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PREFACIO

La Comisién Nacional de Energia Atémica tiene la responsabilidad de
desarrollar el Programa Nuclear Argentino.” Dentro de. este programa, tiene
especial significacion la aplicacién directa de los efectos de las radiacio-
nes ionizantes con fines médicos y tecnolGgicos, que justificaria por si
misma el interés de la Comision en promover investigaciones basicas sobre
el tema. Pero si se piensa que, independientemente de ése uso directo,
no-hay aspecto de un Programa Nuclear en el cual las radiaciones no intér-
actien de una u otra manera con la ‘materia, se comprende que la exis-
tencia de grupos de investigacion gue contribuyan  al conocimiento deta-
llado de los efectos de las radiaciones es esenmal para toda la actividad
del Organismo. : :

.

Dadas las implicancias econémicas y sociales recién mencionadas, la
accién de las radiaciones sobre la materia viva e inerte ha récibido par-
ticular atencién en el Programa Nuclear Argentino. Se ha promovido, im-
plantando-a la vez los correspondientes mecanismos de control, la aplica-
cion de las radlacmnes en el campo médico, tanto en el diagnéstico como
en la terapia de diversas enfermedades, incorporando también a la Comi-
sion Nacional de Energia Atémica un centro regional de dosimetria. Se
ha instalado asimismo una planta experimental para el tratamiento por
radiaciones gamma de materiales de uso médico que requieran esteriliza-
cién y para estudios de irradiacién de alimentos y de mejoramiento de
materiales industriales, desarrollandose, al mismo tiempo, tareas de inves-
tigacién aplicada en todas esas areas. Por dltimo, se han ido consolidando
paulatinamente los grupos de investigacién bdsica mencionados maés arriba,
que cubren tanto el campo convencional de la quimica y la biologia de ra-
diaciones como el del estudio de los efectos primarios y transitorios que
ocurren en sistemas quimicos y bioldgicos irradiados.

Para lograr estos fines, la Comision Nacional de Energia Atdémica ha
perfeccionado profesionales en el extranjero, ha promovido contactos con
laboratorios y hombres de ciencia interesados en el problema en el pais
¥ en otras partes del mundo y ha incorporado numerosas técnicas de es-
tudio y aplicacién, inspirando siempre su accién en el propésito de lograr
una transferéncia continua a la sociedad de los resultados obtenidos.

La Reunidn Internacional sobre los Efectos Primarios de las Radiacio-
nes en Quimica y Biologia, realizada en el mes de marzo de 1970 en Buenos
Aires, constituyd un importante aspecto de esta zctividad, La Comisidn
Nacional de Energia Atémica organizé la reunidn con la esperanza de con-
tribuir, por su intermedio, al desarrollo de las investigaciones en ese campo
en la Argentina y en la América lLatina. Contd para ello con el esfuerzo
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entusiasta de un grupo de sus cientificos y con el muy valioso asesora-
miento del Dr. Milton Burton, Director del Laboratorio de Radiaciones de
la Universidad de Notre Dame, de EE.UU., y de la distinguida Comision
Asesora que colaboré con él y con el Comité Organizador durante su pre-
paracion.

El presente volumen resume la actividad desarrollada en Buenos Aires
durante la celebracién de esa Reunidn Internacional. Esa actividad fue alta-
mente fructifera, tanto en el aspecto cientifico como en el terrene de las
relaciones personales, y posibilitd un estrechamiento de vinculos entre in-
vestigadores relacionados con la disciplina que serén, sin duda, de indu-
dable beneficio’ para la consolidacion de los programas futuros en ese cam-
po en el continente, progreso al cual la Argentina se siente orgullosa de
contribuir. .

Es mi esperanza que la Reunion no constituird un esfuerzo aislado sino
que cobrara continuidad a través del tiempo mediante la organizacion de
otras similares cuando las circunstancias y la évolucion de las ideas en
su campo especifico lo hagan necesario o aconsejable.

Bueneos -Aires, mayo de 1971.

Cmte. Ing. Oscar A. Quihillalt

. Presidente
Comisién Nacional de Energfa Atémica
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PREFACE

It is the responsibility of the National Atomic Energy Commission to
develop the Argentine Nuclear Program. The direct application of the effects
of ionizing radiations, both with technological and medical objectives, Is
specially significant within this program. This activity in itself would justify
the interest of the Commission in fostering basic research on the sub;ect
When it is considered, however, that besides the direct application there
is no aspect of a nuclear program in which radiation does not, In one way
or another, interact with matter, it is clearly understood that the existence
of research groups contributing to the detailed knowledge of the effects of
radiation is essential for the entire work of the Commission.

Due to the economic and social implications mentioned above, the
action of radiation on living and inert matter has been given special atten-
tion in the Argentine Nuclear Program. The use of radiation In the field of
Medicine has been promoted, not only for diagnosis but also for the therapy
of various diseases, and the corresponding control mechanisms have been
established. A regional dosimetry center has been incorporated to the
National Ataomic Energy Commission. An experimental plant has also been
added for the treatment with gamma radiation’ of, medical materials
requiring sterifization and for studies on food irradiation and on Improve-
ment of industrial materials. At the same time, research work in all those
areas has been encouraged. Lastly, the above mentioned basr’c‘ research
groups have gradually strengthened, and at present they cover not only the
conventional field of radiation chemistry and biology, but also the study
of the primary and temporary effects occurring in chemical and biological
systems under irradiation.

To achieve these goals, the National Atomic Energy Commission has
trained argentine professionals in foreign countries, has promoted contact
with laboratories and scientists interested in the problem here and abroad,
and has incorporated numerous research and application techniques, trying
continuously to transfer to society the results obtained.

The International Meeting on the Primary Effects of Radiation in Che-
mistry and Biology, held in Buenos Aires in March 1970, was an important
contribution towards this activity, The National Atomic Energy Commission
organized the Meeting hoping to contribute, through its action, to the
development of research in that field in Argentina and Latin America.

To that end, it profited from the enthusizsm of a group of its scientists
and the valuable advice of Dr. Milton Burton, Director of the Radiation
Laboratory of the University of Notre Dame, U. 8. A. and the distinguished
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Advisory Committee which cooperated with him and with the Organizing
Committee during its plannings.

This volume summarizes the work carried out in Buenos Aires while
the International Conference was being held. Such work was extremely
fruitful, both in its scientific aspect and in the field of personal relations,
and allowed for closer personal contact between investigators dealing with
the same discipline. 1t will undoubtedfy be beneficial for the materialization
of future:programs in the field on the continent, a devefopment ro whfch
Argentma feefs proud to have contributed. :

It is my hope that the Meeting will not ‘constitute an isolated effort,
but will ‘achieve confmwty in time through the organization of similar
meetmgs when the circunstances and the evofunon of the rdeas make .‘t
necessary or adwsab!e

Buenos-A:re_s, _May, 1871, . . ..
o ' Cmte Ing. Oscar A. thlllalt

Presldent
- National Atomlc Energy Commlssion



INTRODUCCION
.. La posibilidad de realizar una Reunién Internacional sobre los Efec-
tos Primarios de las Radiaciones en Quimica y Biologia en Buenos Aires
surgié durante una visita del Dr. Milton Burton en el afio- 1968. La idea
se fue concretando poco a poco, a pesar de la obvia dificultad p[anteada.
dado el caracter extremadamente especializado del tema, por la posicién
geogréfica de la Argentina en relacidn con los grandés centrgs de produc-
cion cientifica del mundo.

Afortunadamente los esfuerzos realizados durante los dos anos si-
internacionales permitieron que la Reunidn se realizara con una asistencia
realmente amplia de autoridades mundiales en la materia.

En su transcurso, todos los asistentes tuvimos oportunidad de par-
ticipar en discusiones en las cuales se tratd de dilucidar al méaximo los
aspectos mas delicados y de mayor interés que actualmente presenta el
desarrollo de la quimica y la biologia de las radiaciones. Fue posible
comprobar asi que el nivel de escala de tiempos en que se esta traba-
jando con fines teéricos y practicos ha alcanzado ya limites de brevedad
no imaginables hace pocos anos.

Una de las particularidades de la conferencia fue la de reunir fisicos,
quimicos y bi6logos para examinar no sélo los aspectos individuales de .
cada disciplina sino muy especialmente los problemas comunes que per-
miten, en su accién multidisciplinaria, impulsar el progreso de aquéllos.
El resultado fue sin duda altamente beneficioso, como puede concluirse
de la lectura de las Actas que estas palabras introducen.

En el transcurso de una semana, se discutié en sus intimos detalles-
la naturaleza de los procesos que tienen lugar en la absorcién de las ra-
diaciones por la materia, centrdndose las discusiones en particular en
los fenémenos que ocurren en las escalas de tiempo inmediatamente pos-
teriores al momento inicial de la interaccién con la radiacién. Como
balance de esa semana de discusiones, conferencias, presentaciones de
trabajos y amplio intercambio espontaneo de opiniones, se recorrieron
un poco més algunas sendas y se descubrieron otras nuevas de gran im-
portancia para el conocimiento del mecanismo de formacién de los pro-
ductos primarios de vida corta y de las reacciones quimicas que ellos
producen. I[ndependientemente de la significacién de los resultados de
la Beunién en el pancrama general de la ciencia, tuvieron sin duda una
muy grande para el progreso de este tipo de ideas en la parte sur del
continente americano,

Los idiomas oficiales de la Reunién fueron el castellano y el inglés,
utilizdindose como idioma de trabajo el inglés por ser comin a todos los
participantes.
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En las presentes actas, las conferencias plenarias v otros datos de
interés general han sido incluidos en inglés y castellano v los restimenes
de las comunicaciones solamente en el idioma de trabajo, ya que estén
dirigidos a una audiencia méas especializada.

Un aspecto de la Reunion fue la realizacion de un Simposio Interno
sobre los Efectos Primarios Inmediatos, en el cual se traté de llegar a
la frontera del conocimiento sobre el tema en el momento en que se
celebré. Las deliberaciones y conclusiones de esa parte de la Reunién
han sido objeto de una publicacion conjunta de la Universidad de Notre
Dame y la Comisién Nacional de Energla Atémica aparecnda ya como do-
éumerito AEC N° COO-38-738.

Buenos Aires, Mayo de 1971.

-Martin B. A. Crespi |

Presidente
" del Comité Organizader-
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INTRODUCTION

The possibility of holding an international Meeting on the Primary
Effects of Radistion in Chemistry and Biology in Buenos Aires appeared
during a visit of Dr. Milton Burton in 1968. The idea took shape gradually,
in spite of the difficulties arising from Argentina’s geographical position in
refation to world centres of scientific production, of special importance
in this case due to the highly specialized nature of the subject. '

Fortunately, the efforts made in the two subsequent years and the
generous contribution of some national and international agencies allowed
the Meeting to be held with wide attendance of world authorities on
the subject.

All the participants had the opportunity to take part in discussions
where the most delicate and interesting aspects of the present state of
radiation chemistry and radiation biology were dealt with. Thus, It could
be appreciated that the level of the time scales at which theoretical and
practical work is being done have already reached limits of brevity unfo-
reseen a few years ago.

An important aspect of the Mesting was to bring together physi-
cists, chemists and biologists to examine not only subjects relevant to
each discipline but also, and very specizily, the problems common to all
which allow, in their multidisciplinary action, to boost the progress of
the former.

The resuft was, undoubtedly, highly beneficial, as can be concluded
from the reading of the Proceedings which are being foreworded. '

in the course of the week, the nature of the processes occurring in the
absorption of radiation by matter was discussed in its intimate details.
The discussions centered in phenomena taking place in the time scales
immediately after the initiation of the interaction with radiation. The results
of the work, including discussions, plenary lectures, presentation of contri-
buted papers and spontaneous exchange of opinions, showed advances in
some paths already covered and discoveries of new ones of great impor-
tance for the understaning of the mechanism of formation of the short life
primary products and of the chemical reactions they originate. irrespective
of the significance of the meeting within the general panorama of science, it
undoubtedly had a great one for the advancement of this type of ideas in
the southern part of the American continent.

Spanish and English were the oftficial languages of the Meeting, but
English was mostly used as working language, being common to all .parti-
cipants. In these Proceedings, plenary lectures and other material of general
interest have been included both in Engiish and Spanish; the abstracts of
the papers are given only in the working language, since they are addressed
to a more specialized audience.
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One aspect of the Meeting was the holding of an Internal Symposium
on Very Early Effects. Its aim was to reach the frontiers of knowledge on
the subjects at the time of the Meeting. The deliberations and. conclusions
of that part of the Meeting have been published jointly by the University of
Notre Dame and the National Atomic Energy Commission as USAEC
Document N° COO 38-738. ' '

Buenos Afre'.s, May, 1971. .
' o '_Martin B. A. Crespi

Chairman
of the QOrganizing Committee
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NUESTROS CONOCIMIENTOSISOBRE LOS PROCESQS PRIMARIOS

A, O. Allen

Brookhaven Naticnal Laboratory, U.S.A.

La palabra "primarios" parecerfa tener un significado di
recto v simple, perfectamente claro para todos. Sin embargo,
entre cientificos de distintas disciplinas que se han ocupado
del cemplicado tema de los efectos de las radiaciones, dicha pa
labra ha sido utilizada en muchas formas distintas. Para los
genetistas, efectos primario parece significar la ruptura de
cromosomas durante la replicacién,; para otros radiochidlegos, la
formacién de radicales libres u otras rcacciones quimicas en_ld
célula; para el quimico, la sucesidn de estados excitades que
precede a la formacién dc nucvas especies quimicas. En realidad,
1a excitacién de la materia por la radiacién es scpuida por una
compleja serie de eventos que ocurren en unha- sucesifn crccicnte
de escalas de tiempo. Is asi que cientificos distintos estén in
teresados en eventos gue tienen lugar en diferentes escalas de
tiempo: de nanosegundos a milisegundos para el quimico, de minu
tos a afios para muchos hidleogos. En la Fig. 1 se han representa
do, en escala logaritmica, los intervalos de tiempo caracteris-
ticos de varios tipos de efectos de radiaciédn, y la escala ha
sido extendida en el sentido dec los-tiempos mis largos como re-
ferencia. Cuando se representa una escala como ésta, impresicna
la complejidad de eventes comprendidos dentre de una pequefia
fraccidn del total al considerar el ticmpo'en_términos de su lg
garitmo. Por ejemplo, el factor 30 entrc cl promedio de vida .

humano y el tiempo transcurride desde el origen de la era cris
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tiana cubre una multitud de hechos y cambios que comprenden la
mayor parte de nuestras tradicicnes culturales actuales, pero
en el panorama general de escalas de tiempe que nos presente el
fisico no es mids gque una pequefia fraccidn,

El efecto sobre la materia de las radiaciones de alta e-
nergia, tales como los rayos X, tiene lugar a través de electro
nes téApidos, los cuales transfieren energia a las moléculas en

o~ 10 seg. La conexidn entre el pasaje de

tiempos del orden de 1
uno de estos electreones a través de, por ejemplo, un cromosoma
y la ruptura de este cromosoma en la mitesis subsiguieﬁte, pue-
de parecer a algunos simple y natural. Tal vez no.parezca tan
inevitable si observamos a la materia desde el punto de vista

del electrdn rdpido.

Aungue parezca un poco extrafio que un electrén tenga al-
gin punte de vista, el antropomorfismo implicado en este concep
to juega un papel importante en la fisica atdmica contemporinea
y, en realidad, lo ha cumplido siempre en el desarrcllo de la
ciencia fisica. Por supuesto, todos saben que en realidad las
moléculas no quedan excitadas; son los cientfficos los que se
excitan. A pesar de la teoria cudntica, la cual ciertaménte de-
muestra que la analogfa con la percepcién humana no es tan cla-
ra come se suponia antes, los fisicos experimentales hablan hoy
comunmente de electrones en un dtomo que 'ven la carga mévil"
se "excitan' y "toman' energia de la carga mdvil.

La carga mdvil "ve" al cromosoma vy deposita cierta ener-
gia en &1, de lo cual presumiblemente resulta la ruptura. Sin
embargo, mirando las escalas de tiempo vemos que la ruptura es
tan remota en el tiempo desde el punto de vista del electrdn
como el origen del universo para nosotros. Esta simple compara-
¢ibén pone de manifiesto las grandes complejidades que puede ha-
ber en el intervalo entre ellpasaje de la radiacién y el efec-
to que es considerado por los genetistds como efecto 'primario”
en la escala que les interesa.

De esta manera, una revisién de lo que sabemos sobre los
procesos "primarios' se convierte en una revisidn de nuestro co
nocimiento de la sucesidn de eventas que tienen lugar cuando la

radiacidn interactiia con la materia. Mucho se ha llegado a sa-



ber sobre el tipo de procescs implicados, pero muche ngda atin
por aclarar. Trabajando hacia atrfs en el tiempo, buscando las
causas de los efectos que se ven aparecer y refinando los méto-
dos experimentales de deteccidn de eventos que tienen lugar en
~tiempos cortes, ha sido posible establecer las dltimas partes.
de la escala de tiempos. Partiendo del otro extremo, los fisi-
cos de radiaciones y los espectroscopistas nos han provisto de
un conocimiento considerable sobre la distribucidn de las canti
dades de energia depositadas y los estados resultantes en la ma
teria irradiada. La mayor oscuridad parece residir en los even-
tos que siguen inmediatamente a la depasicién dﬁsénergi?a o sea
0

en las escalas de tiempo comprendidas entre |1 10 segun

dos.

