmente en atapulgita), a pH alcalinos la

adsorcion es menor al 20% con las tres arcillas (Figura 63).
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Figura 63. Experimentos de adsorcién/desorcién de gliceraldehido en arcillas dependiente del pH.

Los resultados de difraccion de Rayos X* indican que el gliceraldehido se
adsorbe preferencialmente en el canal inter-laminar de la arcilla (expansion de 11.86
a 14.59 A), el cual tiene sitios de caracter acido lo que puede promover reacciones
(detectadas por espectrofotometria de UV a 245 nm) para la posible formacion de

malondialdehido de forma similar como lo hace la radiacion gamma.

19 Analisis elaborado en la Unidad de Servicios de Apoyo a la Investigacion y a la Industria
(USAII) de la Facultad de Quimica de la UNAM.
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5.6. Glicolaldehido (diosa — no quiral)

5.6.1.Experimentos de radidlisis

Los experimentos de radidlisis mostraron que el glicolaldehido en disolucion
acuosa® libre de oxigeno corresponde a una reaccién de polimerizacion donde los
principales productos de reaccion son el dimero lineal (A eritriol-122g/mol), el
dimero ciclico (B 120g/mol) y un compuesto tipo azucar de 6 carbonos (C 182
g/mol), identificados por cromatografia de liquidos y su respectivo espectro de
fragmentacion de masas (Figura 64). Por un analisis de HPLC-MS (Figura 65) se
sabe que el rendimiento de reaccion es dependiente de la dosis adsorbida.
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OH OH OH
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HO HO
OH 0 OH
OH OH OH
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Figura 64. Espectros de fragmentacion de los productos formados en la radidlisis del glicolaldehido.

20 yvéase apéndice: glicolaldehido en disolucién acuosa
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Figura 65. Anélisis HLPC-MS del avance de reaccion de la radiolisis del glicolaldehido.

En la Figura 66 se muestra el posible mecanismo de reacciéon para la

polimerizacion de glicolaldehido (Cruz-Castafieda, et al., 2017).
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Figura 66. Mecanismo propuesto para la reacciéon de polimerizacion del glicolaldehido inducida por
radiacion gamma.
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5.6.2.Experimentos con suspensiones

Con el objetivo de evaluar el posible efecto causado por las superficies
minerales se desarrollaron experimentos de radidlisis en suspensiones acuosas del
glicolaldehido utilizando dos arcillas: 1) montmorillonita de Na*y 2) montmorillonita
de Fe3*a pH 9.

Los resultados mostraron que el mondémero de glicolaldehido (1.833 minutos)
es absorbido preferencialmente en la montmorillonita de hierro (97%) y que el
dimero ciclico del glicolaldehido?* (Figura 71) (1.7minutos) es adsorbido

preferencialmente por la montmorillonita de sodio (75%) (Figura 67).

monomero adsorbldo 97% dimero adsorbido 75%

....... -~ e S T R A S L S S SN SO S L VR .

D% 0o 1% 200 150 300 %0 am QX 050 1.0

Fe-Montmorillonita Na-Montmorillonita

Figura 67. Experimentos adsorcion/desorcion de glicolaldehido en dos tipos de montmorillonita.

Ambas arcillas mostraron proteger al glicolaldehido, ya que el porcentaje de
recuperacion del analito fue mayor para los sistemas en suspension respecto a su

correspondiente dosis en disolucién acuosa.

21 \Véase apéndice: Estructura del glicolaldehido en estado sélido y en disolucién acuosa
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Adicionalmente, se determiné que la montmorillonita de hierro es capaz de
promover reacciones quimicas en la suspension del glicolaldehido aun sin radiacion
gamma, ya que se detectaron productos de reaccion después de los experimentos
de adsorcion y desorcion. Los compuestos fueron detectados por HPLC-UV (Figura
68) con tiempos de retencidén en 2.087, 2.28, 2.39 y 3.033 minutos. Los productos

aun no se han caracterizado dada su baja concentracion en la disolucion.
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Figura 68. Productos detectados en los experimentos de adsorcion/desorcién de glicolaldehido en
montmorillonita de hierro.
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Tabla 11. Resumen de algunos resultados relevantes en simulaciones hidrotermales.

Antecedent Algunos resultados experimentales relevantes respecto a las principales variables
d:rizzlfandgz fisicoguimicas en las simulaciones del presente trabajo.
Importancia relevantes en Fuente de energia Fase mineral
Compuesto AP experimentos
biolégica y/o P pH I
modelo A de quimica L Efecto principal
pre-biologica | - b repictica de Termolisis OPE® | de la superficie
I Radidlisis y productos SIS y de a supertict
0s compuestos productos adsorci sélida en el
modelo > sistema
on
-Sintesis
o Presente en abidtical
ADNYy ARN | -Sus precursores S TN
L I Desaminacion: Desaminacion: , . .
Citosina e Componente abioticos han e Uracilo e Uracilo acido Ninguno
de CTP, CDP | sido detectados
y CMP en el Medio
Interestalar?
-Sintesis
Guanina e Componente | abidticos han e 8 hidroxiguanina® acido fuentes de energia
de GTP, GDP | sido detectados como agente
y GMP en el Medio adsorbente
Interestalar?
e Participante o
en el ciclo de Polimerizacién: R .,
Krebs “Sintesis »  Acidomalico escarboxdlacion Dirige la radiolisis
Acido * Reactante abictica® *  Acidomalénico . Acido hacig la reaccion
suceinico para la -Detectado en e Acido 1,2,3-butantricarbonilico ropidnico acido de
sintesis de meteroritasi.e. | e  Acido tricarballilico PropI o
; 7 A o e Dioxido de descarboxilacion
otras Murchinson ° Acido aconitico carbono
macromolécu e Acido citrico
las
e |nhibidor del
E?;gsde Polimerizacion Descarboxilacion
) « Reactant -Sintesis abidtica | ® Acido oxalico : ) Dirige la radidlisis
Acido eaclan € -Detectado en e Acido succinico e Acido scido hacia la reaccion
malénico E%rtis?s de meteroritas i. e. e Acido tricarballilico acético de
otras Murchinson® e Acido 2,3-dicarboxi-succinico e Dioxido de descarboxilacion
macromolécu o Acido citrico carbono
las
o Participante | oo Descomposicion via radicales libres
en la <l : . . Promover
lucélisis abictica® *  Malondialdehido Descomposicion rocesos similares
. . g -Primeros e  Glicolaldehido via radicales - proce: -
Gliceraldehido o Reactante . - . acido a los inducidos
ara la sistemas e  Metilglioxal libres por radiacion
para auto-cataliticos | ¢  Glioxal
sintesis de bibticosLo , gamma
otros aziicares | 2ONc0S e  Formaldehido
-Sir}tgsisll Polimerizacion -Promover
aglotlca q | e  Malondialdehido prloce_sods m_rgllares
« Reactante -Detectado en e o Etilenglicol o a los inducidos
Medio . . . Descomposicion por radiacion
: . para la 12 e Dimero de etilenglicol ; - -
Glicolaldehido sintesis de Interestelar e 2-hidroxibropanal via radicales acido gamma
otros aziicares -Primeros E d F; dp libres -Protector ante
sistemas auto- ¢ ormaldenido fuentes de energia
cataliticos ¢ P,er?t'OI o como agente
abi6ticos™® Acido formico adsorbente

1. (Kobayashi et al., 1986), 2, 4. (Rank, Townes, y Welch, 1971), 3. (Miyakawa et al., 2000), 5. (A. L. Meléndez-Lépez, 2018),
6. (Garrison et al., 1954), 7, 8. (Pizzarello y Shock, 2010), 9, 11. (Weber y Pizzarello, 2006), 10, 12. (Parmon, 2008) y 11
(Hollis, Lovas, y Jewell, 2000)
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6. Capitulo sexto. Discusion de resultados

6.1. Citosina (base pirimidinica)

Los resultados obtenidos muestran, para el caso particular de la
descomposicion de la citosina (radiolisis y termdlisis), que el producto principal de
la degradacion de la citosina es otra base nitrogenada (el uracilo) formada a través
de una reaccion de desaminacién dependiente de la dosis adsorbida. El uracilo tiene
un gran interés pre-biolégico y biolégico pues el uracilo sélo esta presente en el
polimero de RNA y no el de DNA, siendo este hecho, un resultado relevante en los
procesos de evolucién quimica y evolucién bioldgica en la Tierra primitiva.

Los experimentos mostraron que la citosina se adsorbe en algunas
superficies minerales principalmente cuando el pH del medio es acido y no se
adsorbe en pH alcalinos. Por ello, en los experimentos en que se simula un sistema
hidrotermal blanco, con pH’s alcalinos (pH 9), la citosina esta principalmente en la
disolucién acuosa y no adsorbida en la superficie mineral. En consecuencia, los
sélidos solo podrian modificar el sistema por proceso de catalisis heterogénea. Sin
embargo, es importante resaltar que la presencia de los sélidos utilizados en estos
experimentos (olivina, Na*-montmorillonita y Fe3*-montmorillonita), en este proceso
no modifican los mecanismos de reaccion ni la estabilidad de la citosina en la

disolucion acuosa a pH alcalino.
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6.2. Guanina (base purica)

Los experimentos de radidlisis de guanina en disolucion acuosa demostraron
que esta base nitrogenada, es extremadamente I4bil y reactiva cuando se expone
a fuentes de alta energia (i.e. radiacibn gamma); a 4 kGy la guanina se descompone
en mas del 90 %. Dada la alta reactividad de la guanina y la cinética de
descomposicion de sus productos de degradacion, no se logré identificar los
productos de la degradacion de la guanina.

La radidlisis de la guanina es estado sdlido mostro que la principal reaccion
en este sistema es una reaccion de polimerizacion, en la cual el principal producto
de reaccion es el dimero de la guanina.

Los experimentos de adsorcion/desorcibn de la guanina en Na*-
montmorillonita mostraron que la guanina se adsorbe al 100 % a pH acidos en el
canal inter-laminar y aproximadamente en un 20 % a pH alcalino en la orillas de la
arcilla.

Los experimentos de radidlisis del sistema en suspension, comparando con el
sistema de citosina, mostraron que la guanina aumenta su estabilidad ante la
radiacion gamma, ya que a 77 kGy aun se tiene un 60 % de guanina. Este hecho
es relevante en los procesos de evolucion quimica, ya que no sélo es importante la
sintesis de materia organica, si no también es importante la preservaciéon de la
materia organica, para asi, poco a poco y por diversos mecanismos, conseguir un

aumento en la complejidad de la materia organica.
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6.3. Reactividad de las bases nitrogenadas en

sistemas hidrotermales

Comparando los resultados de la cinética de descomposicion de la citosina y
de la guanina, podemos resaltar que la aromaticidad de los dos anillos adyacentes
presentes en las bases puricas le otorga mayor estabilidad ante mecanismos de
descomposicion de via radicales libres, tales como los que son generados por la
radiacion ionizante o el calor.

La diferencia en la estereoquimica es otro factor relevante en los procesos
de adsorcion-desorcion de las bases nitrogenadas en diversas superficies sdlidas,
ya que, aunque las bases puricas y pirimidinicas se pueden adsorber-desorber, los
porcentajes y las velocidades de los procesos son muy diferentes entre ellas.
Adicionalmente, las constantes de acidez (estrechamente relacionadas con la
estructura) también son un factor que puede marcar la diferencia fisicoquimica en
los procesos de adsorcion ya que, segun los resultados, despendiendo del pH el
sistema se puede modificar, por ejemplo, ambas bases nitrogenadas se pueden
adsorber a pH acido, pero a pH alcalino solo las bases puricas se adsorben aunque

en un porcentaje menor y las pirimidinicas no.
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6.4. Acido succinico (acido carboxilico -

participante en el ciclo de Krebs)

Los experimentos para estudiar la descomposicion del acido succinico
mostraron que el sistema es dependiente del tipo de energia. Para el caso de la
termdlisis, el acido succinico se descompone principalmente en acido propiénico y
dioxido de carbono a través de una reaccion de descarboxilacién. Mientras que en
la radidlisis gamma, la principal reaccion es una reaccion de polimerizacion para
formar el dimero del &cido succinico; adicionalmente, en la radiolisis también se
forman otros productos de reaccion, principalmente acidos carboxilicos (Tabla 7),
los cuales tienen relevancia en diversos procesos de evolucién quimica.

Los experimentos con suspensiones acuosas de acido succinico en Na*-
montmorillonita mostraron que las superficies sélidas son capaces de modificar y
redirigir los mecanismos de reaccion, ademas pueden aumentar la eficiencia en la
formacion de un producto. En los experimentos de radiolisis de la suspension, se
determin6 que los principales productos de reaccidén son el acido propionico y el
dioxido de carbono, a través de una reaccion de descarboxilacion, similar a la
termalisis y completamente opuesto a la radidlisis de la disolucion acuosa. De esta
manera, se muestra la importancia de la fuente de energia en las reacciones y

procesos que tuvieron lugar en la Tierra primitiva en la etapa de evolucion quimica.
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6.5. Acido maldnico (acido carboxilico —inhibidor

del ciclo de Krebs)

Los resultados de los experimentos para estudiar la cinética de
descomposicion del acido malénico mostraron un comportamiento general similar al
del &cido succinico. En la termdlisis del acido malénico, también la principal reaccion
es la descarboxilacion, pero en este caso se produce acido acético y didxido de
carbono. Para el sistema de la radidlisis acuosa del 4cido malonico, al igual que en
el sistema con acido succinico, se forman diversos &cidos carboxilicos relevantes
en evolucion quimica, pero a diferencia del &cido succinico, en el sistema del acido
maloénico adicionalmente se forman acido acético y dioxido de carbono, como en su
respectiva termolisis.

Respecto a los resultados de la radidlisis de suspensiones acuosas de acido
maldnico con Na*-montmorillonita mostraron un comportamiento analogo al sistema
con acido succinico. La presencia de la superficie sélida también modifica los
mecanismos de reaccidon, aumentando para este caso la reaccidon de
descarboxilacion del acido malonico.

Como una primera aproximacion, se puede proponer que la presencia de
montmorillonita modifica la degradacion de los acidos carboxilicos direccionando la
reaccion hacia un mecanismo de descarboxilacion (A Negrén-Mendoza y Ramos-

Bernal, 1998).
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6.6. Reactividad de los acidos carboxilicos en

sistemas hidrotermales

La diferencia principal entre los diferentes acidos carboxilicos es
basicamente el tamafio de la cadena hidrocarbonada o el nUmero de grupos acido
carboxilico presentes, y dado que no se cambia ningun grupo funcional la
reactividad de los acidos carboxilicos es muy similar entre todos ellos, con algunas
diferencias, consecuencia de fuerzas intermoleculares o configuraciones
estereoquimicas.

Los resultados de los experimentos mostraron que, en general, los acidos
carboxilicos en presencia de fuentes de energia se descomponen principalmente
mediante una reaccion de descarboxilacién siguiendo una cinética de primer orden,
formado hidrocarburos o acidos carboxilicos mas pequefos. Adicionalmente se
determiné que la presencia de superficies minerales puede catalizar la reaccion de
descarboxilacion.

Una reaccidn secundaria que también pueden llevar acabo los éacidos
carboxilicos son reacciones de polimerizacién via radicales libres, en las cuales el
producto principal corresponde al dimero, pero al ser via radicales libres se forman

otros productos entre los cuales estan presentes otros acidos carboxilicos.
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6.7. Gliceraldehido (triosa - quiral)

Los resultados obtenidos de los experimentos de la radidlisis acuosa
mostraron la relativa inestabilidad del gliceraldehido ante la radiacion gamma, ya
gue alos 28 kGy se descompone mas del 95 %, obteniendo como producto principal
el malondialdehido (MDA), ademas de otros cuatro productos de reaccion (Tabla 9).
Los productos obtenidos (malondialdehido, glicolaldehido, metilglioxal, glioxal, y
formaldehido) tienen gran interés en experimentos de quimica prebiotica, ya que
son compuestos tipo azucares con relevancia en evolucién quimica debido a su

gran utilidad para los sistemas bioldgicos actuales.