La naturaleza de los eventos depende inevitablemente, por
lo menos en parte, de la naturaleza del material irradiado vy,
en particular, de si éste es gaseoso, liquido o sdlido. Conside
raremos en primer %érmino los gases, principalmente porque el
sistema de referencia en el cual se encuadran usualmente los e-
fectos de las radiaciones se deriva de un estudio del comporta-
miento de moléculas gaseosas.

Al hablar de "gas'" nos referimos a un estado de densidad
suficientemente baja como para que las interacciones entre molé
culas durante la excitacidn no sean importantes. La radiacién
lleva a la molécula a estados excitados cuya naturaleza se cono
ce bien en el caso de moléculas diatfmicas pero sole en princi-
pio para moléculas mayores y mis complicadas. Definamos breve-
mente algunos de los conceptos utilizados en la descripcidn de
los estados y -de sus procesos de formacidn.

Los estados de mds alta energfa se encuentran - en la zona
continua de Lonizacién. En estos estados, un electrén se ha se-
parade de la molécula con mis_o menos energfa cinética y ha de-
jédo atrids un ion positivo el cual, a su véz, puede estar en un
estado de excitacifn electrdnica,

Cubriendo el extremo de baja energia de la zona continua
de ionizacidén hay una serie de estados superexcitados § autoio-
nizantes. Estos estados tienen energfa suficiente para formar



pares ion-electrdn separados, pero inicialmente no le hacen por
que los electrones excitados son los que estin mis firmemente
ligados en la molécula. Las moléculas que se encuentran en es+
tos estados pueden pasar a estados ioniiadas, en tiempos del or
den de 10717

sistemas electrfnicos, pero tienen también cierta probabilidad

segundos o mds, mediante un reordenamiento de sus

de descomponerse o de perder su energia de otras maneras.

Los estados electrdnicos fundamentales de muchas molécu-

las se conocen como singuletes; esto significa que todos los e-
lectrones de la molécula ustédn asociados de a pares. Ep estados
excitados, los electrones de un par pueden separarse, con lo
que sus espines ya no estdn coordinados entfe si. Fstos estados
se¢ conocen como fhipfefes, ya que para dos electrones indepen-.
dientes girando en un campo magnético hay tres orientaciones re
lativas posibles.

La transicifn directa de estados singuletes a tripletes
por absorcidn de energia esti prohibida en moléculas compuestas
por 4tomos de niimero atdémico bajo, pero estados tripletes se
pueden formar espontineamente, por cenveasidn Lnteinsa, a partir
de estados singuletes excitados, lo que ocurre a menudo en molé
culas de tipo aromitico.

La transicién del estado fundamental a un nivel clectréni
co excitado particular bajo la influencia de radiacién de longi
tud de onda apropiada tiene una probabilidad inherente, la cual
depende de la naturaleza de esa transiciémn particular en la mo-
lécula y se mide generalmente en términos de una magnitud llama
da fuerza def osciladon; esta magnitud estd normalizada en for-
ma tal que la fuerza del oscilador total, para tedas las transi
ciones, es igual al nidmerc de electrones de la molécula.

Todos estos conceptos se¢ refieren a la interaccidn de las
moléculas con radiacidn electromagnética (luz & rayes X). Noso-
tros, en realidad, estamos més interesadeos en el efecto de par-
ticulas cargadas réApidas. Los dos efectos estén muy estrechamen
te relacionados, sin embargo, dade que el campo cléctrico de la
radiacidn electromagnética es el principal responsable de las
transiciones a estados electrdnicos excitados. La tecria fisica



demuestra que, en una buena aproximacidn, las probabilidades re
lativas de formacidén de varios estados, debidos al pasaje cer--
ca de la molécula, de una particula cargada rédpida, estin rela-
cionadas muy simplemente con las probabilidades relativas de
formatidn por absorcién de radiacidn electromagnética. Esta re-
.lacidén se conoce como la aproximacifn dptica y ha demostrado
ser muy Gtil para predecir en forma general la naturaleza de
los estados que se forman por radiacién de alta energia en un
material del cual se conoce el espectrg de absorcidn. Lamenta-
blemente, la parte del espectro de absorcifn importante para
predecir efectos de radiacién de alta energia es la que cae en
el extremo ultraviolefa, gue es precisamente la de més dificil
acceso experimental,

En muchas moléculas, los estados excitados tienen tiempos
de vida cortos y tienden a romperse en fragmentos. La razdn béa-
sica de esto es que la energia de las unicnes quimicas es menor
que la energfia impartida a los electrones de la molécula en los’
estades excitados. Debido al reducido tiempo de vida, la ener-
gia de un estado estd menos definida, y las lineas de absorcidn
son mis anchas, que en los espectros comunes de Stomos. La Fig.
2 muestra el espectro de absorcidn de vapor de agua tomado de
un'articulo.publicado por Mme. Fiquet-Fayard. Se ve una compli-
cada serie de estados excitados, muchos de los cuales eS5tin mis
2113 del potencial de ionizacién de la molécula, pero la excita
cién a cualquiera de estes estados resulta en una ruptura de
1as moléculas y ningunc de ellos tiene una energih bien defini-
da; todos estidn ensanchados por la disociacifn, La determina-
c¢idn de productos formaﬂos per tales preocesos de disociacién
consfituye la finalidad de la fotogquimica. En-el éaso particu-
lar del vapor de agua, experimentos fotoquimicos han mostrado
que la mayoria de los estados excitados conducen a una disocia
cidn de la meolécula en los radicales H y OH, aunque algunos es
tados llevan, con cierté'pfobabilidad, a la formacidén de la me
lécula H2 y un Atomo de oxigénd, este Gltimo probablemente pro
ducido en un estado singulete excitado.

La formacidn de estos estados excitados y ionizados se
conoce como la etapa fisdea del proceso que se cumple en el



sistema luego de la absorcifn de radiacidn. A &sta sigue la -
etapa gquimica, en la cual las moléculas se rompen esbonténeameg

te y también reaccionan entre si.
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Espectro de absorcibn de vapon de agua (F.Fiquer-Fayard, en
"Radiation Chemistry of Aqueous Syilems", Proceedings of the
192h Fankas Memonial Symposium, G. Stein, €d., ITnienscience,
1969). ' S

Los iones entran casi siempre en reacciones quimicas
cuando chocan con una molécula del gas presénte. Lstas reacedo-
nes Lon-mofécula han side estudiadas muy extensamente mediantc
espectroscopia de masa y otros métodos, y revisten gran impor-
tancia para determinar cuales serin los efectos finales produci
dos por la radiacién. ) ,

Usualmente aparecen, como productos de las reacciones
ion-molécula, uno o mis radicafes Libres, los cuales se forman
también comunmente en la ruptura espontinea de moléculas excita

das y icnes.



Otro proceso de gran importancia en muchos casos es la
captura de efectrpnes. En este proceso, un electrdn se une a un
dtomo o a un grupo de dtomos de una molécula formando un ion ne
gativo estable y dejando el resto de la molécula como radical
libre; un ejempio es la formacidn del radical CH3_y el ion bro-
muro a partir de la reaccién de un electrén con bromuro de meti
lo.

Los iones positivos y negativos eventualmente se neutrafdi
zan entre.-si liberando una cantidad considerable de energia, la
cual vuelve a producir una nueva fragmentacidén de moléculas,

De esta manera, existe gran cantidad de procesos por los -
cuales se produce la ruptura de moléculas que dan radicales 1i-
bres, junto con algunas moléculas estables, como productos mis
abundantes. Los productos reales cobservados al final dependerén
por gupuesto, de las reacciones quimicas posteriores de los ra-
dicales libres. Estas consisten en reaccicnes de los radicales
actives con las meléculas presentes y, eventualmente, en la re-
combinacidn de radicales para formar moléculas mayores.

E1l hecho de que la ruptura de las moléculas por la radia-
cidén es completa, ¥y la complejidad de las reacciones subsiguien
tes, hacen Que, en el caso de sistemas inorgénicos, donde las -
combinaciones estables posibles de los dtomos presentes son li-
mitadas, sea regla general que la radiacidén lleva a 1a forma-
cién de todos los compuestos estables posibles de los elementos
presentes. En sistemas orgidnicos, en cambio, el niimeroc de com-
puestos concebibles es tan grande que no todos se formarén; de

todos modos, de la irradiacién de cualquier compuesto orgénico
se espera normalmente un gran nfimero de productos de reaccién.
En algunos casos, sin embargo, la reaccidén tiende a concentrar
se en-alguna ligadura en particular, usualmente la mis débil
de la molécula, de manera que pueden obtenerse cantidades de
valor practico de algin productc; por ejemplo,'en la radidli-
sis del metanocl, la mayor parte de los productos son etilenpgli
col e hidrégeno.

Todos estos .procescs, que tienen lugar secuencialmente



luego de la absorcidn de radiacidn por las moléculas, pueden
ser aislados y estudiados separadamente mediante métodos fisico-
quimicos. De esta manera es posible, en principio, entender ca-
si completamente todec el curso de la radiflisis en un gas. En
realidad, el an&lisis es tan complicade y requiere tantas expe-
riencias auxiliares que no ha sido completamente realizado para
ningiin caso particular. La radidlisis de gases a presidén atmos-
férica, o por debajo de ella, es de poca importancia préctica
en si misma, pero se realiza como un ejercicio Gtil e instructi
vo para aprender a entender los efectos de las radiaciones,

Pasando al estado liguido, debemos dar énfasis al hecho de
que los efectos de las radiaciones en ellos plantean problemas
distintos que en los gases y, en principioc, se entienden menos.’
La razén es que la naturaleza y el comportamiento de los esta-
dos electrfnicos excitados en liquidos no se conocen tan bien
como en los gases. Perturbaciones del tipo de las que producen
"ensanchamiento por efecto de presidn' en los gases causan, en
los liquidos, una degeneracidn completa ‘de muchos estados ioni-
zados y excitados hasta el punto que en algunos de ellos la dis
tinc%én entre excitacidn y ionizacidn puede carecer de sentida.
La cuestidn puede estudiarse por mediciones de fatoconductivi-
dad en liguidos ne polares, pero es muy poco lo que se ha hecho
en este campo dada su dificultad. Sole en liquides aromiticos,
en los cuales ciertas transiciones electrdnicas estan inhibidas
pueden aplicarse sin modificaciones para los estados liquide y.
s§lido los conceptos de estado,iltiles para la fase gaseosa.

Los fendmenos de ionizacidn en los ligquides son muy dife-
rentes de los que se producen en los gases a raiz de'la existen
¢ia de una recombinacidn inicial en el caso de las liquidoes. En
un gas, la ionizacidn da como resultado un electrdn de cierta
energia que se separa del ion padre. Los dos productes cargadas
se independizan de su mutua influencia y, eventualmente, la re-
combinacién de especies de cargds opuestas se produce al azar.
En los liquidos, en cambio, la energia del electrdn puede redu-
cirse rdpidamente por reaccidn con moléculas vecinas y, en ese
caso, es atraido de nuevo por el mismo idn, recombinéndose con

€l v teniendo un tiempo de vida propia extremadamente <orto,



10

10 seg. Este proceso se ha denominado

usualmente menor que 10°
recombinaeibn geminada. La Fig. 3 muestra dstos obtenidos en
nuestro laboratorio para las corrientes inducidas en algunos hji
drocarburos saturados al irradiarlos en estado liquido,compara-
das con las corrientes que se encontrarian en los mismos materia
les en estado gaseoso. En el gas, una tensidn aplicada relativa
mente baja, es suficiente para llevar todos los iones 'a los e- 
‘lectrodos; la corriente 1imite resultante es, por supuesto, la
base de la medicién de radiacicones mediante cimaras de ioniza-
cign. En lfquidos, las corrientes son mucho menores porgue los
electrones que entran en recombinacidn geminada no contribuyen
a la corriente. La cerriente crece gradualmente con €l campo a
plicado porque alguncs de los electrones, los producidos-cdn
mayor energia, se aleﬁan lo suficiente de sus ignes padre como
para que el campo aplicado sea suficiente para separarlos. Los
aspectos bdsicos del fendmeno fueron establecidos por Jaffe en
191D,Ipero la teoria cuantitativa que propuéo para el efecto no
permite describir adecuadamente la forma de las curvas corrien-
te-tensidn observadas bajo radiacifn gamma, no existiendo aiin
una tecria completamente satisfactoria. Como puede verse en la
figura, distintos hidreocarbures saturados muestran notables di-
ferencias en el rendimiento de iones. Los resultades indican
que la interaccién de los electrones libres con las moléculas
de un liquido es sorprendentemente sensible a la geometrfa deta
llada de la estructura del 1liguido. -

Otro métedo para estudiar estos procesos implica la adi-
cidn al liquide de sustancias que reacciones.répidamente con
los electrones y que se llaman usualmente "recolectores™. A par
tir del rendimiento de productos de reaccidn observado, medido
como funcidn de la concentracidén de recolectar, se pueden hacer
deducciones sobre las probabilidades relativas de que las elec-
trones se alejen una cierta distancia de sus {ones padre positi
vos. Esta distribucién debe relacionarse ¢on la distribucién de
energia de los evenios preducidos por lonizacidn primania por
medio de las leyes de interaccidn entre el electrdén y el liqui-
do. De esta manera, todec este campo, que esti ahora realmente
comenzado a ser explorado, ofrece un medio para invesfigar la .
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naturaleza de los estados electrdnicos excitados y libres en

liquidos.

Un método de estudio del problema gendtal estrechamente
relacionado con el anterior surge del reciente descubrimiento
de que, si se pone suficiente cuidado en la purificacidn de los
materiales, es posible determinar la parte de la movilidad debij
da al arrastre de los electrones en hidrocarburos a los cuales
se aplican campos eléctricos. Tales estudios proveerin nuevos
conocimientos sobre la naturaleza bédsica de los efectos de ra-
diacidén en el estade ligquido v estdn entre los mis interesantes
gue se llevan a cabo en estos momentos en el campo de efectos

de radiacion.

En la guimica de radiaciones de liquidos, como el proceso
fisicoquimico inicial no ha permitido-el andlisis detallado po-
sible en fase gaseosa, los mayores esfuerzos se han dedicado a
identificar leos primeros productos quimicos, principalmente ra-
dicales libres. En compuestos orgdnicos alifaticos se encuentra
que los radicales que aparecen scn los que se puede formar a
partir de la molécula madre por ruptur# de una ligadura simple
Iy sin rcordenamiento de ftomos. Los radicales han side identifi
cados por la naturzleza de los productos formados cuando se¢ Te-
combinan entre si, por los productos formados cuando reaccionan
con los recolectores agregados y, en la forma mids elegante, me-
diante un cxamen detallado de su espectro de resonancia electrd

nica dc espin.

Ademds, parte del rendimiento de moléculas estables pare-
ce provenir directamente de las moléculas madre sin pasar por
los radicales libres intermedios. E1 hidrdgeno es un ejemplo im
poertante. Parte del rendimiento de hidrédgeno caracteristico de
los compuestos orgdnicos irradiados se origina a partir de Aitc-
mos de H libre intermediarios, pero otra parte parece formarse
por abstraccién directa de Hy de las moléculas orgdnicas.

Los productos meoleculares y los radicales resultan de rup
turas ifnicas, de reacciones ion-molécula o de la disrupcién mo
lecular que sigue a la recombinacién de los iones. Las impure-

zas que forman iones negativos, tales como el 0y, que reacciona-
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2’
al recombinarse los iones y, por lo tanto, reducirdn el grado

con electrones para formar 0,, disminuirdn la energia liberada
de descomposicidn, con lo que los dtomos de estas impurezas en-
trarén en reaccidn, La extensidén en que los estados excitados
neutros contribuyen a la radiflisis de compuestos alifdticos es
un tema de controversia,

En el caso de 1liquidos aromdticos, la existencia de esta-
dos excitados neutros es bien conocida. La radiacién_de alta e-
nergia produce frecuentemente fluorescencia y fosforescencia que
revelan la presencia de los mismos estados excitados producidos
por luz ultravioleta. Los estados tripletes, que tienen mayor
tiempo de vida y son quimicamente menos reactivos que los singu-
letes, se forman con buen rendimiento en la radiflisis de liqui
dos aromiticos; se cree que resultan principalmente de recombi-
nacienes ifnicas. A menudo, estos estados disipan su energia sin
descomposicidn quimica, por lo que los compuestos aromiticos
muestran menos descomposicién quimica bajo radiacién que los a-
lifdticos., Como es frecuente que los arométicos tengan energias
de iconizacidn menores que los alifdticos, el componente aromiti
co de una mezcla tomard casi toda la carga positiva y de esa
manera protegerd al coﬁpuesto alifiatico. Las propiedades aromé-
ticas de las purinas y las pirimidinas pueden ser importantes
para explicar algunos fenbmenos radichiolégicos.