La radidlisis del gliceraldehido en estado sdlido, por otro lado, mostré que
este compuesto es estable ante la radiacibn gamma, ya que a los 320 kGy aun se
tiene mas del 82 % como remanente. El principal producto de reaccién es el dimero
del etilenglicol. Sin embargo, al igual que en la radidlisis en disolucion acuosa
también se forman otros siete compuestos tipo azlUcares como productos de
reaccion (Tabla 10), los cuales también son relevantes en procesos de evolucién
quimica. En particular el glicolaldehido ha sido detectado en el Medio Interestelar
(Remijan, 2004), por lo cual es relevante en otras hipotesis en el contexto de
quimica prebiotica. Ademas, el gliceraldehido es precursor de otras aldosas y

cetosas mas complejas de interés pre-biologico (Mizuno y Weiss, 1974).
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Se realizaron experimentos de adsorcion/desorcion de gliceraldehido en tres
diferentes solidos (atapulgita, hectorita y montmorillonita). Los resultados indican
que para los tres solidos la adsorcion se da principalmente a pH acidos (100 % para
el caso con atapulgita), y para el caso de pH alcalino se absorbe como maximo un

20 % para las tres superficies sélidas utilizadas.

Un resultado importante de resaltar es el hecho de que la montmorillonita es

capaz de promover la formacion de malondialdehido a partir de gliceraldehido, de

forma similar a la radiacion gamma.
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6.8. Glicolaldehido (diosa —no quiral)

Los resultados obtenidos para la radidlisis acuosa del glicolaldehido indican
como principal mecanismo de reaccion las reacciones de polimerizacion, formando
azucares o compuestos tipo azucares, i.e. eritriol, (Figura 64 A). Dichos compuestos
son importantes intermediarios en la sintesis de otros compuestos mas complejos
relevantes en evolucion quimica. El rendimiento de reaccion es proporcional a la
dosis adsorbida por el sistema (Figura 65).

Para evaluar el efecto causado por la presencia de algunas superficies
sélidas en el sistema, se elaboraron experimentos de adsorcion/desorcién de
glicolaldehido en dos arcillas (Na*-montmorillonita y Fe3*-montmorillonita), estos
experimentos mostraron un adsorcion preferencial entre el monémero y el dimero
ciclico del gliceraldehido: el monémero se adsorbe preferencialmente por la Na*-
montmorillonita y el dimero se adsorbe preferencialmente por la Fe®*-
montmorillonita. Adicionalmente, se identificd que la Fe3*-montmorillonita, al igual
gue lo ocurrido con el gliceraldehido, es capaz de promover reacciones quimicas en
el glicolaldehido, este proceso es probablemente iniciado por el caracter de “acido
de Lewis” del cation de la arcilla. Este hecho es relevante en experimentos de
quimica prebibtica, pues ayuda a explicar algunos procesos importantes en
evolucion quimica.

Respecto a la radidlisis gamma de suspensiones acuosas de glicolaldehido,
los resultados muestran una mayor recuperacion del analito en comparacion con la
radiolisis acuosa, mostrando asi un efecto protector de las arcillas para la materia

organica ante la radiacion gamma.
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6.9. Reactividad de los carbohidratos en

sistemas hidrotermales

La quimica de los carbohidratos es muy diversa y por tanto compleja. Aunque
en principio todos los carbohidratos posen los mismos grupos funcionales, el
tamafo y la estereoquimica juegan un papel fundamental en la reactividad de los
diversos carbohidratos ya que, dependiendo de su tamafio, los carbohidratos se
pueden ciclar en anillos de 5 o 6 miembros, se pueden polimerizar mediante
reacciones de eterificacion, pueden tener equilibrios tautomeéricos, e incluso pueden
formar redes cristalinas. Esto hace que los carbohidratos sean muy reactivos y
puedan formar muchos productos de reaccidbn ya que cualquier variable
fisicoquimica puede modificar el mecanismo de reaccion haciendo que éste se dirija
a productos completamente diferentes.

Los resultados de los experimentos resaltaron la alta reactividad de los
carbohidratos ya que ambos azucares mostraron ser labiles a la radiacion ionizante
y al calor, incluso a la presencia de las superficies minerales ya que en disolucion
acuosa las arcillas promueven reacciones quimicas en los carbohidratos.

Entre los productos obtenidos en los procesos de radidlisis se determinaron
otros compuestos tipo azucares de mayor y/o menor peso molecular de azucar
reagente, indicando que los procesos son mediante un mecanismo via radicales

libres.
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7. Capitulo séptimo. Conclusiones

Los mecanismos de sintesis, condensacion y polimerizacién de la materia organica,
al igual que los mecanismos de preservacion y acumulacion de la misma, son
completamente dependientes de las condiciones fisicoquimicas presentes en los muy
diversos ambientes geoldgicos en el periodo de evolucidén quimica en la Tierra. Por ello, el
determinar la posible participacién de las mdaltiples variables fisicoquimicas es sin duda, el
objetivo principal de todos los experimentos de quimica prebidtica

En este proyecto se estudio la cinética de descomposicion (termdlisis y radiolisis) de
compuestos modelo, simulando la vecindad de distintos sistemas hidrotermales en medios
de salinidad, presion y pH fijos, en presencia de superficies minerales relevantes en estos
ambientes geolégicos, esto con el objetivo de evaluar en primera instancia, si estos
ambientes pudieron haber sido sitios idoneos para que se llevaran a cabo procesos y
reacciones prebidticas relevantes para la evolucion quimica en la Tierra primitiva.

De acuerdo con los resultados obtenidos, podemos concluir en una primera
aproximacion que:

1) eltipo de energia utilizada para la degradacion, es el agente detonante y directriz

en muchos procesos fisicoquimicos importantes para la evoluciéon quimica.

2) laradiacion ionizante es un factor determinante en los mecanismos de reaccion
de los diferentes sistemas.

3) los gradientes de temperatura pueden favorecer la sintesis de muchos
compuestos organicos.

4) la presencia de superficies minerales en los sistemas pueden catalizar y
direccionar las reacciones quimicas. Los minerales ademas pueden ser agentes
concentradores y agentes protectores de la materia organica ante diferentes
fuentes de energia, contribuyendo a incrementar la estabilidad de las moléculas
en condiciones adversas.

5) La vecindad de los manantiales hidrotermales se puede proponer
cautelosamente, como reactores quimicos naturales contemporaneos al periodo
Hadeano, en los cuales se pudo sintetizar, condensar y polimerizar de forma
abidtica materia organica en el periodo de evolucion quimica en la Tierra

primitiva.
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9. Apéndice

9.1. Compuestos modelo - Moléculas organicas:

A continuacion se presentan algunas propiedades fisicoquimicas para los analitos:

v' guanina (base purica) (“Guanine,” 2018)

O
</N | NH
Y
N™ °N
H NH;
e |UPAC: 2-amino-1H-purina-6(9H)-ona e Peso molecular: 151.126 g/mol
e Férmula molecular: CsHsNsO e Apariencia: solido amorfo blanco

v’ citosina (base pirimidinica) (“Cytosine,” 2018)

NH,
AN N
e |UPAC: 4-amino-2-ona-pirimidina e Peso molecular: 111.102 g/mol
e Foérmula molecular: C4HsN3O e Apariencia: sélido amorfo blanco
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acido succinico (acido carboxilico — participante en el ciclo de Krebs)
(“Succinic acid,” 2018)

IUPAC: Acido butanodioico e Apariencia: sélido cristalino blanco.
Formula molecular: C4HgO4 e pKai14.2, pK25.6
Peso molecular: 118.088 g/mol e 4cido dicarboxilico

acido malonico (acido carboxilico — inhibidor del ciclo de Krebs) (“Malonic
acid,” 2018)

O @)

HO OH

IUPAC: Acido propanodioico e Apariencia: soélido cristalino blanco.
e pKai 2.83, pK25.69

Formula molecular: CsH4O4 e Acido dicarboxilico

Peso molecular: 104.062 g/mol
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v glicolaldehido (diosa — no quiral) (“Glycolaldehyde,” 2018) .

H
OH

e |UPAC: 2-hidroxietanal e Apariencia: s6lo existe en
disolucién acuosa al disolver el

e Formula molecular: C2H40> dimero el cual es sélido cristalino
e Peso molecular: 60.052 g/mol blanco.

v gliceraldehido (triosa - quiral) (“Glyceraldehyde,” 2018)

H

HO O
OH

e UPAC: 2,3-Dihidroxipropanal e Apariencia mezcla racémica: solido
amorfo blanco.

e Formula molecular: CsHsOs e Apariencia de los isébmeros

e Peso molecular: 90.078 g/mol aislados: liguidos amarillento

e Elcarbono a al grupo carbonilo es

quiral
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9.2. Quiralidad

El término quiralidad fue propuesto por primera vez por William Thomson (Lord Kelvin), en su libro
de 1854 titulado “The Molecular Tactics of a Crystal”, y refiere a los objetos que no son superponibles
con su imagen especular:

“I call any geometrical figure, or group of points, chiral, and say that it has chirality, if its image in a
plane mirror, ideally realized, cannot be brought to coincide with itself. Two equal and similar right
hands are homochirally similar. Equal and similar right and left hands are heterochirally similar or
‘allochirally’ similar (but heterochirally is better). These are also called ‘enantiomorphs,’ after a usage
introduced, | believe, by German writers. Any chiral object and its image in a plane mirror are
heterochirally similar” (Kelvin, 1894) .

En quimica, particularmente en la esteroquimica, la quiralidad es fundamental ya que existe una gran
cantidad de reacciones las cuales son estereoselectivas y/o esteroespecificas, por ejemplo, en
bioquimica la estereoselectividad de las enzimas hace que sélo uno de los enantiémeros de los

aminoacidos o de los carbohidratos sea participe en rutas metabdlicas.

9.3. Técnica para obtener agua tridestilada

descrita por O’Donell y Sangster en 1970

Para obtener el agua tridestilada empleada en quimica de radiaciones, se parte de agua bidestilda
comercial, la cual se somete atres destilaciones consecutivas con diferentes compuestos. La primera
se realiza colocando 1 g de KMnOsy 1 g de NaOH por cada litro de agua, la segunda destilacién
contiene 0.5 mL de H2SO4 y 1 g de K2Cr207 por cada litro de agua y por ultimo se destila sin ningln

compuesto.

9.4. Esterificacion de Fisher

Una esterificacién de Fischer (

Figura 69) es una reaccion catalizada por un acido de tipo ataque nucleofilico al carbono del grupo
carbonilo de un &cido carboxilico por el atomo de oxigeno de un alcohol formando un enlace éster y
moléculas de agua como producto de reaccion, descrita por primera vez por Emil Fischer y Arthur
Speier en 1895 (Fischery Speier, 1895) .

O @

)J\ + HOR'—»)J\ +  HOH

R OH R OR'

Figura 69. Reaccién general de la esterificacién de Fischer.
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9.5. Estructura del glicolaldehido en estado

sOlido y en disolucion acuosa

El glicolaldehido en estado soélido se encuentra principalmente en su forma dimérica (Figura 70) con

un peso molecular de 120 g/mol y un punto de fusién de 85°C.

HO
HO

y 0*( )
O \ f

OH OH

CsHgO;  MW: 120 g/mol
Figura 70. Estructura ciclica de los dimeros de glicolaldehido.

Sin embargo en disolucién acuosa el glicolaldehido se encuentra en cuatro posibles formas las

cuales fueron identificadas por un detector de masas (Figura 71) (Yaylayan, Harty-Majors y Ismail,

1998).
o )
O HO OH /k
e 0 0
- _ (0)
O -
(0]
O
C'_yH_;O_a_ C:l']503 C“H(‘O_4 C_‘H(‘OJ
MW: 59 g/mol MW: 77 g/mol MW: 118 g/mol
Y

580 390 600 760 770 780 1160 1170 1180

Figura 71. Formas monoméricas del glicolaldehido en disolucién acuosa.
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9.6. Cadena de decaimiento del 23U

<U

Figura 72. Cadena de decaimiento del isotopo 2%°U a 2°”Pb. Tomada de

http://metadata.berkeley.edu/nuclear-forensics/Decay%20Chains.html
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ABSTRACT

The intensive use of ionizing radiation has promoted the constant investigation of adequate dosimetric
systems in the measurement of doses applied in irradiated products. The objective of this work is to
propose gamma dosimetric systems, using carboxylic acids in a solid state and measuring the change
via infrared spectroscopy (carboxylic acid/ ATR-FT-IR'). We worked with three systems: (1) behenic
acid/ATR-FT-IR, (2) sebacic acid/ATR-FT-IR, and (3) fumaric acid/ATR-FT-IR. The change in
absorbance corresponding to the stretching vibration frequency of the carbonyl group to the absorbed
dose (in the range of kGy) was measured. The results showed that the acid/ATR-FT-IR systems have
a linear response with respect to the absorbed dose, for behenic acid/ATR-FT-IR from 0 to 122 kGy,
for ATR-FT-IR sebacic acid from 0 to 61 kGy, and for fumaric acid/ATR-FT-IR from 0 to 34 kGy.
The results indicated that the linear response of the absorbance dose in the three systems allows us to

continue studying other variables to be able to propose them as chemical dosimeters.

DOI: 10.15415/jnp.2018.61014

1. Introduction

Different chemical dosimetry systems have been proposed.
‘The most popular is the Fricke dosimeter, measured via UV-
VIS spectrophotometry at 304 nm [1]. Other dosimeters
are based on the use of amino acid films on PET? measured
by EPR?, such as the alanine dosimeter [2] or the aspartic
acid dosimeter [3]. However, no universal dosimeter exists
due to the different physical and chemical variables of each
dosimetric system—for example, temperature, sensitivity,
linear response interval, analysis time, type of radiation, etc.
For this reason, it is crucial to investigate diverse possible
dosimetry systems to be able to measure doses in various
circumstances. Several authors studied the stability of
carboxylic acids against gamma radiation. Their primary
decomposition in the solid state via gamma radiolysis
is a decarboxylation reaction, forming a corresponding
hydrocarbon with one fewer carbon atom and carbon
dioxide (CO,) [4-5], with radiochemical yield G (CO,)
values of about 3 [6]. The objective of this work is to propose
dosimetric systems for gamma radiation using carboxylic
acids, specifically behenic acid (C,H,0), sebacic acid
(C,,H,;0,), and fumaric acid (C,H,0,), measuring in the
signal corresponding to the carbonyl bond stretch (C = O)

monitored by ATR-FT-IR spectroscopy. For this purpose,
the change in absorbance corresponding to the stretching of
the carbonyl bond (C = O) was measured via ATR-FT-IR
spectroscopy at 1700 cm™ for behenic acid, 1685 cm™ for
sebacic acid, and 1660 cm™ for fumaric acid. The results
indicated that carboxylic acid-ATR-FT-IR systems show a
linear response to the dose of gamma radiation from Gy to
the order of kGy at room temperature (20°C).

2. Experimental
2.1 Chemicals and Materials

The reagents used were purchased from Sigma-Aldrich®
(USA) and were of a higher commercially available purity.
To avoid contamination in the glass vials, they were treated
with a hot mixture of HNO, and H,SO, for 30 minutes,
followed by a wash with distilled water. Then, they were
heated at 300 °C for 24 hours.

2.2 Irradiation of Samples

The gamma irradiation of the samples was carried out at
room temperature with a dose rate of 170 Gy/min in a
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“Gammabeam PT 6517 irradiator equipped with a high-
intensity 60CO source, at Instituto de Ciencias Nucleares,

UNAM.

3. Analysis of Samples
3.1 ATR-FT-IR

The analysis of the samples via infrared spectrometry
was performed in a PerkinElmer® Spectrum 100
FT-IR spectrometer with ATR sampling operated by the
Spectrum™ software v.10.0, in absorbance mode from 650 to
4000 cm™, using 50-gauge pressure and 16 scan, at Instituto
de Ciencias Nucleares, UNAM.

4. Results

The main pathway of decomposition in the solid-state
gamma radiolysis of carboxylic acids was the decarboxylation
reaction of the acid, forming as the main product
hydrocarbon with one less carbon atom and CO, [3].

4.1 Behenic Acid

4.1.1 Infrared spectroscopy analysis

Behenic acid (C, H,COOH) is a monocarboxylic acid
with a molecular weight of 340.59 g/mol characterized
by infrared spectroscopy, mainly by bands at 2915 and
2850 cm™ that correspond to the frequency of stretching
of the methylene group, and a band at 1700 cm™ that
corresponds to the stretching frequencies of the carbonyl
group (Figure 1). After the irradiation, the results showed a
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linear dependence between the band intensity at 1700 cm™
with respect to the absorbed dose in a range of 0 to 120 kGy
(Figure 2 and Figure 3).
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Figure 1. Infrared spectrum of behenic acid.

4.2 Sebacic Acid

4.2.1 Infrared spectroscopy analysis

Sebacic acid (C,)H,;O,) is a dicarboxylic acid with a
molecular weight of 202.25 g/mol characterized by infrared
spectroscopy, mainly by bands at 2915 and 2850 cm
that correspond to the frequency of the stretching of the
methylene group, and a band at 1685 cm™ that corresponds
to the stretching frequencies of the carbonyl group (Figure
4). The results showed a linear dependence between band
intensity at 1685 ¢cm™ with respect to the absorbed dose in
a range of 0 to 61 kG (Figure 5 and Figure 6).
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Figure 2. “A” corresponds to the infrared spectrums of behenic acid at various doses. “B” corresponds to the stretching band of the carbonyl

group at 1700cm™.
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4.3 Fumaric Acid
4.3.1 Infrared spectroscopy analysis

Fumaric acid (C,H,O,) is an unsaturated dicarboxylic acid
with a molecular weight of 116.07 g/mol characterized by
infrared spectroscopy, mainly by bands at 3150 cm™ that
correspond to the frequency of stretch bond C-H sp?, and a
band at 1665 cm™ that corresponds to the stretch frequencies
of the carbonyl group. The results showed a linear dependence
between band intensity at 1660 cm™ with respect to the
absorbed dose in a range of 0 to 34 kG and Figure 6.

5. Remarks

The results indicated that the studied carboxylic acids show
a linear response in different dose intervals up to the order
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Figure 10. Range of linear response absorbance vs absorbed dose
for various carboxylic acids.

of the kGy depending on the structure of the carboxylic acid
(Figure 10), which suggests that these acids in conjunction
with infrared spectroscopy can be proposed as a dosimetric
systems for gamma radiation. However, more studies are
still needed to determine if this system is independent of
other physicochemical variables, such as dose intensity,
temperature, etc.
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Abstract

We investigated the radiolysis of pL-glyceraldehyde in a solid state and in an aqueous solution. The catalytic effect of a
clay onto glyceraldehyde was also studied. We carried out the irradiation in a ®®°Co gamma ray source (Gammabeam 650
PT), with doses up to 360 kGy, at three temperatures (77, 198 and 295 K). For the analysis, we used various spectroscopic
and chromatographic analytical methods. The results show that this compound is labile under irradiation and that it forms
malondialdehyde, glycolaldehyde and other sugar-like compounds that are important in chemical-evolution studies.

Keywords Radiolysis - Chemical evolution - Origin of life - Malondialdehyde - Glyceraldehyde

Introduction

The study of the interactions between ionizing radiation
and complex organic substances, particularly biopolymers,
is important for the understanding of biochemical pro-
cesses, chemical evolution and the origin of life. Carbo-
hydrates, as well as proteins and nucleic acids, play an
important role in biological systems. Carbohydrates are the
cell’s construction materials and an energy source. Studies
indicate that carbohydrates’ radiation transformations are
important in biological processes in modern technology
and in everyday life [1]. The radiation chemistry of car-
bohydrates is peculiar due to these compounds’ versatility
to produce a variety of other organic compounds (e.g.,
aldehydes, ketones and hydroxy groups), and even the
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simplest carbohydrates present great chemical complexity
[1, 2].

The data about the transformation of aldehydes through
ionizing radiation are very scarce. Many carbohydrates
react under ionizing radiation with complex mechanisms
that are not completely understood; even the simplest
carbohydrates, when irradiated, produce complicated mix-
tures of products, which illustrates the multiplicity of
radiation-induced degradation pathways [1].

Chemical evolution

An important step toward the origin of life on Earth was the
transition from inorganic molecules to the compounds that
would form parts of living forms. The common approach to
understanding this step has been to simulate the processes
that might have taken place on the primitive Earth leading
to the formation of complex molecules and, eventually,
living cells. These physical and chemical processes are the
so-called chemical evolution.

A simulation of the possible environments on the
primitive Earth require the consideration of different
interfaces combined, including minerals in contact with
aqueous solutions that may contain biologically related
organic compounds under the influence of different energy
sources. Glyceraldehyde is important in this type of study
because it may form complex sugars of biological

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-018-5830-4&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-018-5830-4&amp;domain=pdf
https://doi.org/10.1007/s10967-018-5830-4

Journal of Radioanalytical and Nuclear Chemistry

importance [3-7]. Glyceraldehyde is considered the sim-
plest triose and is readily formed in prebiotic experiments
that simulate the presence of extraterrestrial ices [3] or
other primitive terrestrial conditions [4]. The stability of
glyceraldehyde in the surrounding environment and the
feasible chemical reactions in which it participates are the
relevant factors in describing how the first self-replicable
systems might have emerged.

The synthesis of organic matter is essential to chemical
evolution. For this synthesis, energy initiates, promotes and
directs all physicochemical processes; therefore, the sour-
ces of energy that existed on the early Earth were useful in
the abiotic synthesis of organic matter.

Ionizing radiation energy may have been of great
importance in the chemical reactions that occurred on the
early Earth [8-10], and, as such, energy has high efficiency
in inducing the synthesis of organic compounds. It can
penetrate into matter and is relatively abundant. There were
two sources of ionizing radiation on the early Earth: the
radionuclides in the Earth’s crust and extraterrestrial
sources such as cosmic rays and the solar wind [8, 9].

Extraterrestrial bodies are exposed to various types of
high-energy radiation, mainly in the form of cosmic rays
(high-speed particles), ultraviolet (UV) rays and gamma
photons [10]. As Cataldo et al. [11] described, the decay of
radionuclides in comets, asteroids, meteorites and the lar-
ger bodies of the solar system, across the age of the solar
system (i.e., 4.69 x 10” years), deposited a dose
about ~ 14 MGy [11]. The minerals and other inorganic
solids in these bodies might have also influenced the
behavior of the organic molecules by acting as catalysts,
concentrators or protecting agents [12]. On the primitive
Earth and on these small bodies, the most relevant minerals
were carbonates, sulfides and silicates such as clays [12].

In this work, our aim is to stress the relevance of ion-
izing radiation as a tool for studying the stability of glyc-
eraldehyde under high-radiation fields. To this end, we
investigate the radiolysis of racemic glyceraldehyde at
various temperatures, simulating primitive conditions. We
study glyceraldehyde in three forms, in a solid state, in an
aqueous solution and adsorbed in a clay mineral (Na-
montmorillonite), to study the stability of this compound in
several environments.

Experimental

Chemicals and glassware

The chemicals were prepared and the glassware was
cleaned in accordance with the standard procedures used in

radiation chemistry. The glassware was cleaned with a
sulfo-nitric solution [13].

@ Springer

pL-glyceraldehyde of the highest purity available was
purchased from the Sigma Chemical Company USA. For
this study, Na-montmorillonite of Wyoming bentonite
(Crook County, Wyoming, USA), from clay mineral stan-
dard batch SWY-1, was used.

Preparation of samples

Solid samples were prepared in glass tubes in a vacuum.
Standard-stock aqueous solutions of glyceraldehyde (i.e.,
1 x 1072 M) were prepared using triple-distilled water,
either in an Ar atmosphere or in the presence of N,O.
Another set of samples were adsorbed in Na-montmoril-
lonite according to the procedure from Ramos and Negron-
Mendoza [12]. All solutions were stored in a refrigerator at
4 °C while not in use.

Irradiation of samples

All samples were irradiated at Instituto de Ciencias
Nucleares, Universidad Nacional Autonoma de Mexico
(UNAM) using a high-intensity ®°Co gamma ray source
(Gammabeam 651 PT). Sealed vials containing the solid
samples were irradiated at room temperature (298 K), at
the temperatures of dry ice (198 K) and at liquid nitrogen
(77 K), with doses up to 386 kGy. The samples were
irradiated with a dose rate of 257 Gy/min. This dose rate
was measured using a Fricke dosimeter [13].

Analysis of samples

The effect of y-irradiation on glyceraldehyde was investi-
gated using various spectroscopic and chromatographic
analytical methods: UV spectroscopy, ultra-high-perfor-
mance liquid chromatography (UHPLC), gas chromatog-
raphy coupled to a mass detector (GC-MS) and liquid
chromatography coupled to a mass detector (HPLC-MS).
For the solid samples, both Fourier-transform infrared
spectroscopy (FT-IR) and electron paramagnetic resonance
(EPR) were used. The samples were analyzed immediately
after irradiation.

UV spectroscopy

To determine how the irradiation affects the compound
under study, UV spectroscopy was performed using a Cary
100 spectrometer (USA) in the range of 200-350 nm.
ATR-FT-IR analysis

Infrared spectra were recorded using the attenuated total

reflection sampling technique on a Spectrum 100 FT-IR
spectrometer (PerkinElmer, USA).
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EPR analysis

After irradiation, the solid samples were analyzed using
EPR. The samples (each 30 + 0.1 mg) were placed in a
quartz tubes and analyzed with a JEOL JES-TE300 spec-
trometer operating in the X band at a 100-kHz modulation
frequency. They were also analyzed using the TE(;; mode
in a cylindrical cavity that was equipped with a variable
temperature unit. The magnetic field was externally cali-
brated with a precision gaussmeter, JEOL ES-FC5. The
spectrometer settings for all spectra were as follows:
microwave power, 1 mW; center field, 334 £+ 10 mT;
microwave frequency, 9.44 GHz; modulation width, 0.025
mT; time constant, 0.1 s; amplitude, 125; sweep time,
120 s; and 13 scans. The readings used the vertical peak-to-
peak method, and the analyses were done at room tem-
perature (298 K) and at the temperatures of liquid nitrogen
(77 K) and dry ice (198 K). The EPR spectra present broad
lines because of the radicals’ many possible orientations in
the magnetic field.

To observe the evolution of the signals with the tem-
peratures, one sample was irradiated at 4 kGy and at 77 K,
and it was measured as the temperature in the spectrometer
was raised from 113 to 293 K. Some irradiated samples
were measured by changing the microwave power to
observe the behavior of the peaks. The EPR analysis was
carried out at Instituto de Quimica, UNAM.

UHPLC-UV analysis

The ultra-high-pressure liquid chromatography analysis
was performed on an UltiMate 3000 UHPLC system
(Thermo Fisher Scientific) equipped with an UltiMate ISO-
3100SD standard isocratic pump and an UltiMate 3000
TCC-3000SD standard thermostated column compartment.
This system was coupled with a variable-wavelength UV—
Vis detector (Thermo Fisher Scientific, Dionex UltiMate
3000 VWD). Analysis was done on a Symmetry C18 col-
umn (4.6 x 75 mm, 3.5 um spherical particle size; Waters
Corp. USA) at 50 °C under an isocratic elution of a mobile
phase (0.1 M ammonium acetate solution; 80% methanol,
20% water at pH 4) with a constant flow of 0.4 mL/min and
monitored at 260 nm. The solid samples were dissolved in
distilled water (0.01 M). A sample volume (20 pL) was
injected using a loop.

HPLC-ESI-MS analysis

The liquid chromatographic analysis was performed on an
HPLC system (515-pump from Waters Corp.) coupled with
a single-quadrupole mass-detection system (SQ-2, Waters
Corp.), with electrospray ionization in negative (ESI—) and

positive (ESI+) modes, source cone energy of 15 V and
capillary energy of 3 kV. The analysis was done as
described above.

Gas chromatography-mass spectrometry
(GC-MS)

Gas chromatography-mass spectrometry (CG-MS) was also
used for identification of radiolytic products. The system
has a chromatograph Agilent Technologies 6850 with a
capillary column of 30 m HP-5MS coupled to a mass
detector Agilent Technologies 5975C VL MSD, Triple-
Axis Detector, using He as a carrier gas. A temperature
program was used with an initial temperature of 75 °C,
followed by a ramp increasing 25 °C per minute up to
200 °C. This temperature was held for 1 min.

Formation of 2,4-dinitrophenylhydrazones
and their analysis by thin-layer chromatography
(TLC) and UHPLC-UV

The carbonyl-contained compounds formed by irradiation
were also identified using TLC. For this technique, 2,4-
dinitrophenylhydrazine (2,4-DNPH) was prepared by add-
ing 2,4-DNPH to a hot mixture of H,SO,, ethanol and
distilled water. The resulting 0.15 M concentration solution
was filtered and stored. Then, 2,4-DNPH in an acidic
solution was added to a solution of the carbonyl-containing
compounds. The 2,4-dinitrophenylhydrazones precipitated
as yellow-orange crystals. The precipitate was filtered,
dried and stored for subsequent analysis.

For TLC analysis, the hydrazones were separated by
using aluminum plates (20 x 5 cm) coated with Silica Gel
H (E. Merck AG, Darmstadt, Germany), with ethyl acet-
ate/toluene as the eluent.

The radiolytic products were also identified via the
formation of 2,4-dinitrophenylhydrazones followed by
UHPLC-UV.

Results
UV analysis

The formation of UV-absorbing compounds in glycer-
aldehyde considerably increased upon irradiation for both
the solid-state and aqueous-solution samples. Figure 1
shows the UV spectra of the irradiated solid-state glycer-
aldehyde dissolved in distilled water (0.01 M). The sam-
ples were analyzed at pH 2 and 10. This figure shows
strong changes in the UV spectra that increase in intensity
with the absorbed doses. The maximum band shifted to a
shorter wavelength (from 276 to 245 nm), and the main

@ Springer
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Fig. 1 UV spectra of irradiated solid state glyceraldehyde, dissolved
in distilled water (0.01 M) at different doses and pH. (1) Stock
solution 0 kGy (pH 2), (2) 8 kGy (pH2), (3) 8 kGy (pH 10), (4)
20 kGy (pH 2), (5) 30 kGy (pH2)

product responsible for the absorption was malondialde-
hyde (MDA), which has a high extinction coefficient at
245 nm (1.34 x 104) and at 267 nm (3.18 x 104) [14].
The same behavior was observed with the change of pH,
due to the formation of the enol form of MDA. The
experimental value registered for A agrees with the repor-
ted values in the literature [14].

MDA was also formed during the irradiation of the
glyceraldehyde aqueous solution 0.01 M [15 and the ref-
erences therein]. In aqueous samples, the peak at 245 nm
increased its intensity considerably when the irradiation
was in the presence of N,O (Fig. 2) or at a basic pH. As
previously mentioned, the molar absorptivity of MDA is
very high. Even low concentrations provided high absor-
bance, as it was reported [15].
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©
L
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o 20
<
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=O=DL-Gly + N20
00 - . — . :
0 5 10 15 20 25 30

Dose (kGy)
Fig. 2 UV spectra of aqueous solution of glyceraldehyde (0.01 M)

irradiated at different doses (a) saturated with Ar and (b) saturated
with N,O
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For the samples that were adsorbed in clay, after the
centrifugation of the suspension, the solution showed the
same changes in the UV spectra, which indicates that the
clay catalyzes the decomposition of glyceraldehyde,
forming MDA in a similar way as in the irradiated samples.

FT-IR spectra

The IR spectrum of glyceraldehyde shows two bands at
3394 and 3133 cm™'. Notoriously, the carbonyl group
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Fig. 3 Infrared spectra for glyceraldehyde: solid line standard (cyclic
hemiacetal form) and irradiated at 38 kGy
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Fig. 4 FT-IR spectra of (/) Na-montmorillonite and (2) Na-montmo-
rillonite-glyceraldehyde
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stretching vibration in the 1740-1720 cm ™' range and the
2800-2700 cm ™' range (characteristic of aldehydes) is
missing, which suggest that in crystalline solid-state glyc-
eraldehyde exists as the cyclic hemiacetal dimer. The
bands in the 33943133 cm ™' region correspond to the OH
stretching vibration of the hemiacetal OH groups, as
reported previously [16]. After irradiation, the carbonyl
band is detected, its formation the consequence of either
the formation of carbonyl-containing compounds or the
breakup of the cyclic hemiacetal dimer (Fig. 3).

The samples treated with clay were analyzed by FT-IR;
for this purpose, the clay was separated from the suspen-
sion by means of centrifugation. The clay was dried in an
oven at 40 °C and then analyzed, as described previously.
The spectrum showed only the bands’ characteristics of the
Na-montmorillonite but not of glyceraldehyde (Fig. 4),
possibly due to the low concentration of this molecule in
the clay.