" La radidlisis del égua y de las soluciones acuosas es un
tema favorito de los quimicos de las radiaciones, lo que se de-
be en parte a su aparente importancia para la comprensidn de
los efectos biolégicos. Llos pfoductos formados en la radidlisis
del agua incluyen electrones solvatados, Atomos de hidrégeno,
radicales OH y moléculas de hidrégeno 'y de peréxido de hidrége-
no. Las cantidades de todos estos materiales que resultan de
la exposicién a un tipo dado de radiacién han sidc determinadas
en base a las cantidades de productos formades cuando los dis-
tintos radicales y moléculas iniciales reaccionan con sustan-
cias agregadas. Dado que se forman varias clases de especies
reactivas simultineamente, estos estudios son de cierta comple-
jidad, y los resultados pueden ser ambiguos. Ha tomado afios de
trabajc en muchos laboratorios obtener el panorama que tenemos



1

ahora de los rendimientos de las primeras especies quimicas
que surgen del agua y del efecto del tipo de radiacidn sobre es
tos rendimientos. Se encuentra que al aumentar la transferencia
lineal de energia (TLE)} de la radiacidn disminuye notablemente
el rendimientc de radicales libres y electrones solvatados y au
menta ia'produccién de moléculas de H2 y H;0,. Esto se explica
per el hecho de que leos radicales no-se forman con una distribu
¢cién homegénea sino lpcalizados inicialmente en las estelas de
las'particulas cargadas y, dentro de ellas, constituyendo peque
fios grupos {llamados racimos) Aue aparecen cuandc la energia 1i
berada por una particula primaria en un evento es mis que sufi-
ciente para descomponer una molécula de agua. Los radicales 1li-
bres OH formados muy préximos entre si tienen posibilidad de
combinarse para formar HZOZ; los electrones solvatados o los a-
tomos de B pueden también combinarse para formar H, gaseoso. En
‘soluciones de compuestos que reaccionan con los radicales, esta
reaccidn competiria con las reacciones de combinacién de radica
les, originande una disminucién en el rendimiento de Hy ¥ H,0,.
Ademds, es de esperar que la disminucidén de rendimiento debido
a estas sustancias agregadas siga la misma ley para todas ellas
La Fig. 4 muestra que esto se cumple reélmente hasta aproximada
mente un 40% de rediuccidn en el rendimi%nto. Para concentracio-
nes mis elevadas de sustancias agregadas, sin embargo, los di-
versos recolectores comienzan a comportarse en forma alge dife-
renté. La razb6n probable de esto es que una pequefia parte del
hidr6geno y perdxido de hidrégeno se originan en otros procesos
que ocurren antes de la formacidn de radicales en los racimos,
les ‘que -comienzan a seT interferidos a concentraciones suficien
temente altas de materiales agregados. Probablemente hay varios
procesos diferentes que pueden dar lugar a pequefios rendimien- -
tos de moléculas de i, ¥y H,0,. Es importante, sin embargo, des-
" tacar que estos rendimientos son en realidad muy pequefios, al-
canzanao sélo aproximadamente al 10% del rendimiento de los pro
ductos mAs importantes, los cuales son radicales OH y electro-
nes solvatados en el caso de radiaciones de baja TLE (rayos '
gamma, rayos X, electrones rdpides) y para radiaciones de TLE
"alta son las moléculas Qe H2 o] HZOZ que resultan de la combina-
cidn de estos radicales en las estelas densas,
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De 'esta manera, y como resultado de miltiples estudios,
las reacciones gue tienen lugar en soluciones acuosas diluidas
se 'conocen rclativamente bien, En cambio, en soluciones concen-
tradas son cada vez mds importantes los productos originados
por la excitacidén directa de las moléculas de solute, o por la
transferencia de energia del agua a estas moléculas, en compara
cién con los formados por reaccidn de los radicales del agua so
bre los sclutos, por lo que el comportamiento de soluciones de
concentracicnes del 5% en peso, o mayores, no sé¢ conoce tan
bien. La fase acuosa de una célula viviente, que contiene el
20% o mds de materia orglnica, es a estos fines una solucidn al
tamente concentrada, y la transferencia de energia entre sustan
cias es de importancia principal para determinar la naturaleza
de la '"melécula blanco" inicial a que se dirige la radiacién.
Es por esto que los estudios de la quimica de radicales del
agua tiene solamente una aplicacidn limitada en el caso de sis-
temas biolégicos. Probablemente, el electrdn solvatado nunca
tiene posibilidades de formarse en las células vivientes; la ma
teria orgdnica presente, tomard la excitacidn del agua antes de
la ionizacién ¢ atrapard al electrén si este es eyectado,

Considerando ahora el estado sélido, encontramos una gran
cantidad de diversos tipes de materiales que, para nuestros pro
pésitos, pueden ser clasificados como metales, cristales idni-
cos, cristales covalentes, cristales moleculares y vidrios. Ge-
neralmente, los estados excitados en los sdlidos se superponen
con el continuo de iconizacidn, de mode que la tdnica excitacidn
pesible es a un estado en el que los electrones quedan libres
y que s¢ llama la banda de cenduccién, En los metales, la banda
de conduccidn se encuentra a energias tan bajas que en ella los
electrones pueden estar inclusive en el estado fundamental vy,

" por le tante, la activacibn por.radiacién ne tiene efecto en es
tos materiales.-En los semi-conductores, la agitacidn térmica
es suficiente para mantener una poblacién permanente de electro

nes por lo que, nuevamente, la radiacién tiere pocc efecto,

"Los sélidos aislantes, en cambio, tienen la banda de con-
duccibn a energias tan altas que normalmente no se encuentran
electrones en ella; aqui, la radiacidén ionizante introducirid
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electrones en la banda de conduccifn, con efectos que varian
con la naturaleza del material. En Tedes idnicas en que los io-
nes son itomes simples, tal come €l cloruro de sodie, ¥y en aque
llos sdlidos que se mantienen unidos en parte por fuerzas idni-
cas y en parte por fuerzas covalentes, como la silice, la magne
sia y otros 6xidos metdlicos, la mayor parte de los electrones
enviados a la banda de conduccién por la radiacién se recombi-
nan simplemente con cargas positivas, no resultando ninglin efec
to quimice neto. Sin embarge, algunbs de estos electrones y car
gas pusitivas pueden quedar atrapados en algunas de las imper-
fecciones estructurales que estin presentes en todos los crista
les reales, ¢ por impurezas que pueden estar presentes, y estos
electrones atrapados y centros positives dan lugar a menudo a
colores extraordinariamente fuertes en el materialiirradiado,
de forma tal que las cargas atrapadas son llamadas '‘centros de
color". Han sido clasificados varios tipos de centros de color
y su naturaleza ha sido extensamente estudiada, '

Sales en las cuales algunos de los iones estén ébmpuestos
por grupos de Atomos, como los nitratos, dan a menudo altos ren
dimientos de descomposicidn quimica resultantes de la captura
e interaccidn quimica de los electrones libres con estos iones.
En les nitratos, una serie de reacciones complicadas da como
resultado principal una descomposicifin en nitrito y oxigeno ga-
$€050, '

Los s6lidos orgdnices alifdticos muestran reacciones de
descomposicifn muy similares a las exhibidas por los mismos ma-’
teriales en estado liquido. Los compuestos aromiticos sélidos,
como los cristales de antraceno, son particularmente interesan-
tes, pues la radiacidn produce en ellos una variedad de fendme-
nos, como fotoconductividad, luminiscencia y migracién de la e-
nergia de excitacidn de una parte del cristal a otra.

El hiele ¥ los vidrios de hidrocarburos son en la actua-
lidad temas populares para estudios de quimica de radiaciones,
Trabajando a bajas temperaturas, los electrones son atrapados
en estos medios, observidndose varios tipos de radicales libres
por resonancia electrénica de espin. Es singularmente extrafio
que no se observen 4tomos de hidrdgeno libres en vidrios orga-
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nicos a bajas temperaturas a pesar de que se supone que &stos
se forman en los mismos materiales irradiados en estado 1iquido
a temperaturas m#is eélevadas; la razdn no se conoce aiin,

.En conclusibn iqué parece decirnos esta rdpida visidn a
vuelo de pajaro del campo de los efectos de radiaciones?

Primero: existe una base conceptual (itil para comprender
los efectos de las radiaciones que incluye el concepto de una
sucesibn de procesos que ocurren a lo largo de escalas de tiem-
po cada vez menores.

Sepgundo: aunque el an#ilisis de los efectos en términos de
s5us précursores es lbgico, no siempre es necesariamente Gtil;
:los procesos precursores pueden ser tan complejos que el andli-

sis no mejore la posibilidad de prediccidn,

Tercero: los procesos biAsicos pueden tomar formas muy di-
ferentes en distintos medios, y todas las aplicaciones del es-
quema general deben tener en cuenta las peculiaridades empiri-
cas de los materiales especifices considerados.



INCOGNITAS EN LA CINETICA DE DIFUSION EN LA QUIMICA
DE RADIACIONES DE SOLUCIONES ACUOSAS (*)

Aron Kuppermann

Laboratorio de Fisico-Quimica A.A.Noyes
Instituto Tecnolégico de California
Pasadena,California 91109 -
EE.UuU,

I." INTRODUCCION

Siendo este un simposio sobre "Efectos ?rimarios”, la es-
cala de tiempos en consideracién va desde el pasaje de la radia
cién de alta energia a través del sistema hasta aproximadamente
un. nanosegundo despies. Hasta que se desarrolld, hace algunos
afios!, 1la radislisis de pulsos, pricticamente todas las determi
naciones quimicas requerian tiempos del corden de los minutos o
mayores luego del pasaje de la radiacidén a través del sistema.
La radiflisis pulsada disminuyd ese lapso a un micresegundo.
Sin embargoe, en el modelo de cinftica de difusiénz todos los e-
fectos de trayectoria o de racimos han concluido en ese tiempo.
En este modelo se supone una cierta distribucidn "inicial™ de
productos, espacialmente no homogénea,'en un tiempo del orden
de 1 a 10 picosegundos [10"!* seg) luego del pasaje de la radia
cidén. E1 nodelo predice, entonces, la evolucifn en el tiempo de

(*) Contribucién N°® 4174, Este trabajo fue patrocinade en parte
por la USAEC., Informe N° CALT-767 P4-73.
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este Sistema; y aproximadamente 0,1 a 1 microsegundo mids tarde
el estado espacialmente no homogéneo no existe mis, habiende de
saparecido todos los intermediarios reactives (radicales libres
y electrones solvatados) poTr reaccifin entre sI o con recolecto-
res. Hasta hace poco, la (nica prueba de este modelo era su ca-
pacidad para predecir mediciones hechas en rangos de tiempo de
un microsegundo ¢ mayores. La cinética de difusidn era una de
las pocas herramientas experimentales o tedricas disponibles
que daba una descripcidn detallada de leos procesos que ccurrian
en el rango de 10™'' a 10°? segundos. Muy recientemente, la téc
nica de radidlisis pulsada ha sido extendida a la escala de
tiempos de los picosegundoss, y por primera veZz se¢ dispone de
una prueba experimental mis directa de la validez del modelo de
cinética de difusidn paraz predecir eventos en la escala de tiem

' 2 107® segundos rtecién mencionada. Ya estdn apare-

pos de 107
ciendo algunas discrepancias interesantes y la interaccifn en-
tre teoria y experimentos promete ayudar a elucidar los eventos
que ocurren en esas etapas primarias de la radidlisis de solu-

ciones acuosas.

II. HECHOS EXPERIMENTALES EN LA ESCALA DE TIEMPOS DE MAS DE
UN MICROSEGUNDO.

Los hechos experimentales bisices disponibles hace alrede
dor de 15 afies en la quimica de radiaciones de soluciones acuo-
sas diluidas eran el efecto de la transferencia lineal de ener-
gia {T.L.E.} ¥y de la concentracidén de recolectores sobre los
rendimientos primarios moleculares y de radicales libres deter-
minados en experimentos llevados a cabo en tiempos del orden de
minutos o mayores. Estos han side muy bien descriptos en el 1i-
bro de Allena. Esencialmente, al pasar de radiacicnes de baja
T.L.E. a radiaciones de alta T.L.E. los rendimientos de radica-
les libres disminuyen y los rendimientos moleculares aumentan.
Esto se ilustra en las Figuras 1 y 2. En la Figura 1 se puede
ver, #or_ejemplo, que los rendimientos moleculares de H; aumen-
tan desde aproximadamente 0,45 mol&c/100 eV para electrones de
2 MeV a aproximadamente 1,1 moléc/100 eV para particulas « de
210pp . Los correspondientes rendimientos primarios de electro-
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Figuha 1
Vardiacdibn de Gaaq' Goy- GH202' Gy ¢ GH2 con fa T.L.E. promedio.
Los puntos y £inecas Llenas nepresentan cdleulos tedafcos corned
pondientes a fas reacciones Lnd{cadaa.oLaé Lineas contadas son
expenimentales .}l Abedisas: T.L.E./(eV/A). '
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Figura 2
Variacién del G_H20 con £a T.L.E. promedio. Los puntos y Las £L
reas LLenas representan cdlfeufos tedricos correspondientes a Las
nadiaciones indicadas. la £fnea contada es experimentaf.l! Abed-
sas: T, L. E. fleV/A}.
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nes solvatados disminuyen desde alrededor de 2,8 a alrededor de
0,5 moléc/160 eV. El efecto de la concentracidn de recolector
sobre les rendimientos moleculares se indica en la Figura 3.

Las representaciones grificas de GRz Gﬁz en funcién_del 1ogafig
mo de la concentracidén de recolector, obtenidas para diferentes
recolectores, se pueden hacer coincidir aproximadamente por tras
lacién horizontal. En la figura, R, representa H, , o bien '
Hy04 , Gﬁz es el rendimiento primario lfmite de R, péralconcen-
tracién ceroc de re;olector ¥ GRz es el rendimiento con recolec-
tor presente. El valor de p se hizo igual a la unidad para receo
lector NOz y producto molecular.Hz . Para cada combinacidn reco
lector-producto molecular, se eligié p de modo que todos los
puntos cayeran sobre la misma curva. Estos efectos de récolegtcr
son independientes de la dosis por unidad de tiempo hasta 10
rad/seg. Se puede ver en la Figura 3 que un_aumenfo en la con-
centracidn de recolector de alrededor de cuatro &rdenes de mag-
nitud reduce los rendimientos moleculares en alrededor de 50%.
La linea llena es teérica y serd explicada en la Seccién V.

Estos son los hechos experimentales b#sicos en una escala
de -tiempos largos que, junto cen la informacidn mis reciente so
bre tiempos mids cortos, debe ser considerada por cualquier teo-
ria que trate de describir la evolucién del sistema comenzando
a tiempos del orden de 10°  segundos o anteriores.

IIT. MODELO DE RADICAL UNICO

Se han publicado ya estudios sobre el modelo de cinética
de difusidén en la quimica de radiaciones de las soluciones di-
luidasz. En su forma mis simple, el modelo supone que el pasa-
ie de 1la T?giacié?l?e alta energfia produce, en un tiempo del or
den de 10 a 10 segundos, un tipo (inico de radical R dis-
tribuide inhomogéneamente en el espacio. Para radiaciones de ba
ja T.L.E., tales como rayos y de 59Co, estos radicales se dis-
tribuyen esféricamente alrededor de la mol&cula sobre la que tu
vo lugar el evento de icnizacidén de baja energia y este grupo
de radicales constituye lo que se llama un racimo. El1 radio de
un racimo es del orden de magnitud de 10 a 100 R y la cantidad
de energia involucrada en su formacifn del orden de 100 eV.
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Para radiaciones de alta T.L.E., tales como las particulas del'
218pgy, se supone que estos racimos se superponen y forman una
estela cilfndrica. E1 modelo de racimo esférico para radiacio-
nes de baja T.L.E. fué propuesto en primer t€rmineo por Samuel y
Magee?, mientras que ia inhomogeneidad asociada a estelas cilin
dricas en sistemas acuosos se debe a Leaﬁ. En esta versibn sim-
piificada del modelo basada en un dnico radical se supone ade-
mis que s6lo hay en el medio una scla clase de recolector de ra
dicales 5. Los radicales R pueden difundir acercdndose para
reaccionar entre si y dar moléculas R; 6 alejdndose para reac-
cionar con 3 y dar productes RS, El mecanismo correspondiente
es:

R+ R+ Rp kpp (M
R+ S + RS k ' 2)

R&

La evolucién de los radicales en el tiempo y el espacio esté
dada por las siguientes ecuaciones de cinftica de difusién:

ac

_RrR 2. - 2

5t Dp ¥ocp - kppfq - kpgpts (3a)
3CS 2

—ﬁ- = DS v CS - kRSCRCS (3b)

en donde Cp ¥ €g son las concentracicones generalizadas locales
(es decir, densidades de probabilidad?) del radical R y el re-
celector 5 a una distancia r del céntro del racimo o del eje

de -la estela en el instante t. DR Y DS son los coeficientes de
difusidén de R v S, respectivamente, y las k son constantes de
velocidad para las reacciones radical-radical y radical-recolec
tor.v? es el operador Laplaciand, dado por

v2 = 32 . a3
ar? r ar

4)

donde a es ? para racimos esféricos y 1 para estelas cilindri-
cas. E1 lado izquierdo de 1la Ec. {3a) representa la velocidad
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de variacién de la concentracidn de radicales en una posicidn
dada en el racimo. E1 primer término del lado derecho Tepresen-
ta la velocidad de difusién neta de radicales hacia ésa posicién
por unidad de volumen (es'decir, la diferencia entre lo que en-
tra ¥y 1o que sale por difusibén, por unidad de volumen alrededor
de la posicién); el segundo término‘representa la velocidad de
desaparicibn de radicales por unidad de volumen debida a la reac
cidn -de recombinacidn (1) y el tercer término Tepresenta la dis
minucién andloga asociada con la reaccidn radical-recolector.

La ecuacién (3a} es simplemgﬁte'unahecuﬁcién de conservacién
para radicales R que detalla los procesos de difusidn y reac-
c¢ibén. Una interpretacién similar es vilida para la Ec. (3b).

La distribucidn espacial inicial de los radicales se supo
ne corrientemente que es gaussiana, o sea

cplr,0) "=  cg(0,0) exp(-r2/2 x 2} (5)

donde vy es el radio inicial del racimo o de la estela. Ademis,
se supone que a t=0, el recolector estd distribufido homogénea-
mente.

No es posible resolver las Ecs, (3) analiticamente. Sin
embargo, con el uso de computadoras digitales se puede obtener
soluciones numéricas adecuadasz’s. Tales soluciones suministran
la distribucibén espacial de radicales para cualquier.instante t.

Llamando, para racimes esféricos, N(t], NR (F] ¥ NR(t],
respectivamente, al nimero de radicales R que quedan al tiempo
t y al ndmero de moléculas R; y RS formadas hasta ese tiempo,

y usando estos mismos simbolos para representar las densidades

lineales equivalentes, es decir, el nfmero de radicales ¢ molé

culas por unidad de longitud en el caso de las estelas cilfndri
cas, se tiene
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N.(t) - 5 cR(r,t)z“n“dr- | T(6)
© B '
t. 00 '
NRZ.(t) - 1/2 j; de 5; kRRcﬁ(r,e)Z“nr“dr ;7)

N (t =5-td5'-k 0)c.(r,0)2% 1%
R(_J .o _ e ) RSCR(T’_?CS(r’ Y2%ardr (8)

N(E) o+ Wy (1) ¢ Np(®) = NGO =N, (9)

]

8i las cantidades NRZ(”) ¥ NRﬂwj-se.representan.por Ng, ¥ Ngs
respectivamente, ZNR2/N° y I~IR/1‘~I¢1 representan la fraccién del ng
.mero inicial de radicales que han reaccionado segfin (1} y (2),
respectivaménte, y pueden calcularse numéricamente a partir de
‘las ecuaciones (7) y (8) una vez que se hayan obtenido cR(r,t]
y cS(r,t) a partir de la integracign de las ecuaciones de cing-
tica de difusidn (3). Estas fracciones estdn relacionadas con
-los rendimientos molecular y de radicales libres y se llaman
rendimiento molecular fraccionario y rendimiento radical frac-

cionario, respectivamente.

'
La Figurar4 muestra el comportamiento de N(t]/Na,'th(t)
/N,y Np(t)/N_ en funcién del tiempo para un racimo esférico tf
pico. Se ve que a2 aproximadamente 10  segundes la reaccién de
recombinacién de radicales préActicamente ha finalizado, mientras
que la reaccidn radical-recolector apenas ha comenzade; esta ﬁl
tima habri finalizado pricticamente en alrededor de 10'5 segun-
dos. De este modo, la historia quimica de este racimo termina
en alrededor de 1 microsegunde y las reacciones radical-radical
y radical-recolector no se superponen en el tiempo. Para'conceg
traciones mayores de recolectdr, sin embargo, hay competencia
entre estas reacciones. También se puede ver en la Figura 4 que
una gran fraccién de la reaccibn radical-radical ha finalizadoe
en 10-9 segundes y que para observar su evolucién en el tiempo
es necesario realizar observaciones a aproximadamente 10-!! se
gundos después del pasaje de la radiacién de alta energia por
el medio. '
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Este simple modelo de radical tinico explica cualitativa-
mente el efecto de T.L.E. y el efecto de recolector expﬁestos
en las Figuras 1, 2 y 3. '

IV. MODELO GENERALIZADO

En un modelo més realista’ es hecesario tener en .cuenta
los diferentes tipos de especies reactivas formadas como resul-
tado del pasaje de la radiacién de alta energia a través de la

solucién acuosa. Estos son H, e, H30;q y OH. Un mecanismc ra-

aq’
zonable de formacifn de tales especies es el siguientet la ra-
diacidén de alta enerkfa produce, directa o indirectamente, la

ionizacifn de las.moléculas de agua:

Hy 0—\A— H20+ + e Q1)

. + X . - :
Los iones H,0 reaccionan entonces répidamente por transferen-
cia proténica con las moléculas de agua vecinas, de acuetrdo a:

H,0* 4+ Hy0 — Hi0* + OH (17)
y se solvatan convirtiéndose en H30; . Los electrones despren-
dides en el proceso de ionizacién tendrfan, en la mayorfa de
los casos, energfa baja, y luego de desplazarse unas pocas de-

aq. -
Seglin este modelo, las distribuciones espaciales iniciales de

OH y Haozq sérian esencialmente iguales, mientras que la de

cenas de Angétroms se termalizarfan y solvatarian para dar e

®aq estaria mis expandida. Los procesos recién descriptos se-
rfan los principales. Ademis, sin embargo, podrian haber algu-
nos procesos menores, tales como la disociacidn de moléculas

de agua excitadas y sobreexcitadas formadas por impacto eléétrg
nico:

Ha 0 —AA— H, 0% N 5

HpO* =+ H + oH C(13)
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Allen ha sugerido recientemente, a fin de explicar la fal
ta de balance material entre las especies reductores y oxidan-
tes, que una especie primaria adicional, presente en pequeiia

10

'canfidad, podria ser el &tomo de 0.'". Esta especie se podria

" formar a partir de la disociacién del HZO+_§egﬁn

H,00 —sonT s H (14)

oH* — o0 + H¥ (15) .

Pequeﬁas cantidades de tales dtomos de Q se 1nc1uyeron en algu
nos de los cAlculos descriptos més abajo.

La distribucién geométrica de estas especies primarias de-
pende, en el modelo de difusién, de la naturaleza de la radia-
cién ionizante que se utiliza. Por ejemple, consideremes el ca-
so de los rayos vy de 8%Co. La .interaccidn de estos fotones de
alta energia con las moléculas de agua produce principalmente
electrones .Compton de retroceso, con energias iniciales que va-
rian dentro de un intervalc amplio. Estos icnizan a continua-
cidn mds moléculas, produciende electrones secundarios que pue-
den producir electrones terciarios, etc. La T.L.E. de los elec-
trones de alta.energia es baja y, dentro del marco del modelo
de difusién, produce, por lo general, deposiciones "locales" de
energia del orden de 105 100 eV, generando racimes esféricamen-
te simétricos que estdn lo suficientemente distantes entre sfi
come para neo interactuar. Sin embargo, una cierta fraccidn de
los electrones tienen baja energfa y produce racimos que se su
perponen y si hay un nfimerc suficiente de éstos, se forman es-
telas cilindricas. Ademds, a medida que un electrdn de alta e-
nergia se va frenando, tambi&n produce racimos que se superpo-
nen. Por lo tanto, uno debe considerar la'distribuciﬁn_total de
distancias entre racimos correspondientes a todo este espectro
de degradacidn de energia, aAntes que se pueda hacer una compara
cién con la experiencia que tenga sentido. Sin embargo, esta
distribucién estd dominada, en el caso de las rayes vde ®%Co,
por racimos esféricos aislados. La distribucién inicial de espe-
cies reactivas primarias dentro de estes racimos se supone que

es una funcifén gaussiana de la distancia a ‘su centro.
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> Consideremos ahora una radiécién de alta T.L.E., tal como
las partfculas cde #*%Po. En este caso, la interaccidn primaria .
produce ionizaciones locales correspondientes z una larga linéaJ
de racimos superpuestos que forman -una estela cilindrica a lo
largo de la cual aumenta la densidad de la espeéie reactiva a
medida que la partficula disminuye su velocidad. Ademds, pueden
ser expulsados electrones energ@ticos secundarios, que forman
sus propias estelas, algunas de las cuales corresponde a una
T.L.E. mis baja que la de la particula inicial, y por lo tanto
constituyen cilindros a lo largo de los cuales la densidad ini-
cial de radicales varia de un mode relativamente lento con la
distancia. Similarmente al caso de los racimos esféricos, se su
pone que esta densidad inicial de radicales es una funcién
gaussiana de la distancia al eje della.trayectoria.

Como se dijo mis arriba, estas especies reactivas prima-
rias se distribuyen inhomogéneamente, con goncentraciones ini-
ciales altas en el centro de los racimas y a lo largo del eje
de las estelas. Luego proceden a reaccionar entre si o a dinfun
‘dir separdndese y asi reaccionando con otros solutos inicialﬁeg
te presentes. E1 alto grado de inhomogeneidad espacial'iniC}al
de las especies reactivas y la competencia consiguiente entre
la recombinacidn y la separacifn por difusién, seguida por reac
cién con solutos, es-la esencia real del modelo de difusién.

La distribucién inicial de las especies reactivas mis pro

y Hgb;q se ilustra en la Figura §,

En esta situacién generalizada, las Ees. (3) se extienden.:

minentes, OH, e;q
para incluir todas las reacciones apropiadas de las especies
reactivas ¥y de modo que haya una ecuacidn por especie reactiva.
lLa investigacién numérica del modelo de radical finico descripto
en la secciédn previa ha mostrado8 que se puede suponer que los
recolectores estdn distribuidos homogéneamente en el medio en
todo momento, sin error significative, es decir, que la dismi-
nucifn de recolectores ern el racimo'o estela es muy pequefia. Ep
consecuencia, se pueden despreciar las ecuaciones correspondieg
tes a (3b), y la Cg en las ecuaciones corresﬁondientes a (3a) se
puede tomar como constante. En la Tabla I se da un mecanismo
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realista para el que se han realizado cflculos de cinética de
difpéiﬁng, con sus correspondientes constantes de velocidad,
Las S y las P simbolizan recolectores y productos, respectiva-

mente, -

[

: F{nga 5
Distnibucibn inicial de 0, #,0° ¢ e;q en un nacimo esférico

tipo.

Como se conoce muy peco con respecto a las constantes de velo-
cidad de dtomos de O en soluciones acuosas, se les asigné arbi-
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trariamente el valor 6 x 10®M ! seg’l, El nfimerc de dtomos de
Q0 inicialmente presente se supuso menor que el 4% del nimero i-
nicial de radicales, por lo que la exclusidn de estos &dtomos s&
lo produciria un cambio pequefio en los rendimientos principales
Los coeficientes de difusidn by radios gaussianos iniciales,
se dan en

T y nimero inicial de radicales por racimos, N

. sy
1:1Tabla I17. Este mecanisme, las condiciones ini;ggles, y las
correspondientes ecuaciones de cinética de difusién se usaron
para calcular el efecto de la T.L.E. sobre los rendimientos
radical y molecular. S5e tuvo en cuenta el espectro de degrada-
cidén de energia. Los resultados obtenidos se representan por
los puntos y linéas llenas de las Figuras 1 y 2, Las lineas cor-

11

tadas son experimentales . Como se puede ver, la concordancia

es bastante satisfactoria.
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TABLA 1
MECANISMO

) Constante de Ndmero
Reaccién Velocidad de 1la
(1010 M-15eg-1) Reaccidn
OH CH - H202 1,0 16
OH eaq - OHaq 3,0 17
.eaq eaq - .Hz + 2 OHaq. 1,Q . 18
- + .

eaq Haoaq_* H + H20 2,3 19
— +
OH o Hy,00, * - 2 Hy0 14,3 20
H OH + H,0 3,2 21
H eaq v M OH_ 3,0 22
H H + H, 2,6 23
®aq H0, » OH .+ O 1,23 24
H H,0, » OH + H,0 0,016 25
OH S - P 0,6 26
e;q' S 7 = p- G,6 27
H g -+ pee 0,6 28
o, H,0, = 02 » H,0 0,6 29
0 H,0, +~ ©OH + HO, 0,6 30

. - OH OH" ¢,6 31
0 eaq - + OHaq 3
0 OHy =+ HOZ .o 6,6 . 32
0 H +  OH 0,6 33
0 O+ Ho, 0,6 34
0 §°°* + P - 0,6 35




TABLA

COEFICIENTES DE DIFUSION Y CONDICIONES INICIALES

'

. : D, - N_;
i Es N . g iz Oi. ) 91

pEC}es (10 cm fseg} (A) . (radic)
1 OH 2 6,25 "2.10
2 ®2q 4,5 18,75 2,08

. +*

3 30,4 0 6,25 2,08
4 0 2 6,25 0,08
5 H 8 6,25 0,18
6 OH 2 R .-
7 H203 1,4 .-

" V. ENIGMAS EN LA COMPARACION DEL MODELC CON EXPERIMENTOS PARA
TIEMPOS MAYORES QUE UN MICROSEGUNDO.

-~ Lomo se puntualizé en la seccién previa, la concordancia
"entre.la teoria y la experiencia a lo largo de un intervalo
grande de T.L.E.

presentar ningfin enigma substancial,

es‘suficientemente satisfactoria como para no
Sin embargo, hasta hace re
lativamente poco, quedaban algunas discrepancias asociadas a
los efectos de pH y de concentracién de recclector en los ren-
dimientos primarios asi como en los factores de separac16n iso-
tépica. Procederemos a discutirlas.

a

‘Efecto de Concentracidn de Recolector.

La curva llena en la Figura 3 es la curva tefrica de ci-
nética -de difusién para el H, obtenida del mecanismo y los pa-
rdmetros descriptos en la seccién previa, es decir, los mismos
parfmetros que dieron buena concordancia con los efectos de -
T.L.E. El finico cambio es que 1la constancia de velocidad de la
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reaccién (27) se hizo igual a 0,46 x 109 Mo! seg-l, que es el
valor experimental para la reaccién del e;q ¢on las soluciones
de NO; 12 g espectro de degradacifn de energfia fue tenido en
cuenta exactamente del mismo modo que para los efectos de T.L.E.
Como se puede ver, la concordancia entre la teorfia y la experien
cia es bastaﬁte buena hasta concentraciones de recolector de al-
rededor de 0,3 M. Sin embarpo, es evidente que la curvatura de
la curva tefrica es algo mis pronunciada que la de la curva ex-
perimental. Esta discrepancia se puede eliminar suponiendo que
una cierta fraccibn de los productos moleculares no tiene radi-

- cales libres precursores, sino que provieneﬁ_de_una desapari-
cién de primer orden de moléculas excitadas de agua., La observa
- ¢ibn de la Figura 3 indica que, a concentraciones de recolector
- de alrededor de 10 M, todos los radicales deben haber sido esen
:cialmente elimirados y, en consecuencia, que el rendimiento de
H, remanente, igual a alrededor de 1/5 de su valor a baja con-
centracién, puede deberse a un précursor Hz0*. Este problema ha
sido analizado mis cuantitativamente por Schwgrti,13 quien con-
cluyd que 1la fraccibn del rendimiento de H, molecular que no
proviene de un precursor radical libre debe ser de alrededor de
1/3, més bien que de 1/5. De cuélquier manera, se elimina con
es0 la discrepancia entre teorfa y experiencia, '

Efecto del pH

El mecanismo en la Tabla I inclufe el efecto de pH debido
a la presencia de las reacciones 19 y 20. Cuando se realizan ex
perimentos en soluciones Acidas, la reaccién 19 transforma la
mayor parte de-los electrones solvatados en Atomos de H, aumen-
tando la magnitud de las reacciones 21 y 213, Schwartz13 calculd
_fendimientos primarios en soluciones Acidas, encontrando que e-
xistia buena concordancia con los rendimientos totales de H até
mico més electrén solvatado, pero que los rendimientos de H,
resultaban 10 a 20% altos cuando se usaban los mismos paréme- -
tros que daban buena concordancia en soluciones neutras. Como
en estas Gltimas la contribucién de las reacciones 21 y 23 era
relativamente pequefia, un aumento en el coeficiente de difusién
de atomos de H no afectaria los rendimientos en medio neutyo,
pero conduciria a una concordancia mejor con los rendimientos

2
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en medio 4cido. Parece, por lo tanto, que nc existe un desacuer
do real entre la teoria y la experiencia para soluciones dcidas.