2500
1250
0 T
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1250
- --- TTK=—- 194 K——298 K
‘% -2500- :
S Field (mT)
=
1500+
750
0 T 1
320 336
750
-1500- —— 113K 293 K

Fig. 5 EPR spectra of irradiated glyceraldehyde a at the same irradiation
time changing the irradiation temperature, b sample irradiated 4 kGy at
77 K and heated in the cavity of the spectrometer from 113 to 293 K

EPR analysis

The obtained EPR signal consisted of composite spectra
caused by the formation of various free radicals, which
created broad and overlapping lines, regardless of irradia-
tion temperature or microwave power. No signal was
observed when the material was not exposed to gamma
radiation. The EPR spectra for the samples irradiated at 77,
195 and 298 K showed the same pattern. Figure 5 shows
the EPR spectra of the glyceraldehyde irradiated at the
same irradiation time at various temperatures. The signal at
g =2.0090 was the most representative line in the spec-
trum. This g value remains constant at 77, 195 and 298 K,
which indicates that the nature of the free radicals formed
by gamma irradiation is not affected by temperature vari-
ations. Also, this behavior is observed with glyceraldehyde
irradiated at 77 K with an absorbed dose of 4 kGy. The
spectra were recorded as the temperature was changed
from 113 to 293 K. The EPR of samples irradiated at
308 kGy at different microwave power show that there is
no appreciable change in the saturated peaks to be sup-
pressed; therefore, they correspond to the same radicals
that can still be observed more than 6 months after
irradiation.

2 G Solid state
+ y = 5.858e2E-21x
15
1 ¥
0.5 o, . @
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I s -
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P I S ..
......... ..
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. T,
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Fig. 6 G of decomposition of glyceraldehyde as function of irradiated
dose for solid state and aqueous samples
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UHPLC and HPLC-ESI-MS: mass spectrometry
analysis

The decomposition of glyceraldehyde was analyzed using
UHPLC. For the solid samples, after irradiation, 0.01 M
aqueous solutions were prepared. The decomposition yield
was found to be dose-dependent, and a yield-dose plot was
used to derive an initial yield of decomposition with
G = 2.2 for the solid samples and G = 4.9 for the aqueous
solutions. Figure 6 shows that glyceraldehyde in an
aqueous solution is labile under irradiation. Glyceralde-
hyde, in a solid state, is moderately stable under irradiation,
and more than 80% remained at 329 kGy. The products
formed by gamma radiation were analyzed via HPLC-
ESI-MS analysis, and non-irradiated glyceraldehyde

Fig. 7 Total ion chromatogram
and mass spectra for a solid-state

sample of glyceraldehyde Abundance
irradiated 8 kGy. After irradiation
the sample was dissolved in distill 4000000_3 4
water (0.01 M). Legend: |
(1) formaldehyde, (2) formic acid,
(3) ethylene glycol, (4) MDA,
(5) glycolaldehyde, |
(6) glyceraldehyde | 2
3200000/
2000000\
:“‘
i ‘ 5
I
1\ | |6
|
\ \ I\
N
|
800000, | |‘
|| 3 |
L;A\’\ |
| N
. "'!"'{:‘J"w LR )L
Time-->15 25 3.5
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presented a molecular weight corresponding to the 90 m/z
monomer and the 180 m/z for the dimer. The irradiated
solid samples show the formation of glycoladehyde (60 m/
z), malondialdehyde (72 m/z), ethylene glycol (62 m/z),
glyceric acid (106 m/z) and sugar-like compounds, all of
which increased with the doses but decreased afterward.

Gas chromatography-mass spectrometry
analysis

The confirmation of the radiolytic products was made by
gas chromatography-mass spectrometry. For a solid-state
glyceraldehyde irradiated at 8 kGy, Fig. 7 shows the total
ion chromatogram and the fragmentation patterns for some
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Table 1 Identified compounds in different irradiated systems

Irradiation in: Detection
Molecule Chemical Structure . Aqueous .
Solid state . Technique
solution
H
7
Malondialdehyd c v A
alondialdehyde H/C\c/ ~ X %
!
Glycolaldehyde HO—_—0 X *x v % A
H,C, 0
Methylglyoxal >—< X v
o H
H O
Glyoxal H X v
o H
I
Formaldehyde C X Av*
N
H™ “H
(0]
Glyceric Acid Ho/\HI\OH *
OH
i
Formic Acid /C\ A
H OH
Ethylene Glycol HO/\/ OH A Xk
OH
Ethylepe Glycol HO/\H\/OH A
(dimer)
OH
HPLC-Mass Spectroscopy X
GC-Mass Spectroscopy A
2,4-dinitrophenylhydrazones v
(detected by HPLC-UV)
2,4-dinitrophenylhydrazones %
(detected by TLC)
of the identified compounds. For the analysis, the sample Discussion

was dissolved in distilled water to make a 0.01 M solution.

The analysis of 2,4-dinitrophenylhydrazones by UHPLC
and TLC also showed similar radiolytic products, thus
complementing the results. Table 1 summarizes the iden-
tified compounds in the different systems exposed to
gamma radiation.

We studied the response of glyceraldehyde after exposure
to gamma radiation at various doses and, in the case of
solid-state glyceraldehyde, at three temperatures (77, 195
and 295 K). The formation of UV-absorbing compounds
increases considerably upon irradiation for both solid-state
and aqueous-solution glyceraldehyde, producing simple
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compounds relevant in chemical evolution [3-7]. MDA is
also formed from glyceraldehyde in contact with Na-
montmorillonite, indicating that the clay catalyzes the
decomposition of glyceraldehyde.

Glyceraldehyde’s radiation-induced free-radical forma-
tion exhibits very complex chemical behavior due to its
multiple functional groups and the possibility of forming
hemiacetals. The same EPR spectra pattern for the radicals
formed from the irradiation was presented in all solid
samples, only with less intensity at the lower temperatures
and doses. The registered EPR spectra are a composite
because they simultaneously trap several free radicals,
regardless of the irradiation temperature. These radicals’
signals remained for more than 6 months.

In an aqueous system, the radiation interacts with water
molecules and, through an indirect effect, the water’s radiolytic
products attack the organic one, giving rise to the observed
products. MDA increases when the irradiation is in the presence
of N,O, which means that.OH radicals from the water radiol-
ysis are involved in this process. The OH radical is a powerful
oxidizing agent and is very reactive with aldehydes [17-19].

The photolysis of glyceraldehyde produced two sec-
ondary radicals derived from the primary radical at C-1,
according to Steenken and Schulte-Frohlinde [17, 19]:
CH,OH -CHCOOH from 1,2-eliminations of water and
-CHOHCH,OH from 1,1-eliminations of water and decar-
bonylation. These authors did not detect a secondary rad-
ical from primary radicals at C-2. The major reactions
include the fission of the C—H bonds attached to the car-
bonyl group and to the H of the secondary alcohol,
resulting in a hydrogen atom and a radical in the mono-
meric form.

MDA was formed in all the studied samples. In aqueous
solutions, the irradiation of sugars produces MDA as a
product [1, 2]. In a solid state, the formation of MDA can
be related to small changes induced by radiation that starts
from the breaking of the cyclic hemiacetal dimer, the
stable form in which glyceraldehyde is present in a solid
state.

Glyceraldehyde’s radiation chemistry at large doses and
large decompositions, such as those used in this work, is
important in chemical evolution [3, 4]. The ionizing radi-
ation from natural nuclear reactors [8] and the chemical
action of cosmic radiation and radioactive decay were
important sources of energy on the early Earth and in
extraterrestrial bodies such as comets [9].

Conclusion
One set of biologically relevant organic compounds com-

prises the sugars and their precursors, including glycer-
aldehyde, the simplest triose. The presence of these
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compounds in prebiotic environments is critical for the
formation of more complex molecular systems. These
compounds might have been carried to Earth on extrater-
restrial bodies such as comets or meteorites, but the com-
pounds in an aqueous solution or in a solid state must have
been sufficiently stable to persist in hostile environments.
In this work, we studied radiation-induced changes in solid
and aqueous-solution glyceraldehyde.

According to this study’s results, the degree of glycer-
aldehyde alteration was noticeable, even at the lowest
radiation dose used. Many compounds were formed as a
result of irradiation, although they had low yields. The
mass spectra of the irradiated samples showed the forma-
tion of malondialdehyde, glyceric acid, ethylene glycol,
glycolaldehyde and other sugar-like products. The forma-
tion of malondialdehyde produced a change in the UV
spectra upon irradiation, with a shifted wavelength and
increased intensity absorbance. The formation of glyco-
laldehyde (which can be considered the simplest sugar) is
very important. This compound has been detected in
interstellar space. These results are in agreement with the
results obtained in recent research by other groups in the
area of chemical evolution [3].

This work’s preliminary results reveal ionizing radia-
tion’s role as a driving force in prebiotic processes. On the
early Earth, ionizing radiation may have been important for
the reactions during the period of chemical evolution in
which complex molecules first formed. Hence, regardless
of the nature of this energy, it can induce complex chem-
ical changes in organic compounds.
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Abstract The stability and reactivity of organic molecules with biological and
pre-biological significance in primitive conditions are of paramount importance
in chemical evolution studies. Sugars are an essential component in biological
systems for the different roles that they play in living beings. The objective
of the present work is to study the gamma radiolysis of aqueous solutions of
glycolaldehyde, the simplest sugar and aqueous suspensions of glycolaldehyde-
Na*-montmorillonite and glycolaldehyde-Fe**Montmorillonite. Our results
indicate that the radiolysis of the aqueous solutions of glycolaldehyde (0.03M),
oxygen free, mainly produce the linear dimer known as eritriol (122 g/mol) and
a sugar-like compound with six carbon atoms (180 g/mol). The experiments
with the clay suspensions show that clays can adsorb glycolaldehyde and protect
it from gamma irradiation. Additionally, it was observed that depending on the
cation present in the clay, the percentage and the product (monomer or cyclic
dimer) adsorption was different. In the case of Fe** Montmorillonite, this clay
catalyzed the decomposition of glycolaldehyde, forming small amounts non-
identified products. The analysis of these systems was performed by ATR-
FTIR, UV spectroscopy, liquid chromatography (UHPLC-UV), and HPLC
coupled to a mass spectrometry.

Keywords: Glycolaldehyde, gamma radiation, chemical evolution, clay
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1. INTRODUCTION

Carbohydrates are compounds with a minimal formula (CH,O)n that play a
paramount role in biological systems [2,0] since they participate in several
essential functions like (1) the energetic metabolism and (2) as structural
molecules in the ribose-phosphate backbone in DNA or RNA. For these roles,
sugars are compounds of high interest in the context of the chemical evolution.
Their abiotic synthesis, the stability of these in the surrounding environment,
and the types of reactions that can participate are important steps in trying
to describe how the first self-replicable systems emerged. Glycolaldehyde
(C,H,0) is the simplest sugar that has been detected in the interstellar medium
[4, 5]. Also, it is intermediate for the synthesis of more complex sugars in
abiotic reactions.

In chemical evolution, the stability of bio-organic compounds, like
carbohydrates, in the surrounding geological environment is crucial, especially
in the presence of an external energy source (e.g. ionizing radiation, thermal
energy, etc.) [1]. Among the proposed mechanism for increasing the stability
of organic compounds, in a plausible geological scenario is their adsorptions
onto mineral surfaces [7, 8]. Several solid surfaces may have been relevant in
this context: sulfides, carbonates, and clays [9].

In this work, we highlight the type of reactions that sugars can have under
gamma irradiation, and the possible role of clay minerals as a protecting agent
for the bio-organic molecules adsorbed. Clay minerals are relevant due to their
adsorption capacity, ancient origin, and their broad geological distribution.
This work is focused on the radiolysis of glycolaldehyde adsorbed in two
clay minerals: Na*-montmorillonite and Fe**-montmorillonite under a high
radiation field. To this end, the radiolysis of both systems was carried out by
exposing them to a different irradiation dose. The analysis of these systems
was performed by ATR- FTIR, UV spectroscopy, liquid chromatography
(UHPLC-UV), and HPLC-coupled to a mass spectrometry.

2. EXPERIMENTAL
2.1 Chemicals and Materials

The chemicals were purchased from Sigma-Aldrich Co. (USA) and were of
the highest purity available in the market (glycolaldehyde dimer, ammonium
acetate, FeCl,-5H,0). The HPLC-grade solvents (water and methanol) were
purchased from Honeywell Burdick & Jackson (NJ, USA). The glassware was
treated with a warm mixture of HNO, and H,SO, for 20 minutes, followed by a
wash with distilled water and heating in an oven at 300°C overnight. All of the
chemical and glassware were handled to minimize contamination [11].
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The clay used in the reactions (Na*-montmorillonite SWy-1) was obtained Radiolysis of the
from Clay Minerals Repository of the Clay Minerals Society at the University Glycolaldehyde-
of Missouri. It was treated with hydrogen peroxide to remove organic Na*Montmor-
impurities; the same lot was used in all the experiments. Fe*-montmorillonite illonite and
was prepared from Na+-montmorillonite by an ion exchange reaction [3]. For . 3+(1\}/[1y001aldﬁ?yqe'
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Gamma Radiation

2.2 Preparation of samples Fields: Implications

Standard stock solutions of glycolaldehyde were prepared using triple distilled in ChemiFal
water, oxygen-free by bubbling Ar for 20 minutes. Then, 3 mL of the solution Evolution
(0.03 M) and 100 mg of clay were placed in sealed culture tubes followed
by shaking at 250 rpm for 20 minutes. All of the solutions were stored in a
refrigerator at 4°C while not in use.

2.3 Irradiation of Samples

All samples were irradiated at room temperature using a high-intensity “Co
gamma source (Gammabeam 651 PT) at ICN-UNAM, at two different doses
(14 and 29 kGy), and with a dose rate of 240 Gy/min. The dose was evaluated
using a ferrous sulfate, copper sulfate dosimeter [10]. The samples were
analyzed immediately after irradiation.

2.4 Analysis of samples

2.4.1 HPLC-ESI-MS analysis

The liquid chromatographic analysis was performed on an HPLC system (515-
pump from Waters Corp.), coupled with a Single Quadrupole Mass Detection
system (SQ-2 manufactured by Waters Corp.), with an electrospray ionization
negative mode (ESI-), a positive mode (ESI+) source cone energy of 15V,
and a capillary energy of 3kV. The analysis was done in Symmetry C18
column (4.6 x 75mm, 3.5 um spherical particle size, by Waters Corp.) under
an isocratic elution of a mobile phase (0.1M ammonium acetate solution; 80%
methanol and 20% water at pH=4), and at a constant flow of 0.4 mL/min. A
sample volume (20 L) was injected using a loop.

2.4.2 UHPLC-UYV analysis

The ultra high-pressure liquid chromatography analysis was performed on
an UHPLC system Ultimate 3000, manufactured by ThermoFisher Scientific
(UltiMate™ ISO-3100SD standard isocratic pump and an UltiMate™ 3000
TCC-3000SD Standard Thermostatted Column Compartment), and coupled
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with Variable Wavelength UV-Vis Detectors, Thermo Scientific™ Dionex™
UltiMate™ 3000 VWD.The analysis was done on a Symmetry C18 column
(4.6 x 75 mm, 3.5 pum spherical particle size by Waters Corp), at 50°C under
an isocratic elution of mobile phase (0.1 M ammonium acetate solution; 80%
methanol, 20% water at pH=4), at a constant flow of 0.4 mL/min, monitored at
260 nm. A sample volume (20 uL) was injected using a loop.

2.4.3ATR-FTIR

Infrared spectra were obtained by the attenuated total reflection (ATR) sampling
technique on Spectrum 100 spectrometer FTIR equipment manufactured by
PerkinElmer (USA).

3. RESULTS

Glycolaldehyde in solid state is mainly found as a dimer (Figure 1) with a
molecular weight of 120 g/mol and melting point of 85°C. It was identified
by its IR spectrum (Figure 2) due to the presence of the characteristic band of
alcohols at 3394 cm™!, band of ethers at 1134 cm!, and by the absence of the
carbonyl group tension bands in 1740-1720 cm™ and in 2800 and 2700 cm'
(Fermi resonance) characteristic of aldehydes.

The results indicate that the cyclic dimer of glycolaldehyde in aqueous
solution is hydrolyzed to form four species that are in chemical equilibrium
(Figure 3A) [11], which were identified by their molecular ions in an MS
detector by direct infusion with an ESI-source (Figure 3B).

HO
HO

and 0)\ 0
0 \__<
OH

C4HgO4,  MW: 120 g/mol

OH

Figure 1: Structure of cyclic dimers of glycolaldehyde in aqueous solution 3 x 102M.
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Figure 2: ATR-FTIR spectrum of glycolaldehyde.
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Figure 3: Chemical species of glycolaldehyde in aqueous solution identified by MS
detector ESI-source.