Factores de Separacidn Isotbpica

Anbar y Mayerstein14 estudiaron los factores isotfpicos
en soluciones diluidas de HDO y determinaror los factores de se-
paracién (H/D)gasl(HfD)II para los rendimientos moleculares de
Hz y para las reacciones 18, 22 y 23 de la Tabla I en funcién de
la concentracién de 8cido. Se encontrd que el factor de separa-
cién para la reaccidn 18 es 4,7 + 0,2 y para la reaccién 23 es
2,7 en soluciones neutras y 3,4 en soluciones dcidas 0,Z M. El
factor de separacidn para la reaccién 22 es 1,6 y 1,7 para estas
dos soluciones, respectivamente. Sin embargo, en la radiflisis
de soluciones que contienen 25% de deuterio, el factor de sepa-
racidén para ¢l rendimiento de Hz molecular es esencialmente in-
dependiente dél pH en el intervalo de pH de 1 a 11 y aproximada-
mente igual a 2,22. Esto fue inicialmente un enigma importante,
ya que parecia indicar que las reacciones 18, 22 y 23 no podian
ser contribuyentes iniciales al rendimiento molecular de Hz. Sin

embargoe, Schwarz13

ha demostrado que un factor de separacién de
1,8, para 1a parte del rendimiento de H2 molecular que no tiene
un precursor radical libre, llevarfa a una concordancia con los
resultados de Anbar y Meyerstein eh soluciones neutras. Supenien
do que este factor de separacién es independiente del pH, lo que
es muy razonable, pudo calcular, entonces, la variacién del fac
tor de separacidr para el rendimiento molecular total de H: en
funcidén del -pH y demostrar que existfa una buena concordancia
con todos los resultados de Anbar y Meyerstein. La razén por la
que no se observaba variacién con el pH era la coincidencia de-
que las mezclas de las reacciones 18 y 22 tienen un efecto iso-
tépico promedio que es igual a la de la reaccién 23 en solucio-
nes Scidas. Por lo tanto, el enigma de los factores de separa-
¢ién ha sido resuelto. - '

v,

VI ENIGMAS EN EL INTERVALO DE TIEMPO DE 10 1! A 107 ® SEGUNDOS

Recienteﬁente, Hunt y colaboradnres3 desarrollaron técni-
cas de radi6lisis pulsada que permiten abservaciones de inter-
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mediarios activos en la radiSlisis de soluciones acuosas en una
escala de tiempos de 20 picoseguhdds. La técnica utiliza los
pulses electrdnicos de 10 picosegundos de duracidn existentes
como estructura fina en un haz dé 30 MeV de un acelerador lineal
para producir especies transitorias. La luz de Cerenkov asocia-
da a estos pulsos se utiliza para detectar los electrones solva
tades producidos. Variando el retardo entre los destellos de
luz de Cerenkov y los pulsos de estructura fina, lo que se logra
desviande la luz por un camino de longitud variable, se crea un
efecto estroboscdpico. Un cambio.en la longitud de este camino
de 3,3 mm-correspondé a un cambio enel retardo de un picosegun-
do. Con esta técnica, estudiaron el .decaimiento de la sefial del
electrén solvatado en soluciones de fcido percidrico 0,75 M y
1,50 M, 3b Durante los 350 piceosegundos que separan los pulsos
de estructura fina, la sefial aumenta hasta ur valor miximo en
alrededor de 10 picosegundos y luego decae exponencialmente con
el tiempo segiin una reaccifn de seudo primer orden. El proceso
responsable de este decaimiento es la reaccién 19. La constante
de velocidad bimolecular resultante, extrapolada a baja concen-
tracidn de 4cido, concuerda bien con las determinadas en la es-
cala de tiempo del microsegundo15. Se podrfa pensar superficial
mente que-el decaimiento exponencial es caracteristico de las
rqacciones'de seudo-primer orden para una distribucién de reac-
tivos espacialmenté homogénea y, por le tante, que poedria ser
inconsistente con el modelo de racimos. Sin embargo, &ste no es
el caso. En soluciones fcidas a las concentraciones utilizadas,.
lé_reaccién 19 es extremadamente importante y.predomina sobre
la reacci6n 8. En ausencia de la reaccidn 18, la reaccifn 19
mostraria un compdrtamiento de seudo-primer orden, con un decai
miento exponencial del e independientemente de que &ste esté
distribuido homogénea 0 1nhomogéneamente. Un anilisis detallade
de los cilculos de C1nét1ca de difusifn muestra que, a pesar de
la presencia de la reacq:én 18 durante la vida del racimo, el
decaimiento del e; es aiin. exponencial a las concentraciones 4-
cidas consideradas. El efecto de la reaccién bimolecular 18 es
aumentar en algo la constante de velocidad de primer orden apa-
rente cobtenida del decaimiento exponencial. Este aumento ha si-
do observado eXperimentalmente por Hunt y colaboradores's. Sin
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embargo, un facter adicional contribuye al aumento en la cons-
tante de velocidad aparente de la reaccifn 18 a medida que la
concentracidén de écido-disﬁinﬁye. Este es el efecto Acido que
probablemente predomina sobre el efecto de cinética de difusién
recién descripto. De cualquier modo, no existe desacuerdo entre
la velocidad de desaparicién del electrén solvatado y la cinéti
ca de difusidn para spoluciones fcidas en una escala de tiempos
de 10710 segundos.

Por otra parte, la cinética de difusién realiza prediccio
nes precisas para soluciones neutras que pueden ser puestas a
prueba con observaciones experimentales. Como se puede ver en
la Figura 4, deberia haber un decaimiento de aproximadamente
35% en la concentracién del electrén solvatado, al pasar de
10711 segundos a aproximadamente 10 # segundos, debido a reac-
ciones inhomogéneas de estos electrones entre si y con hidroxi
los y dtomos de hidrégenc en el racimo inicial. Estas reaccio-
nes han précticamente finalizado cuando un recolector presente
en concentraciones milimeclares, o menores, comienza a reaccio-
nar con los electrones sclvatados, ya que C = 2,8 mol&c/100
eV, éste deberia ser el valor medido para t1eﬂpos del orden de
1078 segundos o mayores. Sin embargo, para tiempos del orden
de 20 picosegundos, 1la Figura 4 predecirfa un valor de 4,3 mo-
1€c/100 eV, Los cilculos més precisosg descriptos en la Seccién
IV también predicen un valor de 4.6 moléc/100 eV. Esta diferen-
cia es suficientemente grande para que sea posible medirla. La
medicifn es algo diffcil de hacer con el acelerador lineal de
la Universidad de Toronto empleado por Hunt y colaboradoress,
porque éste genera alrededor de 40 pulsos de estructura fina
-en un perfodo de 12 nanosegundos, lo que empeora la resolucidn
en tiempo de los experimentos en el caso de especies que viven
més de 350 picosegundos. Para hacer una buena observacifin direc
ta del decaimiento de los electrones solvatados de 1071} a
1079 segundos, serfa necesario realizar experimentos utilizando
un pequefic nfimers de pulsos de electrones de 10 picosegundos,
preferiblemente uno o dos.,

Sin embargo, Bronskill16 ha podido, relacionando la dosis
medida con la sefial de absorcién de e;q observada a 30 picose-
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gundos, hacer una estimacién de Geiq absoluto para ese tiempo.
£l resultadoc es 3,2 * 0,5 moléc/100 eV, Desgraciadamente, el
erTor expefimental de esta determinacibn es grande. S5i el valor
de 3,2 se confirma en unha determinacién més precisa, éste pre-
sentarfa un enigma muy serio para el modelo de difusién y po-
dria reguerir una revisibn significativa del modelo o bien del
mecanismo que conduce a las condiciones iniciales supuestas,
Otra observacién experimental interesante es que la mayoria de
los recclectores de e;q reducen el rendimiento de e;q para.
tiempos de unes 10 picosegundeos. Esto sugiere que estos recolec
tores son capaces de reaccionar con un precursor del e;q el que
hasta ahora no ha sido inclufido en el modelo de cinética de di-
fusibn. Sawai ¥ Hamill18 sugirieron que el H20+, que ellos 1lla-
man el agujero seco, es también una especie que puede ser reco-
lectada, Por lo tanto, como resultado de estas observaciones,
puede ser necesario agfegar dos intermediarios reactivos adicic
nales al modelo de difusién. :

En conclusifn, las medidas hechas durante los dos dltimos
afios en una escala de tiempos de 10 picosegundos han suministra
do niueva informacifn experimental que ha creado, a su vez, nue-
vos enigmas los que, cuande se resuelvan, incrementar#fn sustan-
cialmente nuestro entendimiento de los efectos primarios en la

radidlisis de soluciones acuosas.
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PROCESOS MOLECULARES PRIMARIOS Y DRNO RADIOBIOLQGICO
G. E. Adams

Cancer Research Campaign, Research Unit in Radiecbiclogy,
Mount Vernon Hospital, Northwood, Middlesex, England

Deseo agradecer 2 nuestros anfitriones argentinos la opor
tunidad de visitar esta hermosa ciudad y también a nuestros ami
gos de la Universidad de Notre Dame por haber prophesto mi par-
ticipacifn en esta Reunién.

En esta conferencia discutiré distintos aspectos de efec-
tos primarics involucrados en el dafio radicbiolégico en térmi-
nos de algunos conceptos bdsicos de fisica y quimica de radia-
ciones. Me referiré a los resultados de estudios experimentales
en sistemas biolégicos a nivel celular y, también, a resultados
obtenidos con varios sistemas modelo.

Gran parte de nuestra atencién se ha dedicado esta semana
a la discusién de procesos que tienen lugar en la escala de
- tiempos inferiores a nanosegundos, una regidén que es claramente
remota vista desde la escala de tiempos de las respuestas obser
vables en la mayoria de los sistemas biolégicos sometidos a ra-
diacién, procesos éstos que pueden tener lugar durante horas,
dfas, semanas, afios y_aﬁn generaciones. Afin en un sistema rela-
tivamente simple como, por ejemplo, una solucién acuosa de una
enzima, el menor tiempo en el cual puede medirse una respuesta
es, en realidad, el tiempo necesario para llevar el sistema des
de la fuente de radiacifn a un espectrofotémetro de absorcidn
para medir la actividad enzimitica remanente.
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La respuesta bioclfgica es una sintesis de muchos procesos
inducidos por las radiaciones: fisicos, quimicos, enzimfticos,
metabblicos y, en sistemas animales, también fisiolbgicos. El
primer pasc, por lo tanto, en la bsqueda de procesos'primarios
seria proyectar experimentos-que permitan que una respuesta bio
légica dada pueda ser resuelta en dos grupos'de procesos:! los
que incluyen radicales libres répides como precursores y los
que no loszrequieren. En principio, esto puede hacerse mediante
el uso de técnicas de perturbacifn répida. En estos experimen-
tos, la perturbacifn se aplica usualmente mediante un pulso ex-
tremadamente corte de radiacidn que es precedido o seguido de
otra perturbacidn, la cual -puede ser otro puisb de radiacibn,
Ja aplicacidn de calor, un cambio del ambiente gaseoso o la ad-
misién de alguna sustancia quimica mediante un sistema de mez-
clado rédpideo. El tiempc de respuesta de estos sistemas es varia
do. En algunos, particularmente en las técnicas de mezclado, el
tiempo de respuesta esti limitado en Gltima instancia por la
velocidad con la cual el material puede difundir a través de la
membrana externa de la célula, habiendo indicios de que este
tiempo puede ser, en ciertas condiciones, menor que un milisegun
do. Experimentos de este tipo son Gtiles para decidir cudndo un
fenbmeno radicbiolégice dado incluye como precursores quimicos
radicales libres inducidos por la radiaci8n o es enteramente
uné_respuestﬁ bioquimica.

El aparato gue se muestra en la figura 1 es un d1sp051t1~
vo de mezclado répido utilizado en algunos laboraterios ]’2;
Tiene dos jeringas cbnectadas a una pequefia cfmara de mezclado
mediante un tube capilar fine. Cuande las des jeringas se com-
primen‘simultéineamente, los liquidas contenides llegan ripida-
mente, a través de los tubos capilares, a la cfmara de mezclado
La mezcla se irradia y el contenido se retira por medio de otra
jeringa para ser analizado. Un ejemplo de la clase de experimen
tos que pueden realizarse en este aparato se tiene en el caso
en que una de las jeringas contiene una suspensién celular y la
otra una solucién de algiin agente quimico modificador de 1la do-
sis. Los dos sistemas se mezclan entrelsi muy répidamente y son
irfadiados algunos milisegund05~gntes o despufs de ello. Se pue
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Figura 1
Aparate para mezela rdpida.Pa-
na detabies vea nefenencia 1.)
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de medir, por lo tanto, la res-.
puesta biolégica del sistema en
funcidén del intervalo de tiempo
entre ‘la radiacifin-y el contacto
con el agente modificador de do-
sis. 5e ha demostrado, por ejemplo
que un nimere de substancias de
este tipo, incluyendo oxigeno, N-
etilmaleimida ¥ cisteina, son ca-
paces de modificar la radiosensi-
bilidad de bacterias afin cuando el
tiempo de contacto antes de la i-
rradiacién sea s6lo de unes pocos
miliseguridos. Estos experimentos
demuestran claramente que estfn
involucrados procesos quimicos T8
pidos radioinducidos.,

Otra técnica promisoria es el
método de explosifn ‘de oxfigeno u-
sado en nuestro lahoratorio por
Hewitt, Michael y yo mismo. El ex
perimento consiste en expuﬁer una
delgada capa de células contenidas
en un compartimiento libre de aire
a un pulso de radiacién de 2 mi-
crosegundos de duracién. Las célu
las son expuestas también a una
onda de choque de oxigeno ernviada
desde un compartimiento adyaéeﬁte.
La onda de choque y el pulso de
radiacién pueden sincronizarse con

" aproximacién de algunos centenares

de microsegundos. Experimentos
preliminares parecen indicar que
tal tiempo de contacto entre oxi-
geno y células bacteriiles es
suficiente para producir un =~
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apreciable efecto de oxfgeno. Con modificaciones apropiadas de
disefio, seria posible alcanzar rescluciones en tiempo de alrede
dor de 107% segundos, pero para investigar escalas de tiempo
mis cortas es necesario utilizar sistemas éubcelulares modelo, y
desea dedicar algin tiempo a la discusidn de experimentos de
este tipo.

Sistemas Sub-celulares

En términos generales, la ionizacién es un proceso bina-
rio, ya que puede conducir, y generalmente conduce, a dos cami
nos de reaccién distintos. Dependiendo de la naturaleza del sis
tema, el electrdn puede escapar completamente del campo elec-
trostético de su ién madre y adquirir una naturaleza indepen-
diente como entidad reductora. A la inversa,'el ion positive
puede disociarse y dar lugar a un radical que puede iniciar
un procesoc de oxidacién, aunque esto es una simplificacién exce
siva. El concepto bdsico de redox que se aplica tan rutinaria-
mente en quimica de radiaciones puede ser utilizado en la inter
pretacién de fenfmenos radiobiolégicos, y quisiera jlustrar es-
to con referencia al "efecto de la bromouridina".

El efecto Bromouridina

Se sabe desde hace afios que cuando ciertos tipos de célu-
las se exponen a un medio en el cual la timina ha sido reempla-
zada por su andlogo, 5-bromouracile, las cé&lulas incorporan el
bromouracilo en su ADN y se hacen mis radiosensibles. El bromou
racilo se incorpora sin mucha dificultad, dado que el Atomo de
bremoc tiene mis o menos el mismo radio de Van der Waals que el
grupo metilo en la timina y, por lo tanto, la incorporacién no
bérturba demasiade la estructura del ADN. Una ilustracién del
~efecto se muestra'en la Figura 2. Se ve claramente que la radic
sensibilidad aumenta cuando las células han crecido en presen-
cia de uridinas halogenadas. La eficiencia relativa de los ‘tres
derivados halogenados depende del tipo de sistema y, por cierto,
. del tipo de radiacién. Por ahora, es diffcil decir con preci-
sién como se realiza este efecto, aunque hay considerable evi-
dencia de que intervienen procesos de ﬁuImica de radiaciones.
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Supeavivenreia comparativa a £os &ayéa X de c€fulas culfivades
DI8/AG con piiimidinas hafogenadas incorporadas. Resultados de
Exikson, R.L. y Szybalski, W., Biochem. Biophys. Rea.Commun, 4,
258, 1961, - : '

Consideremos la estructura simplificada de una molé&cula
de ADN (Figura 3), consistente en dos cadenas de difster fos£6-
rico entrelazadas por pare§ de bases unidas por puentes de hi-
dr6genco. Cuando tiene lugar una ionizacién en esta molécula,
hay una competencia entre la recombinacién y la separacifn de
cargas. Como hay considerable interaccifn resonante entre las
bases del ADN, es posible que la molécula tenga propiedades con
ductoras y, por consiguiénte, podria esperarse una migracién de
electrones, Finalmente, los elecirones que escapen serfn atrapa
dos, el ibn positivo se descompondri y aparecerin centros de ra
dicales libres-dentro de la,moléculh._Es sabido que en numero-
sos sistemas qufmicos simples un dtomo de halégeno, en virtud
de su elevada electronegatividad, actlia como una trampa de elec
trones y, por lo tanto, en ADN al cual se ha incorporado 5-
bromouracile no deja de ser razonable esperar que los dtomos de
bromo acttien come trampas para los electrones liberados por
ionizaciones en otros lugares de la molécula. Si esto sucediese
tendria dos efectos. Primeramente, tenderfa a oponerse a los
Procesos de'neutralizaciﬁn de cargés ¥ en'segundo lugar, cana-
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lizaria la energia a lugares especificos del ADN. La captura de
electrones por el 5-bromcuracilo llevaria 2 la eliminacién de -
un ien bromuro y a la formacién de un radical uracilo que esta-
ria muy préximo a la cadena de diéster fosférico. Se ha visto
que el uracilo es capaz de extraer rédpidamente un tomo de hi-
drégeno de tal estructura3 Y, por consiguiente, que existe un
~mecanismo.directo para la ruptura de la cadena del ADN.

- 0 RECOMBINACION

35388535333

ATRAPAMIENTO AL AZAR

3538833 873¢

ATRAPAMIENTD ESPECIFICQ

TIEIEE: s‘%/gg

Figura 3

HBUdR -ON A

Repaesentacibn diagramftica de £a migrnacifn electrnbnica en ADN
que contiene bacmeuracife.

Con referencia a esto, deseo mencionar un experimento
recalizado por Fielden vy Lillicrap4 en el cual se irradid ADN
sé6lido con un'Gnicé-pulso de radiacién, La luminiscencia post-
irradiacidn s midié en funcidn de la temperatura y el tiempo
en el rango de 1 microsegundo a més de un segundo. El espectro
de luminiscencia decae con el tiempo y esta dependencia tempo-
ral es a su vez funcidn de la temperatura. E1 espectro es afec
tado también por la incorporacifn dentro del ADN de una peque-
fia cantidad de ‘5-bromouracilo. El hecho interesante que surge
es que, a medida qﬁe crece la cantidad de 5-bromouracilo incor
porada, la forma del espectro de luminiscencia del ADN susti-
tuido se aproxima al observado con 5-bromodeoxiuridina pura. -
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Aunque la cantidad de energfa emitida es sflo una pequeﬁa‘frac-
cién de la energfa absorbida por el sistema, estos expérimentos
muestran directamente que la.energia'puede migfar en alguna'foz
ma una distancia considerable a lo largo de la cadena de ADN.
Queda por aclarar si la migracién se realiza por transferencia
de la energia de excitacién o por transferencia directa de elec
trones. '

Estudios en scluciones acugpsas gue contienen enzimas.

Una célula contiene aproximadamente el 80% de agua aunque
es, por supuesto, un sistema extremadamente heterogénec. Por lo
tanto, y dade que la mayor parte de la energfa se depositari en
el componente acuoso, el proceso de absorciSn de energia produ-
cird radicales hidroxilo y electrones hidratados. Si bien no se
sabe actualmente en qué grado contribuyen estas especies bési-
cas al dafio .total de radiacidn expresado a nivel celular, la
informacifn bésica relacionada con las reacciones de estas espe
cies fundamentales con compenentes moleculares de las células
sigue siendo obviamente de interés. En leos Gltimos afios, partir
cularmente desde el advenimiento de la radiélisis de pulsos, se
han obtenido muchos datos cuantitativos de la reactividad de
e;q y OH con gran variedad de compuestos quimicos simples ‘de sig
nificacién biol6gica. La Figura 4 muestra algunas de las conclu
siones generales que han surgido. En general, los ficidos nuclei

cos reaccionan con ambos, OH y e__, a velocidades que, en la

mayoria de los casos, estén 1imi:gdas por la difusién. De la
misma manera, los amino-&icidos reaccionan bastante répidamente
con a2mbas especies bidsicas, aungue las constantes de velocidad:
dependen algo del pH y también de la estructura molecular, Pa-
rece que los aminodcidos de estructura cficlica y también los

que contienen azufre son particularmente reactivos. .

Se conocen algunos datos sobre los mecanismos de inacti-
vacidn de ciertas enzimas cuando son irradiades en solucién
ac¢uosa. La quimica de radiaciones de la enzima lisozima, que ha
sido estudiada en detalle, sirva para ilustrar algunos de los .
" métodos usados en el estudio de estos procesos. La lisozima cog-
tiene 129 aminofcidos, 'que Tepresentan alrededor de 20 especies
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moleculares diferenges. Es de particular interés la presencia
de cuatro puentes de azufre en la estructura, los qué'se supone
contribuyen a la estabilidad total de la enzima. Se sabe que
estructuras similares aparecen en muchas otras enzimas, inclu-
yendo la ribonucleasa, la tripsina, la quimotripsina.y la papai
na, 'y a menudo se ha sugerido que uno de los mecanismos de su
~inactivacién por las radiacicnes es la ruptura de algunos de
estos.puentes de azufre inducida por radicales libres.

- : _ 5-5
Alcohol ’ S
leoholes Nuclestidos
Eteres .
Enzimas
Amino dcidos
ciclicos LIMITE DE
OH
~ Urea Amino dcidos Aromdticas DIFUSION
TAN - alifaticos Amino dcidas cicticas
o, Aleahsles Enzimas - i
Nucleéticas APROXIMAD A-
SH MENTE
R. R4+0,
~ Reparecion SH Transferencio de
R+ TAN electrones
 1n? 108 w? 1!

Constante de velocidad (M ™ Seg ™)

. Figuna ¢
.. Adgunas reactividades generales de 5iomo£écu£44
_econ hadicales Libnres.
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Dos bandas de absorcifn transitorias con miximos en 320 y
420 nm fespectivamente 5:8 ¢ observan inmediatamente después
de la radidlisis pulsada de una solucién acuosa de lisozima. La
banda en 420 nm es idéntica a la observada en radiflisis de pul
sos de numerosos compuestos que contienen azufre y ha sido asig
nada al electrdén unido al puente azufre-azufre. Este transiente
que ha sido observado en soluciones irradiadas de ribonucleasa,
quimetripsina y papaina, identifica por lo tanto uno de los lu-
gares del ataque reductor. Estas reacciones invariablemente
transcurren a velocidades limitadas por la difusidn. El1 interro
gante que surge, en consecuencia, es: ;Cuin importante es el
ataque reductor en el puente de azufre con respecto a la inac-
tivacidn de la enzima? En el caso de la lisozima, pareciera que

el ataque por los e no es un proceso de inactivacién importan

te, y datos recientgg para ribonucleasa indican que esta enzima
también es relativamente resistente a la inactivacidn por esta
especie., En ambos casos se ha demostrado que la sensibilidad

de la enzima a la radiacidn crece aproximadamente al doble cuan
do las soluciones se saturan con N30 antes de 1a irradiacidn, -
siendo €ste un soluto que convierte estequiométricamente los
e;q en radicales OH.

NZO * ey N, + OH =+ OH™ (1

Por lo tanto, en el casoc de la lisczima y la ribonucleasa
el mecanismo de inactivacidn predominante en solucidn acuosa es
€l ataque por el radical OH. La banda de absorcibn transitoria
en 320 nm observada luego de la radiflisis de pulsos de 1la lizo
zima aumenta aproximadamente al doble cuando la solucién se sa-
tura previamente con N30, por lo que se llegd a la conclusidn
de que este transiente corresponde al radical precurser del pro
ceso de inactivacién.

" Se comprobd que, en muchps aspectos, el espectro de absor
cidén transitorio se asemeja al espectro de los radicales hidroxi
ciclohexadienil producidos por adicidn de OH a bencenos sustituil
dos7. Dado que en la lisozima hay numerosos aminodcidos de es-
tructura ciclica, se ha sugerido que el transiente se debe a la
adicifn de OH a uno o varios de tales grupos. El hecho de que
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los amincfcidos de estructura ciclica tiendan a ser mis reacti-
vos con los OH que los aliflticos, excluyendo la cistefna, sos-
tiene esta hipftesis. $in embargo, la ambigiiedad persiste.
iCudles aminoficidos estédn involucrados? Pedria esperarse que

el ataque por medio del OH fuese poco especifico pero que sdlo
algunos de los lugares de reaccibén fuesen importantes con res-
pecto a la inactivacién. Se requirieron técnicas mis especifi-
cas para identificar qué grupo o grupos, en case de ser dafiados
por ataque de los_radicales.lib:és, conducian a la inactivacién
de la enzima. '

_ - Un m&todo clisico usado en quimica enzimftica para la i-
dentificacidn de grupos de aminofcidos, particularmente en lo
referente a actividad, involucra el uso de reactiveos que atacan
grupos funcionales especificos. Se ha encontrado {ltimamente
que algunos radicales libres poseen propiedadés similares. El
primer ejémploﬁ, encontrado accidentalmente, fue el radical
(CNS), formado por la oxidacidn hidroxilica del ifn ticcianato:

CNS™ + OH =+ CNS. +. OH (2
CNS. « CNS™ 2 (CNS), ' (3)

Se habia observado que varios recolectores de radicales OH pre
tegfan la lisozima contra la inactivacién por irradiacién. El
ién tiocianato constitufa una excepcidn. Una solucifn acuosa

de lisozima saturada con N0 mantenfa su sensibilidad a la inac
tivacién por irradiacién adn en ﬁna solugifén que contenfa una
alta concentracidn de ion tiocianato. Se concluyd que el produc
to de la reaccién de recoleccidn, el radical (CNS)3z, podia inac
tivar a la enzima con una eficiencia por lo menos igual a la
del radical OH que reemplazaba (Figura 5} .

El radical tiocianato absorbe fuertemente en la regidn vi
sible del espectro, ¥ se demostrd directamente por radidlisis
pulsada que la lisozima reacciona ripidamente con esta especie
{Figura 6). Sin embargo, 'cuando se midié ‘la reactividad del
(CNS); con cadé uno de los diferentes aminofcidos presentes en
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Figura 5 _
Descenso en la actividad de fa Risozima con Lla irradiacién en
presencia de vanios necelectones de aaﬁic&tea. Concentracibn de
enzima, 7 uM;‘!.,”Aatuuadq con Ny, pH 6.9; o, 2'20, pH 6.9; & ,
Wg0, pH 5.2, 107° M KCNS; &, N0, pH 8.8, 1077 M KCNS; -9, N,0,
pH 7.8, 0.2 mM 2-Bu OH; YN0, pH 7.0, 1.0 mM 2-Bu OH.
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presentes, 19 reaccionaban muy lentamente con el radical. La
excepcibn fue el triptofano, que reaccionaba con una constante
de velocidad muy similar a la encontrada en la reaccién con la
enzima intacta. La conc¢lusidn fue obvia, El dafios producido por
radicales libres en el triptofano de la lisozima conducia direc
tamente a la inactivacién, Por supuesto, se habia demostrado ya
por cristaiografia con rayes X que el dafic en el triptofano

de la lisozima podia conducir a la inactivacién de la enzima.
Sin embargo, la observacidn era interesante porque sugeria la
posible existencia de otros radicales con reactividad selecti-
va respecto de otros aminofcidos. De ser asi,ftalgs especies
serfian Gtiles en la investigacién de ilos mecanismos de inactiva
cifén de otras enzimas. . T

Trabajos Tecientes han demostrado.que los radicales inor-
génicos Brz y C0; también inactivan la ribonucleasa, aunque no
se han identificado adn la mayoria de los lugares de reaccifn.
Aunque algunas enzimas son indudablemente més senéibles al ata-
‘que por radicales OH, el atagque Teductor por e;d 6 dtomos de H
puede conducir también a la inactivacidn en algunos casos. Sin
duda, debe ocurrir una reduccién moncelectrSnica de los puentes
azufre-azufre a continuacidn de la reaccidn del e;q con la en-
zima. Sin embargo, ademis de los aminodcidos que contienen azu-
fre, hay numerosos amincdcidos en la lisozima cuya reactividad
con el e;q es muy alta, Existe cie;ta evidencia reciente, pro-
veniente de fotdlisis de destellos™, que sugiere la posible mi-
gracidn intramolecular del electrfn & les puentes azufre, luego
de quedar libre en otra parte del sistema. Si esto es asi, el
ataque del e;q a varies lugares de la molécula puede ser segui-
do por una migracién rdpida a los grupos azufre.

Se ha demostrado también'que se puedc.infroducir cierta
especificidad en el ataque de los radicales utilizando el fon-_
radical COs como dador de electronesg. Después de la radiélisis
pulsada de una solucién de lisozima con una concentracién rela-
tivamente alta de &cido férmico y saturada con Nzo, se abservan
las bandas de absorcién del grupo RSSR . En este sistema, los
radicales OH reaccionan exclusivamente con. el ion formiato para
producir la especie (03: , . h
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OH + HCO; =+ CO0z + HyO | (4)

Este proceso es seguido por una reaccién ripida en donde el e-
lectrbn es transferideldel CO, a la lisozima

CD, + lisozima -+ CO, + [1isozima ] (s}

Un oscilograma demostrativo de la reaccifn se presenta en
la Figura 7,

ABSORCION

ABSORCION

-0 useg-——

4
CO; + RSSR—= CO,+RSSR -

ETT T 550
Anm
Figura 17
Transfercncia de efeefrones de 00; a Risozima. La sofueidn con-
tenia 1071 u de formiate de sodio, fisozima {2 mg/mi) y estaba
saturada con 6xido nitrose. Oscilograma tomado a 420 nm. COadena
da: 5% absorcidn/divéisidn grande; dosis: I K rads/pulso.

El espectro transitorioc es claramente el del RSSR . Es de no-
tar, sin embargo, que la absorcidn aumenta en intensidad y apa
rece mis rapidamente si. la solucién se pre-irradia con varios

pulsos. Parecerfia que la pre-irradiacién de la enzima modifica
su estructura, permitiendo de este modo que el radical CO} se

aproxime a una distancia de reaccién de los puentes azufre-
azufre que no era accesible en la enzima no irradiada. Estes
resultados sugieren, por lo tanto, que la transferencia elec-
trénica desde este radical sBlo ocurre con puentes expuestos €
indica un métode posible para estudiar el efecto de la radia-
cidn sobre la estructura terciaria y, en consecuencia, la con-
formacidn de la enzima (Figura 8). '
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ACCESIBLE

MO - ACCESIBLE

Q;q.o RES5R —»=RSSKR ™

Figuna §
Reduccidn de Los puentes azufre en esfaucturas enzimdiicas.

Procesos Ripidos que modifican la Dosis de Radiacidn en Sistemas
Celulares Intactos.

Deseo deﬁir unas palabras. con respecto al problema de
la modificacién de la dosis en células irradiadas. Se ha acep-
tado durante mucho tiempo que muchas especies de células pueden
ser protegidas de los efectos letdles de la radiacidn ionizante
o bien sensibilizadas respecto de los mismos efectos, por el
agregado de una variedad de sustancias quimicas al medio en el
que se encuentran suspendidas las células,

Proteccion

Durante la década del 50, poco después de descubierto el
fenémeno de la radioproteccidén, se sugirieron numerosos mecanis
mos para explicarla. Uno de ellos, conocido como el modelo de
donacién de hidrfgeno, discutide per Alexander y Charlesbym,
Howard»Flanders11 y otros, es de interés actual. Se trata esen-

cialmente de un mecanismo de radicales libres en el cual se su-
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pone que se produce inicjalmente una "lesifn" transitoria (ra-
dical libre} en una molécula vital, lo que puede ocurrir ﬁor

"~ absorcidn directa de energia o, indirectamente, por accién de
los radicales del agua.

Segiin esta hipétesis, las propiedades radioprotectoras de
los compuestos que contienen el grupo SH se deben a la capaci-
dad de estas sustancias de reparar o “cicatrizar” el dafic en la
molécula vital, por donacidn o transferencia de un dtomo de hi-
dr6genc del grupo SH. También se postulé que, en presencia de
oxigeno, esta reaccidn se podia suprimir o prevenir por un pro
ceso competitivo en el cual el oxigeno se adicionaba directa-

" mente al centro de radical libre para producir un radical de
tipo peroxidico: -

l ‘radiacién

/NANANNNN

Reparacién por Fijacifn por
RSI ~ oxigene

Se consideraba a la estructura peroxidica come irreparable y
precursora del daﬁo que aparecia en (ltima instancia a nivel
celular. Los resultados de varios experimentos con radidlisis
pulsada han sido de cierto valor en lo referente a la factibi-
lidad de esta hipftesis. Se ha demostrado directamente, con
esta técnica, la reparacién mediante cistamina de radicales 1li-
bres provenientes de una serie de solutos orglnicos simples,

El radical RS, formado a partir de la cistamina en la reaccién
de transferencia de hidrégeno

X. + RSH =+ XH + RS, . ()
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se compleja con otra molécula de cistamina pafa producir el ion
radical RSSR™, intensamente absorbente '

R5. + - RS~ = [RSSR ] N

En presencia de cistamina en exceso, el equilibrio se desplaza
hacia la derecha ¥, €n consecuencia, el tiempo de vida del
RSSR' es suficiente para permitir que la velocidad de la reac-
cién de reparacifn, que es mucho mds lenta, sea deteriinable
por observacién directa de la velocidad de aparicidn de la ab-
sorcidn correspondiente al RSSR™. Se ha determinado un gran nd
mero de constantes de velocidad para reacciones de reparacidn’
de este tipo y, por lo general, son menores que las constantes
de velocidad de las reacciones de los correspondientes radica-
les con el oxigeno por factores que van de 30 a varios centena-
res. Este rango de eficiencias relativas esti de acuerdo con el
obtenido por Howard-Flanders11_a partir de un estudio del efec-
to d¢ la cisteina sobre la sensibilidad a2 la radiacidn de bac-
teriéfagos irradiados en solucidn oxigenada.

Tambi&n se ha estudiado por la técnica de mezclado répi-
do, la relacidn entre la sensibilizacién por el oxfgeno y la
protecc'ién por el SH. S5e ha encontrado, en una serie de experi-
mentos, que el efecto protector del SH desaparecia cuando se
mezclaban, unos milisegundos antes de la irradiacidn, suspen-
siones anéxicas de bacterias conteniende cisteina con sclucio-
nes reguladoras oxigenadas. También se encontrd, que se obser-
vaba proteccién cuando se mezclaba cisteina con bacterias and-
xicas unos milisegundos antes de la irradiacién. En consecuen-
cia, tanto el oxfigenoc como la cisteina operan /en una escala de
tiempos propia de un proceso quimico inducido por radiacioenes,
lo que apoyaria el modelo de donacién de hidrégeno.

Armstronglz estudid el efecto de la cistamina en la for-
macidén de uniones transversales radio-inducidas en el polimeroc
de 6xido de polietilenc y éomparﬁ las observaciones con resul-
tados obtenidos por radiélisis pulsada. E1 punto final empleado
fie el de "dosis de gelificacifn", es decir, la dosis minima
requerida para el comienzo de la gelificacién, La cistamina tie
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ne efecto protector en soluciones &dcidas y alcalinas y, bajo
condiciones en que el RSH puede comﬁetir pof radicales del agua
la proteccidn se debe en parte a reccleccién de OH y en parte

a la inhibicidén de la formacién de uniones cruzadas entre los
radicales del polfmerc. que estén creciendo y los radicales cis-
tamina. Sin embargo, un éomboneﬁte extra de proteccidn, presen-
te tante a pH neutro como &cido y que totaliza-zlrededor del
40% de la proteccién total, desaparece en solucién alcalina. La
linea llena en la ffgura 9a nmuestra el efecto del pH sobre la

- constante de velocidad de la reaccidén de reparacién de radicales
libres dxido de polietileho. La lfnea punteada representa la
curva de disociacifn para el grupo SH de la cistamina.