The main reaction of glycolaldehyde in aqueous solution under gamma
irradiation is the polymerization in which the main products are the linear
dimer (Figure 4A) known as eritriol (122 g/mol) and the cyclic dimer (120 g/
mol) Figure 4B. Also, a higher molecular weight molecule was detected, and
it is a sugar-like compound, with six carbon atoms (180 g/mol) Figure 4C.
Identified by their respective fragmentation spectra obtained by the HPLC-
ESI-MS analysis.

The polymerization reaction of glycolaldehyde was monitored by
UHPLC-UYV analysis with the retention times: 1.7 minutes for the dimer and
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Figure 4: MS fragmentation spectra products of radiolysis.

1.8 minutes for the monomer (Figure 5); the formation of the dimers and other
polymers is dependent on the irradiation dose; if it is high, the irradiation dose
also increases (Figure 6).

The possible reaction mechanism for the radiolysis is shown in Fig. 7. The
results of UHPLC-UYV analysis show that Fe**-montmorillonite preferentially
adsorbed the glycolaldehyde monomer by 97% (retention time: 1.7 minutes) to
the cyclic dimer (retention time: 1.8 minutes). However, Na* montmorillonite

mAU

WVL:260 nm|

120 - Abs

¥ =902.67x+8.4407
R*=09978

o 0.02 0.04 0.06 0.08

0.1 0.12
Glycolaldehyde (mol/L)

Figure 5: HPLC-UV analysis of glycolaldehyde at 260nm.
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Figure 6: TIC HPLC-MS analysis of glycolaldehyde.

adsorbs the cyclic dimer preferentially (75%, retention time 1.8 minutes), as
it is showed in Figure 8. Both clays were able to protect the glycolaldehyde
adsorbed onto them when the clay-organic systems were exposed to gamma
radiation, since the recovery of glycolaldehyde after the irradiation and
desorption processes was higher, and the polymers were formed in smaller

quantities than those in the experiments without clay.
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Figure 7: The suggested mechanism for the formation of polymers from the
glycolaldehyde radiolysis Radiolysis of glycolaldehyde-clay suspensions.
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Figure 8: Adsorption experiments analyzed by UHPLC-UV in the aqueous phase.
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Figure 9: Adsorption experiments analyzed by UHPLC-UV.

Additionally, it was found that Fe** montmorillonite promotes chemical
reactions in the aqueous suspension with glycolaldehyde without gamma
radiation, since, after the adsorption and desorption experiments, low-yield
reaction products were detected by UHPLC-UV. These products are not yet

identified, and they presented retention times of 2.087, 2.29, 2.39, and 3.033
minutes (Figure 9).

REMARKS

The sugars are bio-compounds of paramount importance in biological
systems. For this reason, it is relevant to find the possible physicochemical and
geological conditions of its possible abiotic synthesis and the mechanisms of
its polymerization in chemical evolution studies. Sugar-like compounds may
have been important intermediates in the reaction mechanisms for the synthesis
and polymerization of sugars used by early biological systems. The results
obtained indicate that the glycolaldehyde in aqueous solution in the presence
of a high energy source is polymerized forming sugar-like compounds.
Glycolaldehyde adsorbed onto clays minerals and exposed to gamma
irradiation presented a higher yield of recovery in comparison with the samples
without clay. Also, it was found a preferential adsorption of the monomer and
cyclic dimer of glycolaldehyde by the different clays used in these experiments.
Energy sources, as well as the presence of solid surfaces, played diverse roles

145



Cruz-Castafieda, J
Meléndez-Lopez, AL
Ramos-Bernal, S
Negron-Mendoza, A

in the chemical evolution, such as catalysts, reaction directing agents, and
especially as protective agents for compounds of biological significance.
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Abstract Studies in chemical evolution are intended to
demonstrate how compounds of biological importance are
generated from substances that could have been found in
abiotic conditions on the primitive Earth or in extrater-
restrial environments. In this context, the aim of the present
work was to examine the behavior of pL-glyceraldehyde in
both aqueous solution and solid samples under gamma
irradiation. We irradiated pL-glyceraldehyde at different
doses and temperatures with a gamma source; even at low
doses and temperature (77 K), free radicals were detected.
Among the products formed were ethylene glycol and
glycolaldehyde. Some sugar-like compounds were also
detected.

Keywords Gamma irradiation - Glyceraldehyde -
Chemical evolution - Primitive Earth

Introduction

The field of chemical evolution encompasses the formation

of biologically relevant compounds under primitive-earth
conditions; in this context, life arose from inorganic
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molecules, which became organic molecules and eventu-
ally biological ones. In addition to the nucleic acids and
proteins that provide the foundations of life, sugar plays a
critical role, as it is part of nucleic acid components (e.g.,
RNA) and is linked to almost every life process in bio-
logical systems [1].

The synthesis of organic matter in a simulated primitive
environment (terrestrial or extraterrestrial) has been widely
studied [1]. An important aspect of chemical evolution is
the stability of the organic molecules that have biological
significance under primitive conditions, especially in the
presence of constant energy sources. Some protective
mechanisms may be enacted to ensure that important
compounds endure these primitive conditions.

One set of biologically relevant organic compounds
comprises the sugars and their precursors, such as glycer-
aldehyde, the simplest triose. The presence of these com-
pounds in prebiotic environments is critical in the
formation of more complex systems. These compounds,
which might have been carried to Earth by extraterrestrial
bodies such as comets or meteorites, must be sufficiently
stable to persist in hostile environments whether they are in
an aqueous solution or a dry state. According to Weber and
Pizzarello [2], glyceraldehyde was probably present on the
prebiotic Earth, as it has been synthesized under prebiotic
conditions [2 and the references therein].

Sources of energy that existed on the early Earth and
that were useful in the abiotic synthesis of organic matter
are essential parts of chemical evolution because energy is
responsible for initiating, promoting, and directing all
physicochemical processes. Energy in the form of ionizing
radiation was probably of great importance in the chemical
reactions that occurred on the early Earth and in extrater-
restrial environments [3—6] due to its high efficiency in
inducing the synthesis of organic compounds, its

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-016-5080-2&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-016-5080-2&amp;domain=pdf

J Radioanal Nucl Chem

penetration into matter, and its relative abundance. Two
sources contributed to this type of energy: ionizing radia-
tion from radionuclides in the Earth’s crust and radiation
from extraterrestrial sources such as cosmic rays or the
solar wind [3, 4].

Extraterrestrial bodies are exposed to various types of
high-energy radiation, mainly in the form of cosmic rays
(high-speed particles), ultraviolet (UV) rays, and gamma
photons [3]. Cataldo et al. [7] described calculations related
to the energy deposited by the decay of radionuclides in
comets, asteroids, meteorites and larger bodies of the solar
system on the time scale of the age of the solar system (i.e.,
4.69 x 10° years about 14 MGy) [7]. In these bodies, the
presence of minerals and other solid surfaces may influence
the behavior of organic molecules by acting as catalysts,
concentrators or protecting agents [5]. On the primitive
Earth and on small bodies, the most relevant minerals were
carbonates, sulfides and, in particular, clays and silicates
[5].

The aim of this work is to study the stability of prebiotic
organic molecules such as glyceraldehyde under ionizing
radiation (gamma rays of ®°Co). The study was carried out
on aqueous solutions and solid samples at 298, 198 and
77 K, thus simulating the environments of prebiotic Earth
and a comet’s core, which has an icy phase consisting of
water mixed with glyceraldehyde.

Experimental
Reagents and glassware

High-purity pr-glyceraldehyde (Merck Co., USA) was
employed in all of the experiments. Sodium-montmoril-
lonite, hectorite, and attapulgite (from the Clay Mineral
Society’s Source of Clay Minerals Repository) were used
to anchor the aldehyde. The glassware was treated with a
warm mixture of HNO5 and H,SO, for 60 min, rinsed with
bi-distilled water, and heated in a 350 °C oven overnight.
Triple-distilled water was used for all aqueous solutions,
according to the standards of radiation chemistry [8].

Preparation of samples

Three types of samples were prepared: aqueous solutions of
glyceraldehyde, aqueous solutions of glyceraldehyde in the
presence of a clay mineral and solid samples with only
powdered glyceraldehyde. Aqueous solutions of glycer-
aldehyde from 1 x 107" to 2 x 10~* mol/L were saturated
with argon and prepared with triple-distilled water in
sealed glass tubes. The pH of this solution was 6.9.

For the solid samples, the pL-glyceraldehyde powder
was placed inside of a glass tube and evacuated for 20 min.

@ Springer

Sorption experiments

Three clays were used for adsorption experiments: Sodium-
montmorillonite, attapulgite and hectorite. To prepare the
clay-glyceraldehyde system, 0.1 g of clay was mixed with
3 mL of the glyceraldehyde standard solution (1 x 107>
mol/L). The pH was adjusted with formic acid and
ammonium hydroxide, and left on a plate undergoing
continuous agitation at 150 rpm for 30 min. After this
time, a Beckman Allegra XL-90 centrifuge was used (for
30 min at 25,000 rpm and 20 °C) to separate the fine-
particle solids from the liquid phases. High-performance
liquid chromatography (HPLC) mass spectroscopy was
employed to determine the percentage of glyceraldehyde
that adsorbed onto the clay, relative to the amount available
in the standard solution.

A desorption test was carried out to determine how
much glyceraldehyde could be recovered from the mineral;
this was done by changing the pH of the solid previously
separated by centrifugation from 2 to 11. Glyceraldehyde
was recovered after three cycles of treatment with KOH
(0.1 mol/L). The clay was dried at 80 °C overnight and
then ground in an agate mortar for X-ray diffraction anal-
ysis. The solution was analyzed using HPLC mass
spectrometry.

Radiolysis experiments

The irradiation was carried out at Institute de Ciencias
Nucleares-UNAM using a high-intensity radiation source,
%0Co (Gammabeam 651PT). The samples were irradiated at
room temperature (298 K). The dose rate was determined
to be 221 + 3 Gy/min using the ferrous ammonium sul-
fate-cupric sulfate dosimeter [8]. The samples were bub-
bled with argon for 20 min in a warm container to
eliminate dissolved oxygen.

Aqueous solution

The aqueous samples without clay were irradiated from 0
to 25 kGy and pH 6.9.

Solid samples

These samples were irradiated for 0.5-10 h in liquid
nitrogen (77 K), in dry ice (195 K), and at room tem-
perature (298 K) using the same position at the source.
These samples were analyzed using electronic paramag-
netic resonance (EPR). Another set of solid samples was
irradiated from O to 308 kGy and analyzed using
polarography.
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Analysis

The compounds were analyzed using HPLC coupled with
mass spectrometry detector. Other analyses were per-
formed using UV spectroscopy, polarography, and EPR
spectroscopy. The samples were analyzed immediately
after irradiation. The clays were analyzed using X-ray
diffraction spectroscopy.

UV-Vis spectroscopy

After irradiation, the aqueous samples were analyzed using
UV spectroscopy with a Carry 100 spectrometer in the
range of 200-350 nm. The samples with clay were sepa-
rated beforehand by centrifugation.

Polarography

All polarography measurements for the irradiated samples
were performed at room temperature (25 °C) with an initial
1 x 107> mol/L prL-glyceraldehyde aqueous solution.
Polarographic curves were registered on a Metrohm
polarography Model 797 VA Computrace, The working
conditions included a start potential of 0.0 V, a final
potential of —1.7 V, a scan rate of 0.005 V/s, a pulse width
of 0.05 V, a pulse time of 0.04 s, and support electrolytes
of ammonium hydroxide and ammonium chloride (pH
8.24). The working electrode was dropping mercury with a
drop time of 1 s; the reference electrode used Ag and
AgCl, and the counter electrode used platinum. The pro-
gram (797 VA Computrace Version 1.2) controlled the
potential of the mercury cathode.

HPLC-MS analysis

Direct analysis of liquid samples was performed using
electrospray-ionization negative-mode (ESI-) mass spec-
trometry with a Single Quadrupole Mass Detector (SQ-2,
manufactured by Waters Corp., USA). The working con-
ditions included a capillary of 2.1 kV, a cone of 10 V, a
source temperature of 150 °C, a desolvation temperature of
350 °C, a desolvation gas flow of 650 L/h, and a sample
rate of 100 pL/min. The samples were analyzed at 18 °C.
In addition, the samples were introduced to the mass
detector via HPLC using a HPLC Column XBridge C18
measuring 3.5 pm 3.0 x 100 mm (WT186003027) with a
liquid phase of methanol and water (50:50 ratio) at 0.4 mL/
min. Some samples were analyzed by HPLC coupled to an
ELSD detector. The column used was a Chirobiotic T, and
the liquid phase was methanol and water (70:30 ratio) at
1.3 mL/min.

EPR analysis

EPR measurements were performed at Instituto de Qui-
mica-UNAM, using 30 £ 0.1 mg of the sample in a quartz
tube at room temperature and a JEOL JES-TE300 spec-
trometer, which was operating on the X-band at a 100 kHz
modulation frequency and which had a cylindrical cavity in
the TEy;; mode. The external calibration of the magnetic
field was made using a precision JEOL ES-FC5 gauss
meter. The spectrometer was set to measure all spectra with
a center field of 335.0 mT, a microwave power of 1 mW, a
microwave frequency of 9.43 GHz, a modulation width of
0.079 mT, a time constant of 0.1 s, an amplitude of
1 x 100, and a sweep time of 120 s; two scans were
completed. The readings were made at the vertical peak-to-
peak height of the line. Spectral acquisitions and manipu-
lations were performed using the ES-IPRITS/TE program.
The EPR spectra were recorded as a first derivative.

X-ray diffraction spectroscopy

The adsorption of glyceraldehyde by montmorillonite was
followed by X-ray diffraction spectroscopy using a Bruker
08 Advance diffractometer, with filtered CuKa radiation
(A = 1.5406 A) Ni filter; 40 kV, 40 mA, at 20 angles from
2 a 90° during 30 min. Specimens were prepared by
pressing the organic adsorbed montmorillonite on the
diffractometer’s plastic holder (polymethylmethacrylate).
The spectrometer was calibrated using Si, quartz, and
kaolinite reference materials.

Results and discussion
Aqueous and solid samples without clay minerals

The glyceraldehyde molecule contains both an aldehyde
group and two hydroxyl groups. It is highly reactive and
occurs in the biosphere [2, 9, 10]. Preliminary results show
that glyceraldehyde is unstable under irradiation in aqueous
solutions; even at low doses, it starts to decompose rapidly.
It forms a compound that has a much higher absorption
coefficient in the UV spectra, accompanied by a hyp-
sochromic shift in the maximum absorption from 274 to
246 nm, which can indicate the formation of a product with
a new chromophore or functional group (Fig. 1). The
adsorption increases with the dose, and the maximum
absorption changes with the pH at the same dose.

This shift probably corresponds to the formation of
malonaldehyde (also known as malondialdehyde, MDA),
which has a UV absorption spectrum pH-dependent. It
presents a maximum at 245 nm (molar absorptivity,
€ =134 x 104) below pH 3, due to it’s configuration as
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Fig. 1 UV spectra for 1 x 1072 mol/L aqueous solution samples of
pL-glyceraldehyde at various irradiation doses and pH of 6.9: I
0 kGy, 2 0.22 kGy, 3 2.2 kGy, 4 11 kGy and 5 20 kGy

s-cis planar structure with an intramolecular H bond; and
another one above pH 7 at 267 nm (molar absorptivity,
€ =318 x 104) due to it’s enolate anion structure com-
pletely dissociated [11]. Irradiated solution change the
maximum in the spectrum when the solution is measured at
different pH, in a similar way that MDA. Even with a very
small irradiation dose (61 Gy), the change in the spectrum
is apparent. The resulting product has a very high molar
extinction coefficient, and its spectral changes associated
with pH may indicate that malonaldehyde is responsible for
this new absorption band in irradiated carbohydrates
[9, 10, 11, 12]. This change in the absorption spectrum is
also observed with an aqueous solution of the irradiated
solid samples. Other identified products are ethylene glycol
and glycolaldehyde.

Figure 2 shows the decomposition of glyceraldehyde in
an aqueous solution without clay and in a solid state as a
function of an irradiation dose followed by polarography.

For irradiated solid samples an aqueous solution was
prepared and the identification of products was made by
HPLC-MS, based in their retention times and molecular
weight (Fig. 3). Even when MDA is present in small
amounts, as shown by the mass spectrum, it has a very
large extinction coefficient.