RADOLISIS DE PULSDS PROTECCION DE POLIMERDS
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a) Efecto def pfi sobre fLas constantes de vebocidad pana La nrepa
nacifn de radicales del oxido de polietifenc {6000); Linea pun-
tedda: cunrva de disociacidn para el -SH en cistamina; b) ecompo-
nente dependiente def pil del éfecto de proteceibn inducido pon
Ea cistamina en una solucidn de Sxido de polietifeno (ianadiada
con § '

En la figura 9b, la 1fnea llena representa la curva de la figu-
ra 9a normalizada a los resultados de proteccidn obtenides en
los experimentos de 'dosis de gelificacidn". Los puntos confir-
man la hipdtesis de que el componeﬁte que depende del pH en la
proteccién del polimero se debe a la donacidn de hidrdgeno de

la cistamina.
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DANC RADIDINDUCIDD

l

QAMICG BIOGUIMCS

EXTRA-CELULAR SUPRESION  INHIBICION
DE PROTECTORES  DE
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Figura 10
Categonfas de mecanismos de sensdibifizacidn.

Radiosensibilizacién

Discutiré en forma breve, alpunos de los rasgos generales
de la radiosensibilizacifn celular,

El oxigeno es ciertamente el radiosensibilizador celular
mis ampliamente estudiado, aunque en afies recientes se ha de-
mostrado que un gran nfimero de otros productos quimicos sensi-
bilizan varios tipos de c&lulas. La mayoria de los experimentas
se han llevado a cabo scobre sistemas bacterianos , aunque se
han publicado tambi&n algunos ejemplos de sensibilizacifn de cé
lulas de mamiferos. Hay numerosas hipdtesis en lo referente al
mecanisme de accién de los radiosensibilizadores, incluyendo
varios procesos bioguimicos con participacién o no de radicales
libres,

~ El diagrama que se muestra en la Figura 10 sugiere una
clasificacidn posible de los mecanismos de radiosensibilizacién
propuestos. Se proponen dos categorias principales de lesiones
que son: las producidas por procesos gquimicos radioinducidos
que involucran radicales libres, y las provenientes de prOCesoS
bioquimicos sin radicales libres como precursores. La diferen-
ciacién experimental entre estas dos categorfias puede ser muy
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precisa, ya que las reacciones de radicales libres son muy rapi
Ol -

das mientras que, por*TU'EEheral las reacciones-que se llevan

a cabo entre moléculas 1ntactas térmlcamente estables son muche

mis lentas.

Se pueden utilizar las técnicas de mezclado ripido para aprove-
char esta diferencia en la escala de tiempo. Como se menciond
mds arriba, se ha demostrado que la sensibilizdci6n de la bacte
ria Sexratia marcescens con N-etilmalimida (NEM) ocurria adn
cuando el agregade del sensibilizador se realizaba sédlo unos po
cos milisegundos previos a la irradiacidn de la suspensién. El
agregado de NEM 4 milisegundos déspués de la irrddiacién de la
bacteria sblo producia una d&bil sensibilizacifn. El objetivo
del experimento era intentar contestar la pregunta: "E1 NEM,
que es un conocido agente ligante de sulfhidrilos, isensibiliza
por un mecanismo de radicales libres, ¢ su accifn se debe a la
unién intracelulaf de grupos SH libres presentes normalmente en
la célula, con lo que disminuye el componente natural de la pre
teccibn atribuible a estos compuestos?", Se llegd a la conclu-
sidn de que el tiempo de contacto pievio a la irradiacién era
demasiado corte para permitir una reaccifn entre el SH y el NEM
y que, por 1o tanto;'en este sistema estaba involucrado en ILa
sensiﬁilizacién un mecanismo de quimica de radiaciones. Andloga
mente, se demostrd que la radiosensibilizacién bacteriana por
el radical libre orgdnico N-oxil t1.":'la.c‘e:t:onam:"ma-(TMNJT:5 también
ocurria en una’ escala de tiempo muy corta, indicande otra vez
la participacién de una reaccién ripida de radicales 1libres.

'Se ha demostrado que ciertos compuestos que presentan
fuerte afinidad electrénica son radiosensibilizadores: celulares
activos'®. Entre ellos se incluyen quinonas, varios compuestos
dicarbonilicos y, particularmente, la acetona aromitica
p-nitroacetofenona (PNARJ15. Los resultados hasta el momento in
dican que estos compuestos-también actiian por algln mec¢anismo

de radicales libres.

Existen algunos sensibilizadores, particularmente el ion
cliprico y la iodoacetamida, que parecen actuar extracelularmen-
te. En tales casos, .los productos tdxicos provenientes de la in
teraccifn del sensibilizador con los radicales libres producidos
en el medio externo son responsables de la muerte de la célula.
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Sin embarge, se ha demostrado que la sensibiiizacidn por otros
- compuestos, principalmente PNAP y NEM, no es inhibida por la
presencia en el medio de altas concentraciones de recolectores
de radicales, indicando que la sensibilizacidén aparece después
de las reacciones entre radicales libres que tienen lugar
denine de la célula,

Hasta el momento, no es posible decir en forma definitiva
en qué sitio de la molécula tiene lugar la radiosensibilizacidm
aunque existe una considerable evidencia circunstancial que se-
fiala hacia los dcidos nucleicos. Nuevamente, no es posible de-
cidir si el fenbmeno involucra modificacidn del dafio debido a
una absorcién directa de energfa en. la molécula blanco o si lo
importante es la lesidn indirecta proveniente de los radicales
producidos por radidlisis del agua. Sin embargo, algunos expe-
rimentos sobre modelos de dcidos nucleicos han suministrado
cierta informacidn. Willsen y Emmerson'® estudiaron la radidli-
sis pulsada de soluciones acuosas de ADN que contenian el ‘sen-
sibilizador TAN. Se muestran algunos de sus resultados en la fi
gura 11, El oscilograma de laizquierdamuestra la aparicién de

una absorcién transitoria debida a la reaccién de los radicales
Qi -cen ADN.

TIEMPO

ABSORCION

) Figuna 11
Decaimienteo de La absorcidn a 310 nm en La nadiflisis pulsada
de una solucifn de ADN [0.06%) saturada con N20 con y ain 1.5
x 1074 M Tan. '
Ondenada: 1% de absoredidn pon divisidn grande.
Abseiaa: Tiempo, 50 wseq pon divisidn grande.
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Por analogfa con resultados de experimentos estacionarios y de
radiflisis pulsada con nucleftidos libres, Willson y Emmerson
concluyeron que esta absorcifn se debia a un compuesto de adi-
ciSn del OH con ADN. La absorcién tiene una vida relativamente
larga, decayendo s6lo débilmente a le largo de los primeros '
500 mictosegundos posteriores al pulso de radiacidén., Sin embar-
go, en presencia de TAN 1.5 x 10'“{M, alrededor del 50% de la
absorcién decae ripidamente en aproximadamente los primeros 100
microsegundos, lo.que llevs a la conclusién de que el decaimien
to se debfa a la. adicién de TAN en el radical libre del ADN re-
sultante de Ia adicién de OH a los componentes bisices.

En experimentos de radiélisis pulsada se ha encontrado
también que otros sensibilizadores, particularmente NEM, PNAP
y Z-metilnaftoquinona, son agentes oxidantes muy eficientes y
pueden transferir electrones en forma rébida y cuantitativa de
radicales libres derivados de las bases del ADN, por ejemplo,
timina

[Timina]-. + PNAP' + Timina + [PN}\P]— (8)

Un ejemplo se muestra en la Figura 12.17 En este experimento
de radiflisis pulsada, la solucién oxigenada contenfa 5 milimo-
les de timina, 0,5 de butanol terciario como recolector de radi
;algs.OH‘y 1,5 x lo_h moles de NEM. Inmediatamente luego del
vﬁplsé, tbics los eléctrones hidratados producidos por radiélisis
‘del agua son recolectados por la timina para producir el ion
‘radical Fimiﬁé ‘ :
‘Timina . + e;q - [Timina.]'.- o ()

‘Este radical reacciona luegc con NEM con transferencia de elec-
trones para formar el compuesto de adicién del electrén con
NEM

[Timina]' + NEM + Timina + [NEM] (10
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Figura 12

Efecto de La concentracibn de NEM sobre La veleocidad de foama-
cidn del anibn nadical del NEM (NEM™} pon taansferencia de efec
thones dé th™. Las sofuclones faenon desoxdigenadas gy tontenfan

5 mM de fimina y 0.5 M de t-butancl a pH 11.5.

‘La reaccién se demuestra por el crecimiento exponencial de lia
absorcién debida a NEM. Aunque este experimento se llevd a cabo
a pH 11,5, se han observado reacciones similarés con otras mo<’ -
léculas sensibilizadoras a pH neutro, por ejemplo, metilnafto-
quinona y PNAP. En general, las reacciones de transferencia de
electrones de este tipo son répidas, llevéindose a cabo con cons
tantes de velocidad que se aproximan a las de las reacciones 1i
mitadas por difusién.

Tales .experimentos, sin embargo, son sflo sistemas modelo
que demuestran que los sensibilizadores de este tipo tienen mis
afinidad electrfnica gque los componentes de los ‘dcidos nucleicos
Es posible, no cbstante, especular con proveche sobre come pue-
den operar tales compuestos con afinidad por el electrdn bajo
condiciones celulares (Figura 13).
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Figuna 13
Hodelo de atrapamiento de efectrones para sensibilizacidn.

Uno de los mecanismos que se han propuesto sugiere que, a con-
tinuacidén de la ionizacidén directa en la molécula blanco, elec-
trones termalizados migran a trampas de electrones en la molé-
cula. El tiempo de' vida de esta separacién de carga radioinduci
da dependeria sin embargo, de la competencia entre la neutrali-
zacién de las cargas y la estabilizacién de las mismas resultan
te de interacciones resonantes en sitios adecuados de la molécu
la. Si, por lo tanto, existiese, como complejo o como molécula
libre, una molécula de afinidad electrénica mayor, en la vecin-
dad inmediata podrfia ocurrir una transferencia electrbnica de la
molécula ionizada a é&sta (sensibilizador). Esto competirfa con
la recombinacién de carga, proceso que contribuiria a la autore-
paraci6én. Una transferencia electrdnica irreversible al sensibi
lizador disminuiria la probabilidad de esta autoreparacidn y fa-
voreceria el decaimiento del ion pesitive a2 un radical libre neu
tro. Existe cierta evidencia directa en favoar de esto. Nicholau,
Korner y Cristea18 irradiaron ADN s&lido que contenia una peque
fia cantidad de metilnaftoquinona y registraron el espectro de
resonancia electrénica paramagnética. Encontraron que el rendi-
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miento de radicales en 1la mezcla era varias veces mayor qué en
ADN puro. BEstos hallazgos, que han sido confirmados desde enton:
ces, demuestran claramente que la presencia de pequefias cantida
des de compuestos con afinidad electrénica elevada, aumenta el
dafio por radiaci®n total QUe sufre el ADN. 5i el sensibilizador
tambi&n es capaz de reaccionar fijando radicales libres en com-
petencia con cualquier reparacidn inducida per el SH, es decir,
por mecanismos 51mllares g2 los postulados para el oxigeno vy pa-
ra el TAN, el dafio irreversible aumentaria mis ain.

En conclusidn, agregaré que, si bien mucha de nuestra in-
formaci®én relativa a la pérficipaciﬁn-de procesos répidos en da
fies rad10b1016g1c05 proviene del estudio de sistemas-modelo sim
ples, puede anticiparse que el progresc en las técnicas de medji
cidén de los efectos inmediatos de las radiaciones proveerdn
pronto medios para estudiar directamente procesos extremadamente
répidos en la irradiacién de sistemas celulares intactos,
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BUSQUEDA DE LOS PROCES0S MAS INMEDIATOS

Rebert R. Hentz
Radiation Laboratory, University of
Notre Dame, Indiana, 46556,EE.UU.

INTRODUCCION

Me siento muy honrado de tener la oportunidad de presentar
una conferencia plenaria en esta Reunidn sobre "Efectos Prima-
rios de las Radiaciones" ante un auditorio que incluye a la ma-
voria de los mas importantes contribuyentes al tema. Debo tam-
bién expresar mi agradecimiento a nuestros anfitriones por su
hospitalidad y eficiencia , que han hecho de esta Reunién una
de las mis agradables y valiosas experiencias de mi vida.

El propdsito de esta conferencia es presentar un resumen
de la Reunidén y particularmente del simposio sobre "Efecteos in-
mediatos".

Mi resumen reflejari necesariamente mis limitaciones e in
" clinaciones, por lo que me disculpo de antemano por no cubrir
ciertos . aspectos del tema de especial interés para algunos miem
bros de la audiencia. Pondré énfasis en los trabajos relaciona-
dos con les procesos inducidos por las radiaciones en liquidoes
de baja céhstante dieléctrica y espero tener tiempo para hacer
alpunas observaciones sobre estudios recientes de radiflisis

de soluciones acuosas muy concentradas. »

. La blisqueda de los procesos mis inmediatos en los efectos
de las radiaciones comenzf activamente hace alrededor de 253
afios ¥ ha constitufido el interés primario del moderador de nues
tro simposio, Prof. Milton Burton. Al principio de la década
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del 60, la iniciacién de cuatro lineas de investigacidn dié nue
vo ‘impulsc y direccién a esa blsqueda: (1) observacién del es-
pectro de absorcién del electrdn hidratado,1 que culmina hoy en
el brillante trabajo de J.W. Hunt presentado en esta reunién?;
(2} estudio de la conductividad inducida por las radiaciones en
liquidos de baja constante dieléctrica3; (3) estudio de los pro
cesos ibnicos inducidos por las radiaciones en widrios orgéni-
cos a bajas temperaturas (77ﬂK y menores)4; (4) estudio, con re
ferencia a un medele, de los procesos idnicos inducides por las

radiaciones en liquides de baja constante dieléctrica®.

Consideremas, en primer término, la absorcidn de un elec-
trén de 1 MeV en un liquido molecular de baja constante dielec-
trica, por ejemplo,un hidrocarburo. Se genera un gran niimero de
electrones con energias que van desde cerc hasta la mitad de la
energia del electrdn primario. Cuando un electrén energético se
-aleja de su catién hermano (en lo que sigue se entenderd por es
te un par hermano catién-electrén), pierde energfa en icniza-
cifn y excitacisn electrénica del medio hasta qué su energia
cae por debajo de la del nivel de excitacidn m&s bajo. La dis-~
tancia de separacifn catién-electrén a la cual el electrén al-
canza esta energfa de sub-excitacidén se llama alcance, El eleg
trdn subexcitado entrega ahora energfa a vibraciones intramole
culares hasta llegar a la energfa subvibracional y, en este pro
ceso, la distancia de separacifn se extiende hasta 178 mis alli
del alcanceé. El comportamiento de los eléctrones subvibracic-
nales es actualmente tema de conjeturas. Tentativamente, supon-
dremos que estos electrones Se termalizan por algdn mecanismo
Yy que en este proceso la distancia de separacién aumenta hasta
llegar a una separacifin total catibn-electrén llamada distancia
de tenmalizacidn. Surgen ahora numerosas preguntas, jCuil es
la prebabilidad de que un electrén sea atrapado en el solvente,
o capturado por un soluto, antes de la fexmalizacidn? ;Qué sig-
nifica exactamente feamalizacion del electrén, es decir, cufl
es la naturaleza de un electrsn feamalizade en un hidrocarburo
liquido?. (Esti el electrén feamafizade atrapado o localizado
en una cavidad del sclvente, como en helio lfquido y en solven
tes polares (por ejemplo, H,0 y NH,)? y si lo estd, ipuede el
comportamien@g posterior del electrfn ser descripto més o menos

-

-
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clisicamente, como esl' de un anién?,. i{Hasta donde puede descri-
birse el retorno del electrén a su catién hermano mediante la
ecuaci6én de Smoluchowski de difusién en un gradiente de poten-
cial?. O bien, ies el electrdn feamafizado un electrdn cuasili-
bre, como un electrén en exceso en argdén lfquido, para el cual
es necesaria una descripcidn meﬁénico-cuéntica? Entonces, y den-
tro de un cierto rango de distancia de separacién catidn-elec-
trén, idebe ser considerado el par catifn-electrdn como un esta
do excitado con un orbital extendido y altamente perturbado cu-
yo decaimiento al estade fundamental (neutralizaciﬁn] debe ser
descripto mfdiante'un'modelo de conversifn interna y para el
cual la recoleccidn corresponde a la formacién y disociacién: de
un complejo de transferencia de- carga* &0 puede aplicarse una
situacién intermedia, comoc en un modelo de semiconductor, 'en el
cual el electrdn pasa parte de su tieﬁpo en trampas y el fe§t0
moviéndose entre trampas como un electrdn cuasi ‘libre?. ¢En’
qué extensidn, y de qué manera, depende la naturaleza y el com-
portamiento de un eléectrén de la naturaleza del liquido molecu-
lar huésped de baja constante dieléctrica? Finalmente, y muy'
importante, ;cudles son las funciones de distribucién para las
distancias de termalizaciédn catidn-electrdn y los tiempos de
neutralizacién.para un electrén primario de 1MeV?., Vale decir,
icufl es la fnrma de f (r) dr, la fraccidn de todos los pares
catifn-electrdn para los cuales la distancia de terﬁalizacién
cae entre r y r+dr, y de £ (t} dt, la fraccidn de todos los pa-
res catifn-electrén para los cuales el tiempo de neutralizacién
cae entre t y t+dt?,

Estudios de recoleccién' Un Modelo.
*

Alconsiderar algunos de les interrogantes anterlores, es
ut11 comenzar con Jh\modelo que ha sido la base de muchos de los
trabajos realizados en esta &rea. Se supone que el electrdn es
atrapado por termalizacién a una distancia r del catifn hermano
y que el comportamiento posterior del par catidn-electrdn puede
ser descripto mediante la ecuécién de Smoluchowski de difusidn
en un gradiente de potencial, como en la Ec.I, donde ¢ es la

constante dieléctrica, e la carga electrdnica, la movilidad

H,
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del catibn y u, la movilidad del electrén:

-8r/dt = (u, o uy) (e/erd) (1)
Integrando se obtiene la Ec.II para el tiempo de neutralizacién
v, en el cual el electrén llega a la distancia de neutralizacién
To partiendo de una distancia de termalizacién r a t=0

v e(r’-rd)/3eln, + u (11)

e’

Por supuesto, la Ec.II es una simplificacifn excesiva. To
~dos los electfones gue tengan la misma distancia.de termaliza-
cibn r no tardarén el mismo tiempo t. El retorno es un proceso

aleatorio; algunos de tales electrones volverdn antes de 1, al-
.gunos més tarde, y algunos no regresardn sino que escaparén del
campo del catién. Sin embargo, puede considerarse a t como el
tiempo medic de neutralizacifn para la distancia de termaliza-
ci6n r. La probabilidad P de que un electrdn de distancia de
"termalizacién r no se neutralice con su catién hermano acoplado
(neutralizacién geminada) esti dada por la relacibn de'OnsagerT.

p - greiferkr ' (111)

§1 llamamos distancia de escape critica, r., a la distan-
cia de termalizacién para la cual P = 1/e, se obtiene la Ec.IV.
Para e¢=2,0 y T=300°K, IE=280A

r, = ez/ERT. | (1Iv)
-._E —_— —_—

. o

IE = 280A.