Solid samples irradiated at different temperatures

Although solid pr-glyceraldehyde is relatively stable, it
produces free-radical species even at low irradiation doses
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Fig. 2 Decomposition of pL-glyceraldehyde as a function of irradi-
ation dose: a aqueous solution, b solid-state samples

(Fig. 4). The irradiations at low temperature and at room
temperature showed the same spectral patterns (Fig. 5).
Glyceraldehyde showed a composite EPR spectrum.
Upon irradiation, different paramagnetic radicals formed,
creating broad and overlapping lines. Polyalcohols’ primary
radicals are usually very unstable and are observed at low
temperatures. Figure 5 shows the EPR spectra for samples
irradiated at room temperature at different irradiation doses,
and Fig. 6 shows the spectra for samples irradiated at room
temperature and at the temperatures of dry ice and liquid
nitrogen for a constant time. The same pattern of signals is
present at the different temperatures and doses. The signal at
g = 2.0090 is the most important line in the spectrum.
Steenken and Schulte-Frohlinde [12] detected two secondary
radicals by EPR from the photolysis of glyceraldehyde,
which was derived from the radical at C-1: CH,OH"
CHCOOH produced by 1, 2 elimination of water and
*CHOHCH,OH produced by the 1, 1 elimination of water
and by decarbonylation. Those substances are stable for
several weeks and are formed at low doses and temperatures.
Information about the radiation chemistry of ketones
and aldehydes, whether in aqueous solution or in a solid
state, is scarce [9]. In particular, the radiation-induced
transformation of aldehydes is a complex problem. The
entire mechanism may be elucidated by conducting a
detailed analysis of the transient intermediates, identifying
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Fig. 3 HPLC-MS for dissolved
solid samples irradiated at
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Fig. 4 EPR spectra of glyceraldehyde irradiated at 298 K and at
different radiation doses

the primary stable-radiolysis products, and taking into
account the kinetics and yields of their formation [9].

Non-irradiated aqueous samples in the presence
of a clay mineral

According to chemical evolution studies, minerals (like
clays) may have played an important role, such as by serving
as sites for the concentration and catalysis of different
reactions or possibly as a protector against external sources
of energy for the molecules’ adsorbed, for which dilution
acts against the local conditions needed for effective prebi-
otic synthesis. For this reason, as a first step, the adsorption of
glyceraldehyde was studied in different clay minerals and at
various pH levels. The experiments with clays showed that
the adsorption percentage varied for the three types of clay

Fig. 5 EPR spectra of glyceraldehyde irradiated at three tempera-
tures for the same irradiation time
100
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Fig. 6 Effect of pH on the adsorption of glyceraldehyde (1 x 1072
mol/L) in sodium-montmorillonite, attapulgite and hectorite

used. In all cases, the maximum adsorption was at an acid pH
(especially so for attapulgite). At alkaline pH, the adsorption
was very low. For sodium-montmorillonite, the maximum
adsorption was about 48 % at pH 1.5; the adsorption
decreased as pH increased (Fig. 6). Organic compounds bind
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Fig. 7 Scheme for the possible OH
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to sodium-montmorillonite in two places: the interlamellar
channel and the edges of the crystal [13]. The X-ray
diffraction spectrum shows that the binding of glyceralde-
hyde occurs in the interlamellar channel that expanded from
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11.86 to 14.59 A. The presence of the clay enhances the shift
in the maximum absorption of the UV spectrum, which is
accompanied by a hypsochromic shift in the peak absorption
to 245 nm. This change is probably due to the decomposition
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of glyceraldehyde, which is catalyzed by acid sites in the
clay, forming malonaldehyde in a way that is similar to what
happens with irradiation.

Glycolaldehyde, one of the products detected in this
radiolysis, has been identified in interstellar space [14],
where it could have been exposed to cosmic radiation and
thus generated sugar-like products. Glycolaldehyde, by
condensing with formaldehyde via the formose reaction,
yields sugars [9, 15, 16]. Glyceraldehyde and other sugars
has been detected from the ultraviolet irradiation of inter-
stellar ice analogs [15].

The identification of the products after radiolysis reveals
that oxidation is one of the predominant transformations.
This process yields oxidized products with unchanged or
shorter carbon chains. In the aqueous samples, the water-
radiolytic products, mainly *H and *OH, are responsible for
forming the observed products via a secondary attack. The
*OH radical is a powerful oxidizing agent that is very
reactive with aldehydes [17, 18].

H,0 wvwwe——>» ‘H + OH + €aq * H, + H,0,

The patterns of hydroxyl radicals’ reactions with a solute
depends on their chemical structures. EPR and other methods
have shown that OH’s most typical reaction with polyhy-
droxy compounds is the abstraction of hydrogen atoms
bound to carbon [9, 12, 16, 17]. Some possible pathways for
the decomposition of pL-glyceraldehyde [9, 12, 18] via water
elimination reactions and CO are shown in Fig. 7.

Our results suggest that radiation-induced reactions of
glyceraldehyde may yield compounds of biological impor-
tance in both terrestrial and extraterrestrial environments.

Conclusions

The synthesis and preservation of aldoses in prebiotic
conditions is fundamental to their role in energetic func-
tions and to the abiotic formation of nucleotides and
nucleic acid components (e.g., RNA). On the primitive
Earth, clay minerals may have contributed to the concen-
tration, catalysis, or protection of organic compounds such
as glyceraldehyde, which is readily absorbed in different
clays, especially attapulgite at acid pH.

Glyceraldehyde is an important molecule in chemical
evolution studies. The glyceraldehyde molecule also may be
formed in the ice of star-forming clouds—and thus could be a
source of sugars carried to Earth on extraterrestrial bodies
(such as comets). Glyceraldehyde is unstable under irradia-
tion in aqueous solutions, even at low doses. Radiolytic
decomposition forms compounds, including some sugar-like
products, so decomposition may be a pathway for the for-
mation of sugars and other compounds that are related to

bioorganic compounds under primitive Earth conditions or
in icy bodies. In particular, the formation of glycolaldehyde
is important because this compound has been identified in
interstellar space; it could thus be an intermediate step along
the path to forming more complex molecules.
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Abstract An important aspect of chemical evolution is the study of the
stability of organic molecules with biological significance in primitive
conditions, especially in the presence of constant energy sources. An
example of sets of biologically important organic compounds is nitrogenous
bases. The presence of these compounds in prebiotic environments is very
important in forming more complex systems, such as nucleic acids, in which
nitrogenous bases are an essential component. The aim of the present work
is to study the stability of cytosine, a pyrimidine base, in high-radiation
fields or at high temperature and to evaluate its recovery. Our results show
that the cytosine (1x10* M aqueous solution, oxygen-free) decomposed
completely at a dose of 22 kGy, and 25% recovery was obtained with a
dose of 7.4 kGy. The analysis of irradiated samples was followed by HPLC,
HPLC-mass spectrometry and UV-VIS spectroscopy. The main product
in both thermolysis and radiolysis was uracil, formed via a deamination
reaction. Uracil is another nitrogenous base with biological significance.

Keywords: gamma radiation, thermolysis, nitrogenous base, chemical
evolution, cytosine.

1. INTRODUCTION

The study of the origin of life has been divided into three main stages: chemical
evolution, pre-biological evolution and biological evolution [3]. Chemical
evolution is defined as the series of physical and chemical processes that led
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to the abiotic formation of organic compounds of biological importance. To
gain insight into these processes, laboratory simulations are carried out under
conditions that likely existed on early Earth. The objective of these kinds of
experiments is to find possible mechanisms by which organic molecules were
formed and increased their complexity [4, 8, 10]. In addition, the stability of
the products synthesized in the prevailing environment [6] is also a relevant
topic in chemical evolution.

An important aspect of chemical evolution is energy sources, since energy
is responsible for starting, promoting and directing all physicochemical
processes. Several energy sources could plausibly have contributed to chemical
evolution [5], including radiation and thermal energy [2, 7, 11-12].

Particularly for nitrogenous bases, cytosine is an important molecule in
biological systems. It is part of nucleic acid molecules, which are responsible
for storing and transmitting genetic information in living organisms, as well
as part of energetic molecules, such as CTP and CDP. However, despite its
importance in prebiotic environments, few articles deal with the stability of
this compound under possible prebiotic conditions, particularly with high
radiation fields or at high temperatures. Therefore, it is necessary to have a
balance between the formation and destruction of these molecules to have
them available for further use [6].

This work focuses on the stability of cytosine in aqueous solution under high
temperatures and gamma irradiation fields. The present study contributes to a
better understanding the behavior and stability of organic compounds of biological
importance by simulating chemical reactions in a primitive environment.

2. EXPERIMENTAL

2.2 Chemicals and materials

All of the chemicals were purchased from Sigma Aldrich Co., USA and were
of the highest purity (cytosine, uracil, ammonium acetate and formic acid). The
HPLC-grade solvents (water and methanol) were purchased from Honeywell
Burdick & Jacson (NJ, USA). The glassware was treated with a warm mixture
of HNO, and H,SO, for 20 minutes, followed by a wash with distilled water
and heating in an oven at 300 °C overnight. All of the chemical and glassware
were handled to minimize contamination [9].

2.2 Preparation of samples

A standard stock solution of cytosine 1x10* M was prepared using triple
distilled [1, 9] and deionized, oxygen-free water by bubbling Ar for 20
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minutes. Then, 10 mL of the solution was placed in culture tubes and sealed
for the irradiation experiments, and 1 mL was placed in glass vials and sealed,
for experiments with thermal energy. All of the solutions were stored in a
refrigerator at 4 °C when not in use.

2.3 Irradiation of Samples

The samples were irradiated at room temperature by a high-intensity *°Co
gamma source (Gammabeam 651 PT) at ICN-UNAM at different doses (0
to 22 kGy) and a dose rate of 248 Gy/min. The dose was evaluated using
a ferrous sulfate—copper sulfate dosimeter [13]. The samples were analyzed
immediately after irradiation.

2.4 Thermolysis experiments

The aqueous solutions of cytosine were heated in a Parr Reactor 4838 in
glass vials at 92 °C at different times (0 to 1,026 hours) and at 1 bar pressure.
Afterward, the samples were cooled at room temperature and immediately
analyzed by a liquid chromatographic/mass spectrometry system.

2.5 Analysis of samples

2.5.1 LC-ESI-MS analysis

Liquid chromatographic analysis was performed on an HPLC system (515-
pump from Waters Corp.) coupled with a Single Quadrupole Mass Detection
system (SQ-2 manufactured by Waters Corp.), with an electrospray ionization
positive mode (ESI+) source. Analysis was done within 5.0 min in Symmetry
C18 column (4.6 x 75 mm, 3.5 um spherical particle size, by Waters Corp.)
under an isocratic elution of mobile phase (0.2 M ammonium acetate solution;
80% methanol, 20% water at pH=4) at a constant flow of 0.4 mL/min. A
definite sample volume (20 uL.) was injected using a loop.

2.5.2 UV spectrophotometry analysis

UV analysis was performance at 258 nm for uracil and 267 nm for cytosine in
a Varian Cary 100 Scan Spectrophotometer using a using a 1-cm quartz cell at
room temperature.

3. RESULTS

The principal reaction of the thermolysis and irradiation experiments with
cytosine in aqueous solution (1x10* M) was the deamination of the pyrimidine
base to generate another pyrimidine base: uracil (Figure. 1).
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Figure 2: HPLC-MS analysis of cytosine.

As the principal method of decomposition identified by HPLC and MS
fragmentation spectra (Figure 2), cytosine decomposition was quantified by

UV spectrophotometry at 267 nm(Figure 3)., with experimental €,

mol! L cm™ (Figure 4).

Uracil formation was quantified by UV spectrophotometry at 258 nm.
Uracil formation is dose dependent, since increases in the dose showed
formation of the pyrimidine base (Figure 5).
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Cytosine decomposition was dose dependent, since with increases in the dose

showed high decomposition of the pyrimidine base (Figure 6). The radiolysis
showed that the cytosine (1x10*M aqueous solution, oxygen free) decomposed
completely at a dose of 22 kGy, while 75% decomposed with a dose of 7.4 kGy.

Thermolysis experiments

The main thermolysis product of cytosine in aqueous solution (1x10* M) at 92
°C was uracil. The thermolysis reaction is time dependent; after 1,026 hours
of heating, the recovery was 72%. Figure 7 shows the evolution of cytosine
decomposition as a function of time. The possible reaction mechanism for the
thermolysis is showed in figure 8.
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Figure 6: Decomposition of cytosine as a function of absorbed dose.
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Figure 7: Dependence of cytosine deamination on time.
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4. REMARKS

Despite the importance of nucleic acid bases in the prebiotic environment, there
have been few reports on the stability of these types of compounds. Considering
that the dose rate of high-radiation energy sources in the primitive Earth was
low, the results presented in this paper show that cytosine in an aqueous
medium was relatively stable under gamma irradiation or high temperatures,
with a good yield of recovery, and its decomposition produced was another
pyrimidine base. This behavior is a distinctive advantage of these types of
molecules because they needed to survive to form more complex ones. The
role of energy in the early Earth during the period of chemical evolution must
have been important for the reactions, inasmuch as the energy was responsible
for starting, promoting and directing all physicochemical processes. Many
authors have proposed different energy sources on the early Earth. However,
it cannot be said that one of them was the principal source; rather, only the
participation of all possible sources may have contributed to the synthesis of
the majority of organic compounds with biological significance.
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Abstract In the context of chemical evolution a simula-
tion of a hydrothermal vent was performed. The thermol-
ysis and radiolysis of malonic acid in aqueous solution
were studied. The thermolysis was done by heating the
samples (95 °C) and radiolysis using gamma radiation.
Products were identified by gas chromatography and gas
chromatography—mass spectrometry. The thermal treat-
ment produced acetic acid and CO,. The radiolysis
experiments yield carbon dioxide, acetic acid, and di- and
tricarboxylic acids. A theoretical model of the chemical
process occurring under irradiation was developed; this
was able to reproduce formation of products and the con-
sumption of malonic acid.

Keywords Malonic acid - Radiolysis - Thermolysis -
Chemical evolution
Introduction

Chemical evolution encompasses the study of physical and
chemical events leading to the formation of biologically
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relevant molecules. This process is considered a preamble
for the emergence of living forms [1, 2]. The early Earth
was extremely dynamic and chemically complex due to the
existence of different environments (the atmosphere, lith-
osphere and hydrosphere and the interfaces among them).
All those environments were important for the chemical
evolution that made the scenario more complex. For
chemical processes, an energy source was also necessary.
Several energy sources could plausibly have contributed to
chemical evolution [3], including high-energy radiation
[4, 5] and thermal energy [6-8].

On Earth, many environments, such as volcanic hot
springs and in hydrothermal vents (black and white) on the
bottom of the ocean, present temperature gradients, which
allow the synthesis of organic molecules in these locations.
In the 1970s, hydrothermal vents were discovered, and
scientists have proposed that these systems could have
been plausible geological sites for the origin of life [9-15].
However, there is an intense debate regarding the possible
contribution of these systems to chemical evolution [16].
White vents are distant for the ascending magma that heats
the fluids, and they do not reach the temperatures present in
black smokers, approximately 300 °C, where most organic
compounds can be altered. In white vents, the vent fluids
are at 40-90 °C, and water is heated by convection currents
that originate from hot rocks underneath [17]. Baross and
Hoffman [18] have suggested that submarine hydrothermal
vents are contemporary geological environments that can
be classified as truly primeval because of their nature as a
source of gases and dissolved elements for both Achaean
oceans and modern ones.

In addition to thermal energy in these environments,
radionuclides are also present as local sources of chemical
activity contributing to the synthesis and/or degradation of
chemical compounds. Therefore, radioactivity should have
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been important in the early Earth, since the levels of
radioactivity were much higher than the present value, for
example, 40p s still dissolved in the oceans [4, 19].

Malonic acid is an important molecule in chemical
evolution studies, because it can yield by chemical reac-
tions, products related to metabolism, such as acetic, citric
and succinic acids, and it might serve as an inhibitor of
important metabolic pathways. The synthesis of malonic
acid has been previously reported in several prebiotic
experiments such as those performed by Miller and Urey
[20, 21] in their classic experiments with electric dis-
charges. Both, gamma radiolysis [22] and photolysis of
acetic acid [23] generate malonic acid in relatively high
yields. Furthermore, dicarboxylic acids have been detected
in carbonaceous chondrites such as the Murchison mete-
orite [24]. For this reason, the radiation chemistry and
thermolysis of malonic acid is important in chemical
evolution studies.

Our aim is to study the radiolysis and thermolysis of
malonic acid in aqueous solution, simulating chemical
reactions occurring in a primordial hydrothermal system.
Malonic acid was chosen because it is readily formed in
several prebiotic experiments, because it is also present in
natural samples as meteorites, and because its decompo-
sition generates other polycarboxylic acids of biological
importance such as molecules present in metabolic pro-
cesses (i.e., Krebs cycle).

Experimental procedure
Chemicals

All the chemicals used were of the highest purity available.
Malonic acid and other acids used as standards were pur-
chased from Sigma-Aldrich Chemical Company (USA).
The water was triple distilled according to standard tech-
niques in radiation chemistry [25, 26].

Preparation of samples

The aqueous solutions of malonic acid were
0.01-0.1 mol dm™>. The solutions were at a natural pH
(2.4), except in certain competition experiments where the
pH was adjusted by adding HCIO4. The oxygen was
removed by bubbling argon through the solutions.

Irradiation
The irradiations were conducted at room temperature
(22 °C) using a high-intensity ®°Co gamma source (Gam-

mabeam 651-PT, at ICN-UNAM). The absorbed doses
were from 0.3 to 300 kGy (dose rate of 13 kGyh™"). The

@ Springer

dosimetry of the source was performed by a ferrous sul-
fate—cupric sulfate dosimeter [25, 26]. For the gas analysis,
the samples were irradiated in a Gammacell 200 unit at
0.2 kGyh™'. The doses were from 3 to 160 kGy. This
source, with low dose/rate value was used mainly for the
analysis of gaseous products that can be better analyzed at
low doses.

Thermal treatment

Sealed tubes containing malonic acid were used for the
thermal decomposition experiments. The thermolysis of
malonic acid was studied in a static system at temperatures
up to 95 °C for different periods from 0.5 to 192 h, sim-
ulating a white hydrothermal vent. After heating, they were
immediately analyzed.

Analysis of products

The gas products were analyzed using a Toepler pump
according to Negron-Mendoza et al. [27]. For the non-
volatile products, a measured amount of the irradiated
solutions was evaporated to dryness. Next, methyl esters
were prepared according to Negron-Mendoza et al. [28].
The analysis was performed in a gas chromatograph HP-
5890 (Hewlett-Packard, USA) using a glass column
(1.82 m in length and an internal diameter of 4 mm)
packed with Silar 7C (Supelco Co., USA). The identifica-
tion of the products was based on their retention times in
gas chromatography (GC), co-injections with standards and
by their fragmentation pattern in mass spectrometry (MS).
For the GC-MS analysis, an HP-5890 (Hewlett-Packard,
USA) gas chromatograph was coupled to a mass spec-
trometer HP model 5970. The separation was performed in
a capillary column of methyl silicon (12 m in length and
0.33 um of inner diameter). For the acetic acid analysis, a
SRI 8610C gas chromatograph equipped with a capillary
column was used. The column was MXT (length 30 m)
with an isothermal regimen of 130 °C.

Computational framework for radiation-induced
reactions

The model was developed using Scilab (www.scilab.org),
which is a free, open-source software package that provides
a platform for diverse scientific computations (French
National Institute for the Research in Computer Science
and Control, INRIA).

The chemical reactions are translated to differential
equations creating a model that describes the closed
domain kinetics of a reaction mechanism. The model
consists of a system of nonlinear ordinary differential
equations (ODE); that is, all the equations must be solved
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simultaneously [29]. The program reads a formatted file
containing the list of chemical species, as well as the
reaction constants and stoichiometric constants for each
feasible reactions of two, not necessarily different, reac-
tants. With those data, it constructs a 2-dimentional matrix
representing the right-hand side (RHS) of the differential
equations, one line for each chemical species to be com-
puted. By evaluating, the RHS at each integration time-step
the time derivative of the molar concentrations of the
chemical species are calculated, allowing then estimating
the current molar concentration, using such time deriva-
tives and their previous concentrations.

More specifically, one differential equation consists of a
mass balance for a single species, which predicts the
expected change in the molar concentration of the species
over time. All the reaction rates leading to the production
(source term) and destruction (sink terms) of the given
species must be considered. In choosing the species to be
included in the overall mass balance for simulation pur-
poses, two criteria were considered: (a) the species must
react with at least one of the other species, and the reaction,
whatever its rate, must lead to the production or consump-
tion of a certain species; and (b) the species concentration is
monitored as the experiment progresses. Therefore, for the
species involved in the reaction mechanism, we included a
differential equation of the general form:

dy,(z . [
/Ll—z() =fi+ 3 S RO 1 (0 1(1) — 1) SR (1),
n m j

(1)

where y(t) denotes the molar concentration at time ¢ of the
i-th species, based on the numbering of the species, and the
first term in the RHS, f;, is its yield-by-radiolysis; that is,
the number of molecules of species i produced by the
radiolysis process by a unit of radiation energy absorbed by
the medium. The second and third terms in the RHS of
Eq. (1) are the internal production rate and consumption
rate, respectively. In these terms, N denotes the rate con-
stant for the reaction of the two species indicated by its
double subscript that produces or consumes the species
indicated by its superscript. In these calculations, we only
included reactions with reported rate constants. A more
detailed description of the method can be found in San-
chez-Mejorada et al. [30].

Results and discussion

Radiolysis of malonic acid in aqueous medium

The pH of the solutions was naturally acidic, and in this
condition, the e, formed by the radiolysis of water was
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Fig. 1 Gas chromatogram of methyl esters of carboxylic acids
formed by the irradiation of malonic acid at 10 kGy. [ oxalic, 2
malonic, 3 succinic, 4 2,3 dicarboxy-succinic, 5 tricarballylic, and 6
citric acids

Table 1 Estimated G° values for the gaseous products from the
radiolysis of malonic acid (0.1 mol dm™ )

Compound G°
H, (pH 1 HCIO, adjusted) 3.5
H, (pH 2.4) 2.1
(6[0) 0.03
CO, 2.9

G number of molecules formed for 100 eV given to the system

converted (~98 %) into a “H radical by a reaction with
H;0™.

e,y TH:0" = *H (2)

The concentration of malonic acid was sufficiently high to
ensure complete scavenging of “OH and °H radicals. At pH of
2, approximately 88 % of the malonic acid is in an undissoci-
ated form, which is known to react efficiently with the radiolytic
products of water (*H, *OH and € ) Wwith ky=
4.2 x 10°dm’mol 's™!,  koy = 2.6 x 107dm’mol 's7!,
and k,, = 1.45x 10°dm’mol~'s™" [31]. The yield of
molecular hydrogen at a pH 2.4 was 2.1, which shows that, in
addition to the reaction of H;O" with € > it also reacts with
malonic acid because it is known that the undissociated forms of
carboxylic acids react with ¢, [31]. The gas analysis indicated
the formation of H, and CO,. The yield of molecular hydrogen
was measured at two different pH values. Only traces of CO
were detected. For non-volatile radiolytic products, chromato-
grams obtained at different radiation doses revealed the pre-
sence of several carboxylic acids (Fig. 1). An analysis of the
non-volatile radiolytic products showed that they increased in
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Table 2 Estimated G° values for the non-volatile products from the
radiolysis of malonic acid

Compound G°
Acetic acid 2.97
Oxalic acid 0.0
1
Malonic acid (target) 6.0
Succinic acid 0.1

Carboxysuccinic acid

Tricarballylic acid 0.03
1,2,4-Butanetricarboxylic acid

2,2,3,3-Ethanetetracarboxy acid 1.6
Citric acid 0.08
1,2,3,4-Butanetetracarboxylic acid 0.03

G number of molecules formed for 100 eV given to the system

molecular weight with respect to the target compound. This
result suggests that dimerization/condensation reactions
occurred. The main product was a result of an “H/°OH
abstraction reaction yielding o,0-dicarboxy methyl radical
(*CH(COOH),), that reacted further to produce the observed
products. The non-volatile acids formed are as follows: 2,3
dicarboxy-succinic, the dimeric product (HOOC),—-CH-CH-
(COOH),, oxalic (HOOC-COOH), succinic (HOOC-CH,—
CH,COOH), carboxy-succinic (HOOC),—~CH-CH,—COOH,

Fig. 2 Formation of some

o

o

N

a
J

tricarballylic (HOOC-CH,—CH(COOH)-CH,COOH), and
citric (HOOC-CH,—C(OH)(COOH)-CH,COOH).

Changes in the concentration of malonic acid show the
same distribution of products. Table 1 summarizes the
detected gaseous products, and Table 2 the yield of the
non-volatile products formed. Within the limits of accuracy
for the determination of products, the observed yield of
decomposition corresponded to water molecules that had
undergone radiolysis. Figure 2 shows the formation of the
radiolytic products from malonic acid as a function of the
absorbed dose.

Computational modeling

The results for the mathematical model via water radiolysis
showed an exponential relationship between concentration
of products and dose at high dose. Atlow doses (10-50 kGy),
results might be better fitted to a straight line, at these con-
ditions the radiolytic behavior is simpler since products do
not participate in secondary reactions. These findings
allowed for the study of the effect of dosage in such contexts
only in the case where the rate constant was known.

A survey of the radiolytic products and their yields
(determined by plotting the number of molecules formed/
destroyed by 100 eV, called G value, vs. dose) enabled us
to consider one of some possible pathways for their for-
mation (Figs. 3, 4). However, further studies are required
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HO W "H+'OH+e%aq + H, . H0,
CH,(CO,H), + '"H  ——> "CH(CO,H), + H,
CH,(CO,H), + “OH ——> *CH(CO,H), + H,O

—> (|3H2002H +H
CO,-
> (|3H2002H +~OH

CO

CH2(COzH)2 + e aqg —

2+CH,(CO,H), ———> CO,H

|
CH-CO,H
|

C|)H-COzH
CO,H

Fig. 3 Suggested mechanism for the formation of products from
malonic acid including the o,a-dicarboxy radical

CHz(COZH)Z N .CH2C02H +.C02H

‘CO,H Co, +'H
CH,CO,H + 'H CH;CO,H
2°CH,CO,H CH,CO,H
[CH2C02H

Fig. 4 Suggested mechanism for the formation of succinic acid from
malonic acid radiolysis

to elucidate a more accurate mechanism. The malonic acid
forms the o,a-dicarboxy radical (*CH(CO,H),) that
undergoes a dimerization reaction. Indeed, Sagstuen et al.
[32] and Kang [33] have previously detected this radical
during the irradiation of malonic acid single crystals
through EPR and ENDOR techniques. The dominant
interaction of radiation is with water molecules. The
radiolytic products are expected to interact with malonic
acid substrate in the following terms (Fig. 3).

Another important radical is the *CH,CO, whose for-
mation from malonic acid in solid state was already
described by pulse radiolysis [31]. This radical produces
succinic acid (HO,C-CH,CH,—CO,H) by dimerization.
Succinic acid is an abundant product in this radiolysis. The
possible pathway is the following (Fig. 4).
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Fig. 5 Acetic acid formation from the thermolysis of malonic acid in
aqueous solution (95 °C)
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Fig. 6 Thermal decomposition mechanism for malonic acid

Thermal decomposition

The thermolysis products from malonic acid at 95 °C were
only acetic acid and carbon dioxide. Figure 5 shows the
evolution of acetic acid formation in time. The formation
of these compounds can be similar to the mechanism
suggested for oxalic, pyruvic and glyoxylic acids by a
hydrogen transfer through a cyclic transition state [34—37].

The possible reaction mechanism for the thermolysis is
showed in Fig. 6.

The effects of thermal and radiation energy sources were
independently explored to know their potential individual
contribution to the hydrothermal vents environments. That
does not exclude a potential synergistic action of both energy
sources, experiments in progress are in this regard. Mosqueira
etal. [38] estimated the dose rate in the primitive Earth arising
from long-lived soluble radionuclides, especially from “°K
from 3.8 Ga ago. Although the dose rate was lower than the
used in the simulation experiments, two considerations were
made: the decomposition/formation of products was inde-
pendent of the dose rate; the pH was as at the present value.
For practical reason a higher dose need to be used.

Conclusions
The behavior of malonic acid irradiated at high doses

(kGy) and substantial decomposition (up to 45 %) as in the
present work is important in chemical evolution studies.
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These radiation chemistry approaches are particularly
encouraging by the possibilities offered by the existence of
natural nuclear reactors on the Precambrian Earth [39] and
by the chemical action of both cosmic rays and radioactive
materials in terrestrial and extraterrestrial environments
[4]. Additionally, the action of ionizing radiation in ma-
lonic acid aqueous solution is accompanied by the forma-
tion of various products. The main products of the
radiolysis were carbon dioxide, acetic acid, and di- and
tricarboxylic acids such as 2,3 dicarboxy-succinic, succi-
nic, carboxy-succinic, tricarballylic and citric acids, and
the yield of formation of carboxylic acids was estimated.
The accuracy of the theoretical and the experimental results
suggests that the mathematical simulation is reliable for
predicting the behavior of irradiated, simple, diluted
aqueous solutions. Finally, we should remark that the
kinetic model is very simple, and the numerical solver is
robust, making it attractive for its use in different systems.

The present study of radiolysis of malonic acid con-
tributes to a better understanding of the radiolytic behavior
of dicarboxylic acids at large doses. It shows the formation
of larger molecules formed by dimerization/condensation-
type reactions that are important for chemical evolution.
These types of reactions could have occurred in primitive
hydrothermal vents.

The experiments of thermolysis show that although ma-
lonic acid is relatively stable at temperatures of approxi-
mately 90-100 °C, (typical temperature in white smokers)
the synthesis of potential biologically relevant molecules
may occur, for example the formation of acetic acid.

The results obtained in this research show that energy
sources, thermal and radiation, generate important prebi-
otic molecules. This suggests that the action of both in
hydrothermal vents could have generated a complex
chemical system favoring the production of organics. Of
course, it is necessary to continue the experiments and to
explore the effect of both energy sources acting synergis-
tically in order to have a better model.
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Abstract. In this research, the behavior under a high radiation field or high temperature of succinic
acid, a dicarboxylic acid clue in metabolic routes, is studied. For this purpose, the molecule was
irradiated with gamma rays in oxygen-free aqueous solutions, and the thermal decomposition was
studied in a static system at temperatures up to 90 °C, simulating a white hydrothermal vent. Our
results indicate that a succinic acid is a relatively stable compound under irradiation. The gamma
radiolysis yields carbon dioxide and di- and tricarboxylic acids such as malonic, carboxysuccinic, and
citric acids. The main products obtained by the thermal treatment were CO, and propionic acid.

Keywords: gamma radiation, succinic acid, thermolysis, hydrothermal vents, chemical evolution.
PACS: 82.50.-m, 82.30.Lp

INTRODUCTION

The Earth since its formation has undergone and continues to undergo many
changes. Probably one of the most important was the origin of life. This event occurred in
the Precambrian period, at about 3.5 Ga, the date of the oldest fossils. Oparin and Haldane
proposed that the origin of life could be understood based on abiotic physical and chemical
events [1] and preceded by a preamble now known as chemical evolution. In this scenario,
the presence of matter and energy was fundamental for the chemical reactions, which form

organics that eventually generated the first system that could be considered alive.
Different energy sources could have formed organic compounds in the early Earth;

one of the most important and conspicuous is thermal energy. Heat is widely distributed in
volcanoes, volcanic hot springs, and the hydrothermal vent seabed [2, 3]. At these sites, the
temperature gradients (from 90 to 400 °C) were relevant to prebiotic synthesis because the
gradients could have provided the energy to promote chemical reactions [4]. Another type
of energy source is high-energy radiation from radionuclides and cosmic radiation [5].
Ionizing radiation may have been of great importance to generate the chemical reactions
that took place in the early Earth due to its high penetration, its efficiency in inducing the
synthesis of organic compounds, and its abundance. Cosmic rays are another probable
source of this type of energy [6, 7].

It has been suggested that life on our planet originated not only on the Earth’s
surface, but also in the oceans. This idea has prompted new proposals on the origins of life
on Earth and other planets [8]. In the 1970s, the discovery of hydrothermal vent systems
created the discussion; such vents were likely a suitable place for the synthesis of organic
compounds through non-biological processes by Fischer-Tropsch type reactions. These
reactions involve the participation of gases at high pressures and temperatures in the
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presence of minerals such as carbonates, iron oxides, metal sulfides, and clays [9]. These
sites could also have had high levels of radiation due to the presence of radioactive nuclides
imbedded in minerals.

This research focuses on the study of the stability of succinic acid as an example of
carboxylic acids related to metabolic routes, such as the Krebs cycle. This compound was
exposed to high temperatures in addition to the presence of a gamma radiation field, and
both energy sources can be found near hydrothermal vents.

MATERIALS AND METHODS

Preparation of Material
The glassware was treated with a mixture of HNO3/H,SO4 (1:1) for 30 minutes at
30 °C, followed by an abundant rinsing with distilled water, and it was later heated in an
oven (300 °C) overnight. This procedure was followed to avoid contamination of samples,
eliminating all organic matter that could be present.

Preparation of Samples
40 mL of an oxygen-free solution of succinic acid 0.1 mol.L" (pH= 2.7) were
placed in glass syringes for the irradiation experiments. For the experiments with thermal
energy, 20 mL of the solution were placed in sealed glass culture tubes.
Irradiation of Samples
The samples were irradiated in two *Co-gamma sources: Gammabeam 651 PT and
Gammacell-200 at ICN-UNAM (Mexico). The dose was evaluated using a ferrous sulfate—
copper sulfate dosimeter. The dose rate was 193 Gy/min, and samples were irradiated at
different doses, from 46.29 to 277.78 kGy. The samples were analyzed immediately after
irradiation.
Thermolysis Experiments
Succinic acid aqueous solutions in a sealed culture tube (saturated with argon) were

heated in an oven at 105 °C for 0.5, 1, 2, 4, 8, 12, 24, 72, and 100 h. After heating, the
samples were cooled and analyzed by gas chromatography (GC).

Analysis of Non-volatile Products
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The carboxylic acids were analyzed as their methyl esters by GC in a
Chromatograph Varian 3400 instrument with a flame ionization detector, using a glass
column (1.82 m in length and an internal diameter of 4 mm) packed with Silar 7C.

Gas chromatography/mass spectrometry (GC-MS) was used to identify the reaction
products. The instrument was a Gas Chromatograph HP-5890A with a capillary column
filled with methyl silicon (12 m length and internal diameter of 0.2 mm).

Analysis of CO;

Volatiles were analyzed by extraction using a Toepler gauge coupled to
chromatograph Varian-1400 gas chromatograph equipped with a thermal conductivity
detector. A stainless steel column (4 m in length and 3.2 mm outer diameter) packed with
silica gel (mesh 40/60) was used, with helium as a carrier gas and at a flow of 30 mL/min.

RESULTS AND DISCUSSION
Gamma Irradiation Experiments

Many carboxylic acids were formed from the gamma-radiolysis of succinic acid in
an oxygen free aqueous solution. They were identified by their retention times with GC and
by their fragmentation pattern using GC-MS. The principal feature of succinic acid in the
irradiation experiments was the dimer formation: 1, 2, 3, 4-butanetetracarboxylic acid.
Succinic acid decomposition is dose-dependent (Fig. 1) with a Go= 4.6 mol.mL"

Decomposition %

0 100 200 300
Dose, kGy

Figure 1. Succinic acid decomposition as a function of dose.

Figure 2 shows the gas chromatogram of methyl esters of carboxylic acids formed
by gamma irradiation of succinic acid in an aqueous solution (the samples were
analyzed in triplicate). The identified products are oxalic, malonic, malic,
tricarballylic, citric, and 1, 2, 3, 4-butanetetracarboxylic acids (succinic acid dimer).
Malonic acid, an important inhibitor in the Krebs cycle, is formed at low and high
doses, but in concentrations of about 1%. A similar case presents the citric acid,
another important molecule for organisms.
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e

" Retention lime

Figure 2. Gas chromatogram of methyl esters of carboxylic acids formed by gamma irradiation (69.4 kGy).
(1) Malonic, (2) Succinic, (3) Malic, (4) 1, 2, 3-butanetricarboxylic, (5) Tricarballylic + aconitic, (6) Citric (7)
Dimer of succinic acid.

When ionizing radiation interacts with water, several phenomena occur. The first is
physical and refers to interaction-matter radiation and energy transfer, causing excited
molecules. These excited molecules are in turn capable of undergoing changes and reaching
a steady state (the physicochemical stage) that results in the formation of highly reactive
species (the chemical stage) [10]. In our system, when a diluted aqueous solution interacts
with radiation, most of the energy is deposited in the water molecules, forming reactive
radicals:

H,0 MW *H+°OH+ e, +H,+ H,0;

R-CH,-COOH + °*‘H or 'OH —R-"CHCOOH + H, or H,O
2 R"CHCOOH —— (R-CHCOOH),
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These radicals, through secondary reactions, react with the solute (succinic acid) and yield
the observed products. For example, the following mechanism explains the dimer

"CH-COOH HO.C -CH-CH: - CO:H
2| . I (1)
CH; - COOH HO.C-CH-CH: - CO:H
1, 2, 3, 4 butanetetracarboxvlic acid {dimer])
CH-COOH CH; - CO:H
I - . | + TCOH (2)
CH:- COOH “CH:

"CO:H — CO, + H” 3)

"CH-COOH
| __, 2 CH:-COH @
CH. - COOH
"CH-COOH HO-CH-COH
I "OH - I (5)
CH: - COxH CH: - CO:H
malic acid
CH:- CO:H
"CH; -CO:H |
| + "CHrCO:H —» CH-COH (&)
CH:-CO:H I
CH: - CO:H
tricarballylic acid
CH. - COOH
"CH; "CH-COH I
I + I - * CH: i7)
CH; - CO:H CH; - CO:H I
CH:;- COOH
I
CH, - COOH
1, 3, 4 butanetetracarboxylic acid
formation:

Other products may be explained by reactions among the free radicals generated.
Radiolysis produces a wide variety of non-volatile compounds with and without biological
relevance, which means that if these reactions occurred close to hydrothermal vents, new
products should have been available. However, depending on their stability under these
conditions, they could have also been decomposed, generating other molecules, which in
turn react with others.
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Succinic acid appeared to be stable at high radiation doses, and it is formed under
different prebiotic experiments, especially the radiolysis of Krebs cycle components [11].
This observation may be important, considering that succinic acid has been identified as
one of the most abundant compounds in carbonaceous condrites [12].

Thermolysis Experiments

In the thermolysis at 105 °C, the decarboxylation is the main reaction, generating
propionic acid and carbon dioxide as the more abundant products. Figure 3 shows the MS-
fragmentation spectrum for propionic acid and the following reactions shows the proposed
mechanism:

CH, -COOH A
| ———>  CHs-CH-COOH + CO, (1)
CH, -COOH
4
100 28 .
-~ 8
& 27 73
2 6
H &7
E
%:u-
Ezn-
&
) I | N 1 I | .|

1
1] kL] a0 0 L] T &l
m

Figure 3. MS fragmentation pattern of propionic acid, product of the thermolysis of succinic acid.

These and previous experiments [11, 13] demonstrated that carboxylic acids can
undergo interconversion in other members of the Krebs cycle, enhancing their importance
in prebiotic processes. Due to this property, a single acid can yield several others, just by
the action of an energy source. Another essential feature is that carboxylic acids can also be
transformed into other molecules, such as amino acids, through a combination of their
ammonium salts.

REMARKS

In the early Earth, energy must have been essential for the reactions to take place
during the period of chemical evolution in which simple molecules led to those that are
more complex. The results presented in this paper focus on the role of ionizing radiation
and heat as important sources of energy for prebiotic processes. Regardless of the nature of
this energy (radiation or heat), it can induce chemical changes in organics, as in the case of
succinic acid.
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Within a hydrothermal vent, heat must be fundamental, but radiation is also

important because radionuclides are included in minerals associated with these places, and
the level of radiation was three to four times higher than at the present [13]. Radiolysis can
generate a wide variety of compounds; these could have been the new raw materials for
subsequent reactions.
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Abstract. The adsorption of certain organic compounds by clays gives rise to the transformation of the adsorbate through
the action of the clays. This phenomenon can be enhanced using ionizing radiation. In this context, these kinds of reactions
play an important role in many natural and industrial processes. For example, in oil and gas exploration, the source and trap
of petroleum hydrocarbons is frequently clay-rich rocks. Clay—water-based muds are also seen as environmentally friendly
alternatives to toxic oil-based fluids.

The principal processes that occur in sediments are usually held to be of bacterial action and thermal transformation,
which may include thermally induced catalytic alteration of the organic debris. On the other hand, radioactive
materials are widely distributed throughout Earth. They were more abundant in the past, but are present in petroleum
reservoirs. Their presence induced radioactive bombardment, which may have altered these sediments. This important
subject has not been extensively studied.

The aim of this work is to study the behavior of fatty acids—Iike behenic acid—and dicarboxylic acids—Ilike fumaric
acid—as model compounds, which are adsorbed in a clay mineral (Na-montmorillonite) and exposed to gamma radiation.
The results show that the radiation-induced decomposition of the clay—acid system goes along a definitive path (oxidation),
rather than following several modes of simultaneous decomposition, as happens in radiolysis without clay or by heating the
system. The main radiolytic products for fatty acids are their corresponding hydrocarbons, with one C-atom less than the
original acid.

Keywords: clay minerals, gamma radiation, hydrocarbon, carboxylic acids
PACS: 82.50.-m, 82.30.Lp

INTRODUCTION

Fatty acids are abundant organic compounds in sediments. The decarboxylation of fatty acids into hydrocarbons

catalyzed by clay minerals has been proposed as a possible pathway for the conversion of lipids into petroleum
hydrocarbons. The thermal decomposition of fatty acids in the presence of clay minerals has been studied by several
investigators [1]. Although the adsorption of fatty acids by clay minerals is an important geochemical reaction, very
little is known about its mechanisms. The adsorption of fatty acids from aqueous solutions in clays (which depends
on the pH of the system) is mainly due to their interactions with the edges of clay pellets.
On the other hand, radioactive materials are widely distributed throughout Earth but were more abundant in the past
[2]; they are present in petroleum reservoirs. In this geological condition, the action of high energy radiation affects
the organic material present. Thus, the behavior of certain organic compounds adsorbed onto clays gives rise to the
transformation of the adsorbate by the action of clays and can be enhanced through ionizing radiation.

In this paper, we simulated a geological environment in which an organic compound adsorbed onto a clay
mineral is exposed to a high energy source or a thermal process. Our aim is to enhance the decarboxylation of fatty
acids via the irradiation of the system’s fatty acid—clay and compare these results with that of the decomposition
induced by heating. The study of the lipid fraction of biological material in sediments is important in organic
geochemistry because lipids may be considered as a major precursor of petroleum.

MATERIALS AND METHODS

Preparation of Material

Since the presence of impurities in samples that are irradiated can give rise to critical errors, all chemical and
glassware were handled in ways that minimized contamination. The glass materials were treated with a warm
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mixture of HNO; and H,SO, for 30 minutes, followed by a wash with distilled water and heating in an oven at 300
°C overnight.

The clay used in each reaction (SWy-1 sodium montmorillonite) was obtained from the Clay Minerals Repository
of the Clay Minerals Society at the University of Missouri, which was sterilized by autoclaving at 2 Kgf/cm2 for 30
minutes at 121 °C.

Preparation of the Mono-cationic Clays (Na* and Fe’*)

The mono-cationic clays were prepared by ion exchange. For these purposes, solutions of FeCl;-5H,0 and NaCl
with 1 N concentration were prepared and mixed with clay, in order to exchange the cation present for the desired
cation. The montmorillonite used has an ion exchange capacity of 101 meq of Na’ / 100 g of clay. The procedure
used to prepare the Na" and Fe’* clays was the same; 10 g of clay were mixed with 100 ml of the corresponding
dissolution in continuous agitation on a plate at 120 rpm for 30 min. Then, the sample was centrifuged at 10,000 rpm
for 10 minutes and was washed with distilled water and deionized water several times; finally, it was dried in an
oven at 50 °C for 24 hours. X-ray diffraction was used to characterize the clay.

Samples were prepared with 500 mg of mono-cationic clay mixed with 50 mg of behenic acid or fumaric acid in
a closed culture tube, saturated with argon and then irradiated at room temperature for different doses

Analysis of Linear Hydrocarbons and Carboxylic Acids

The hydrocarbons were analyzed by gas chromatography (GC). We used a gas chromatograph Alltech SRI8610C
with flame ionization detector, with a capillary column MXT — (length of 30 m). The temperature program was from
100 to 200 °C at 10 °C/min, followed by an isotherm of 200 °C for 40 minutes, the gases used were: nitrogen (carrier
gas) 10 ml/min, 25 ml/min hydrogen and air 250 ml/min. In order to determine and possibly quantify linear
hydrocarbons, two pattern curves were prepared: one to identify the hydrocarbons formed (carbon number vs.
retention time), and the second to quantify the identified hydrocarbons (area vs. concentration). Standards for pure
hydrocarbons from C10 to C22 in concentrations from 10~ to 0.2 M were used.

The carboxylic acids were analyzed as their methyl esters by gas chromatography [4]. Gas chromatography/mass
spectrometry was used to determine the reaction products and confirm the structure of each compound.

Irradiation of Samples

The samples were irradiated in “°Co gamma irradiator (Gammabeam 651 PT) at ICN-UNAM. The dose was
evaluated using an iron sulfate—copper sulfate dosimeter. The dose rate was 143 Gy/min for the experiments with
behenic acid and the samples were irradiated at different doses (0 to 62 kGy). Fumaric acid was irradiated from 0 to
363 kGy at 189 Gy/min and was analyzed immediately.

Thermolysis experiments
Behenic acid samples (50 mg) were mixed with the clay (500 mg), in a closed culture tube (saturated with argon),

and were heating in an oven at 250 °C for 0.5, 1, 2, 4, 8, 12, 24, 96, 480, and 960 hours. After the samples were
cooled and analyzed by GC. For fumaric acid the samples were heated at 180°C from 0.5 to 120 h.

RESULTS

The principal feature of the experiments with behenic acid by thermolysis or irradiation was to observe the
decarboxylation reaction of the acid, as the principal method of decomposition for the target compound, by forming a
hydrocarbon with one carbon atom less and CO,.
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Behenic acid heneicosane
In the radiolysis other hydrocarbons with small numbers of carbon atoms were also formed. In the presence of
clay, the number of products decreased (9 for the Na-montmorillonite and 4 for Fe-monmorillonite), while 13
products were formed in the system without clay. However, the decomposition of the target compound was higher in

the system without clay. Figure 1 show the formation of the C-21 hydrocarbon from the irradiation of behenic acid in
solid state.
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Figure 1. Formation of heneicosane (C21) from the irradiation of behenic acid

The decomposition induced by radiation of behenic acid is shown in Figure 2.
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Figure 2. Decomposition of behenic acid induced by gamma radiation.

For the thermolysis experiments the formation of C21 hydrocarbon was very low, for the samples heated 960 h
the yield was 4.1 % in the presence of Fe-montmorillonite and the C21 was not formed without clay.
In the case of fumaric acid, a dicarboxylic acid, the main pathways of the reaction were the decarboxylation and

isomerization reaction. The product formed by isomerization is maleic acid: Table 1 show some features of these
experiments.

A -y

OH
Fumaric acid Maleic acid

nli!



As shown in Table 1, the number of products in the presence of the clay is less than in the system without the
clay. Figure 3 show the decomposition of fumaric acid after heating the samples at 250 °C.

TABLE 1. Radiation-induced decomposition of fumaric acid (62 kGy)

System Fumaric acid Fumaricacid + Na-
montmorillonite

Mo terctisii decarboxylation decarboxylation

Other products 2 1

Produets ¥'maleic acid ¥'maleic acid

¥ suceinic acid

Remaining acid 60.6%

Lh

3.7%

In this case the decomposition in the presence of clay was very high and the number of products is increased
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Figure 3. Thermolysis of Fumaric Acid at 180 °C during 120 h

REMARKS

The results showed that radiation-induced reactions in carboxylic acids are an example of preferential synthesis,
when adsorbed onto a solid surface. The presence of a solid surface alters the formation and distribution of radiolytic
products, as fewer products are formed. In the case of thermal treated samples, the number of products is higher. The
irradiation of the clay—acid system goes along a definitive path (oxidation), rather than following several modes of
simultaneous decomposition. This behavior is important for petroleum genesis because solid surfaces can drive the
reaction towards a more preferable path. These experiments prove that non-random products are produced under
plausible geological conditions. These results appear to support the hypothesis that radiation and clays played a role
as natural catalysts in the genesis of petroleum. The present study was a further attempt to gain more insight into the
role played by radiation-induced reactions in solid surfaces and to compare them with thermal decomposition.
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