Williamss ha‘estudiado G (HD) en soluciones de ND3 en
c-C¢Hy, irradiadas con y. Se supuso que la formacidn de HD era
una censecuepcia de la cadena de reacciones (1) - (3)

+ +
SfCBHIZ + ND3 -* g_-CﬁH‘1 + NDSH . {1}
ND.H" + e” »~ ND,H + D (2)

D + E'C5H12 - HD + £~C6H11 . {(3)
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La representacién de G (HP) en funcién de Aqﬁg es lineal, con
una ordenada al origen G° (HD) = 0,08. G° (HD} se considerd e-
quivalente al rendimiento G fi = 0.10 de iones libres (es decir
que escapan a la neutralizacidn geminada) medidc en experimen-
tos de conductividads. El incremento lineal de G (HD)} con /ﬁﬁs
fué asociado con la recoleccifn de ¢-CgHi2 + por pares catién-
electrén. Una extrapolacibn (no justificada por experimentos de
recoleccifn posteriores) sugirié que el 50% de estos. cationes
serfan recolectados por ND3 1 M, a partir de lo cual se calculé
un tiempo medio de ﬁeutra%izaciﬁn para todos los pares geminados
de 1 = 1 nseg. con K=10" M  seg- . Con e=2,0, To=0 ¥ (u,%u,)
= 10 %cm®V"! seg ? en la Ec.II se calcula una distancia de ter
malizacién media T s60'3 sustituyendo 1 por T, =.1 nseg. Susti
tuyendo en la Ec.IT el wvalor de r por r_ = 280, Se obtiene 7 _=
100 nseg.Mediciones posteriores8 indican una movilidad en cicle
hexano de alrededor de 0.2 cm? V'! seg "!. Para ese valor se cal
cula r_ = 3507 y t. = 0,5 nseg, a partir de la Ec.IT, para 7 =

1 nseg ¥ ¥ = 280;? respectivamente.

El valor de r, a usarse en la Ec.II corresponde a la dis-
tancia a la cual deja de ser aplicable la ecuacién de Smoluchows-
ki, La condicién limite ha sido definida® en términos de la in-
tensidad del campo gﬂ para la cual la energia de dériva alcanza
da en un camino libre medio ¢ (por pérdida de energia) se hace
igual a kT. El tiempo de deriva ty es aproximadamente el que da
la Ec.V, a

ty = c/JSkII@E (v}

con una velocidad térmica ¥,= Y3KT/m,, y la distancia de deri-
va s, la que da la Ec.VI. -

sy = Ee ti/om, = E es?/6kT (V1)

Ze

De esta manera, la energia de deriva Wy estd dada por la Ec.VII,

2 2.2
Hg = E"e“o/6kT (VIT)

y la condicidén limite por la Ec.VIII,

Efeo?/6kp = efal/6kTelr,t = k1 (VIII)
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-3
Con o = 3A, ¢ = 2,0y T=300 °K, se obtienen los valores Ty =
18,5 Ay Eg = 2,1 x 10 8V cm' 1,

Freemang ha aplicado el modelo de Williams para calcular
la eficiencia con que son recolectados los cationes o los elec-
trones <omo funcién de la concentracién de recolector en varios
1iquidos, Se calculd una funcidn de distribucién para las dis-
tancias de separacién catibn-electrdn (presumiblemente corres-
pondientes a la separacidn para la cual se produce el atrapa-
miento del electrén por- el solvente), a partir de un espectro
electrénico secundario y ‘datos de alcance- energia dados por
Lea1D. Para cada r, se utilizé la Ec.II, con 1" 10 A para cal
cular t. Multiplicando 1 por la suma, para recolector y catién
o electrédn (seglin cual de ellos esté siendo recolectado),
los hroductOS de la frecuencia de salto y los nuevos vecinos en-
contrados por salto, se obtiene el parfmetro 8, el cual determi-
na la probabilidad de que el catién o el electrdn sea recolectado
para cierto valor de r y cierta concentracién de recolector. En
la Ec.IX, D indica un coeficiente de difusién, A una distancia
promedio de salto, y b el niimero de nuevos vecinos encbﬁtrados_
por salte; los simbolos sin subindice se refieren al catifn o
al electrdn del solvente y los con subindice a los del recolec-
tor. Los coeficientes de movilidad y de difusién estdn relacio-
nados mediante D = kTu/e que da D = 0,026 ucm2seg ' a 300°K
con y en unidades de em? V1 seg "1

(2 027+ b DM, * w) (1X)

En un trabajo anterior’, Freeman utilizé we = 2,5 x 1073
em? V' seg’! para un electrén en ciclohexano; usando el valor
recientemente medido ° de pe = 0.2 em? V7! seg’1 se introduci-
ria una discrepancia considérable entre las eficiencias de re-
coleccién calculadas y las medidas, particularmente para la
recoleccién de cationes. En un trabajo posteriorg,-ﬂ ha sido uti
lTizado como un parametro ajustable (sin asignar valores a las
cantidades individuwales de la Ec.IX) para obtener concordancia
con los resultados experimentales. Para la funcifn de distribu-
cién usada en la bibliografia, la distancia de separacién en
.ciclohexano cae dentro de los 17 A para el 43% de todes los pa-
res catifn-electrén y de los 32 A para el 87%. En un trabajo
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presentade en esta Reunidn, se encuentra totalmente satisfacto-
Q .
Tio un valor de separacibn media de r  ~ 30 A, Es importante ng
! a9
tar que para 0 = 3 A se calcula un 1imite para la aplicabilidad
. o
de %a Ec. de Smoluchowski de I, = 18,5 4y o = 12 A daria Iy <

37 A,

Humme111

ha tratado el problema de la recoleccifn aplican
do una ecuacifén derivada por Monchick12 a partir de la ecuacién
de Smoluchowski para cal¢ular la probabilidad de que la neutra-
lizacién de un par catidn-electron de separacién inicial r ten-
ga lugar en presencia de un recolector. E1 cdlculo de'gs,'renéi
miento de electrones o catiores del solvente recolectades, para
una concentracién de recolector dada € requierc, como en el tra
tamiente de Freeman, (1} un espectro de deposicién de energia

{c de energia electrénicg), (2) uné relacidén entre deposicién de
enéfgia y distancia de separacién catidn-electrdn, y {3) asigna-
cién de un valor a un parfmetro « =k / (D, + D,) en el cual k es
la velocidad especifica de la reaccidn de recoleccidn. Se obtuvo
una concordancia razonable con los resultados experimentales pa-
Ta varios recolectores en ciclohexanc ajustando o y usando una de
de las dos relaciones empiricas existentes entre deposicién de e
nergia y distancis media de separacién {se supuso una distribu-
¢ifn Gaussiana de separaciones para cada energia). Las dos re-
laciones energia-distancia usadas han dado buen resultado en
cdlculos de dependencia de G.. con la temperatura para varios
1fauidos. En una de esas dos relaciones, la distancia media de
separacién es constante y de ™~ 62 3 para energias de hasta 80 eV
y luego crece mondtonamente con la energfa. En la otra relacidn
la distancia crece monStonamente con la energia en toda el ran-
go. Para ambas relaciones, las distancias de separacién son con
siderablemente mayores gue las de Freeman correspondientes a la
misma energia, '

Del tratamiento de Hummel se obtienen dos resultados im-
portantes. Primero, para valores pequefios de C . la ecuacidn ted
rica de recoleccién se reduce a G -G, JC_, To que coincide
con los valores experimentales. Segundo, los valores de ue para
buenos recolectores de electrones son 17 a 34 veces mayores que
los valores de o, correspondientes a buenos recolectores de ca
tiones. Suponiendo que las reacciones recolectoras sean contro
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ladas por la difusibn, y con rie/a+ = 32, resultarfa, por ejemplo
R, (22 + D) /R, (Ei + D) = 32, Suponiendo los radios de reac
cidén aproximadamente ipuales, es decir ge%5+, ¥, en ciclohexano,

20 = -5 .2 -1
Q*WQE /4, se calcula 2§?H0 ng Usando Qg 2,0 x 1? cm® seg
para un recolector tipigo, resulta Wy = 0,04 em® V'! seg’!

que es 5 veces menor que el valor recientemente medido 8.

La cinética de la neutralizacién catifn-electrén ha sido
analizada por Mozumder mediante la aproximacién de "difusién
prescripta" a la solucidn de la ecuacidn de Smoluchowski13. La
solucifn da la probabilidad de que un par catifén-eléctrdn con
una separacién inicial r permanezca sin neutralizar al tiempo t
y se reduce a la ecuacién de Onsager, Ec.IIl, para tiempo infi-
nito. Para calcular la dependencia temporal del proceso'de neu-
tralizacién en un liQuido irradiado con energfas altas a T =
ZQS?K, se supuso upna distribucidn Gaussiana de las distancias
de termalizacién'catiég-electrﬁn con un valor medio de Im’BOR
y una dispersidn de 20A,ya que una distribucién de este tipo,
tzl como la de Hummel, habria probado ser apropiada para calcu
. lar la influencia de la temperatura sobre G.. en hexanoﬁ. Con
€=2,0y (n, +ug) = 1.5 x 1077 cm? V') seg’l, se calculd =6
nseg come el tiempo al cual el 50% de todos los pares catidn-
electrdn permanecen sin neutralizar. Usando el valor ue¢ﬂ,2

' medido® se obtiemer = 0,045 nseg. En un trabajo

cm? V-%_seg'
no publicado, Mozumder ha demostrado que para tiempos grandes
(t/t m>>1) la fraccidén de pares idnicos que permanece sin neu-

1/2

tralizar se hace proporcional a E- , como se observé en expe-

rimentos recientes 14’15. Asimismo, mediante la transformacibn
de. Laplace se ha obtenido una ecuacifn de recoleccién que se

reduce a Esf Ggy @ /ﬁ‘ para valores de gs pequefios.

-]

Estudios de Recoleccién; Una Ecuacién Empirica

Schuler y-colaboradores hap usado una aproximacién empiri
ca al problema de . los procesos idnicos radioinducidos en 1iqui-
dos de baja constante dieléctrica, Los resultados satisfacen la
-ecuacidn para un gran nimerc de recolectores de cationes y elec
' 16, Egi indica el rendimiento de
pares geminados catibém-electrdn y d es un pardmetro que estd re

trones en hexano v ciclohéxano
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lacionado con el de Hummel perc no es el misme. Los otros simbo
los han sido definidos ya. _
Gy = Ggy * GpseCe/(1 » /&) o

El parimetrc o« es a= k't , donde k es la velocidad especi
fica 'de recoleccifn y 1 es un tiempo de neutralizaci®n caracte-
ristico de-la distribucién catibn-electrSn tal que ;cl/(u;+ue].
La Ec.X se reduce a gi = Ggy Ggi JTE"Eg'paré pequefios vglores
de gs, lo que estf de acuerde con la experiencia, y la extrapo-
lacién de resultados experimentales para varios recolectores has
ta . = 0 da Gg; % 0,10 que concuerda con resultadés de estudios
de conductividad. Extrapolando (G, - Gey) ! en funcién de gﬁ'llz
se obtiene ggi = 3.8, E1l rendimiento total de pares idnicos;
Efi + Egi'= 3.9, corresponde a una energia promedic por par ig-
nico, W, préxima al valor correspondiente a la fase gaseosa.

'Z.l
-Para buenos recolectecres de electrones uex16§- , ¥ para
. . - . . b «1
c¢-C3 Dg en su calidad de recolector de cationes, e, = 0,4 M
Suponiendo que las reacciones de reccleccidén son controladas

por difusién con R, » R, ¥ D, x D_/4 en ciclohexano, se obtiene

= 2, -5 2 -1
Qe ~ 5D Qs' Asi con 95 = 2.6 x 10 1cm seg = para un reco-

= 2 = 2 -

lector tipice, resulta ve = 0,05 cm™ V
- - s 8

menor que una determinacifn reciente .

En un estudio muy intereéante]?, se determind el rendi-

-1
seg , que es 4 veces

miento G_ de cationes de ciclohexano recolectados por una con-
centracidn fija de ¢-Cy Dy en funcién de la concentracifn de
CCly , que es un eficiente recolector de electrones, éXistente
en la sclucidn. Para cada concentracién de ¢ - CaDg , gé aumen-
ta con la concentracién de CCl, y alcanza una meseta para altas
concentraciones de CCly (0,1 - 1,0 M). Tal compartamiento se a-
tribuye a la conversién, por reaccidén con CCl, , del electrén
de un par geminado catifn-electrfn en un anidén de movilidad con
siderablemente menor que la del electrdn., De esta manera, el
tiempo de neutralizacidn para tal par 'iénico geminado aumenta,
y la probabilidad de recoleccién del catidn también aumenta por
este motivo. Aunque a concentraciones de CCIl, correspondientes
a la de la cbtencién de la meseta, no todos los electrones exis
‘tentes son recolectados, parece que para esa&s concentraciones:
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(1) la recoleccifin de cationes tiene lugar casi coipletamente

a partir de pares catién-anién, y (2) los restantes pares catién
anién tienen tiempos de neutralizacifn tan cortos.que su aumen-
to por conversifn al anién no incrementa apreciablemente la re-
coleccibn del catidn para esa concentracién particular de ¢ -
C3D5 - ’

En ausencia de CClh,la influencia de la concentracién de
¢ - C,D, sobre G estd de acuerdo con la Ec. X para o, = 0,4 M1
La relacién de los valores de meseta de G {para grandes concen-
traciones de CC1 ) con la concentracién de ¢ - C D, satisface
tambien la Ec. X pero cen @} = §,8 M” 1. para recoleccién de ca-
tiones a partir de pares catién-electrén, @, = k,tak, /(u, + ue);
para-recoleccién de cationes a partir de pares catién-anifn
w2k, T 'a k,/(u, + u_) en la cual y_ indica la movilidad anibnji
ca. De este modo se obtiene la Ec. XI para el mismo18

17 = -u;/a.‘_ = 1'{1 = (u, + ue_)/(u+ + u_) (X1}

u,=0.25 x 1073 em? V7! osec”! and u_=0.36 x 107% en? v7! sec’?

A partir de la Ec.XI, se obtiene u_= 0,010 cm? v’ seg™!
comparable con el valor experimental8 ue= 0,2 em? vl geg 1

1]

Obviamente, los problemas subsisten.

A partir de la Ec.X se deduce que (t + /E;Q;)'l repre-
senta la fraccifn de pares geminados catifn-electrdn que se neu
trallzan, es decir, cuyos electrones no son recolectados por un
recolector de electrones presente en la concentracién C . Asi
siendo £{t) dt la fraccién de todes los pares gem1nados “catibn-
electrdn paraslos cuales el tiempo de neutralizacién esti com-

prendido entre t y t + dt se obtiene la Ec. XII19 _
. ) o -k C t
s /aCy T = e TEE f(r)de (XI11)
e=s o )
Humme118 ha sefialado que la Ec.XII corresponde a una transofor»

macidn de Laplaci inversa de la cual puede obtenerse f( t); De
mis interés es [, £(t)dt, que d& la fraccién By de pares catién
electrfn geminados que permanecen sin neutralizar y, por lo tan
to, que pueden ser observados experimentalmente al tiempo t.
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El resultado se da en la Ec,XIII

, et/o) 1/2

vdt = e = £ erfe(k,t/e) (XIIT)

F, =7 £(

Como a, = k.7 , se tieng Egi/“e = t/v, Para t/tv »>1, la Ec.
XIII se reduce a la Ec.XIV:

V2 o (a2 (X1v)

E£(£_>> T) = (ué}ﬁkgg)
Para tiempos largos ha sido observada15 una dependéncia de es-
te tipo entre la concentracién de pares catidém-electrén no neu-
tralizades y ,-1/2 .

Se ha demostrado'® que las Ecs,.XIEI y XIV describen el'dg
caimiento geminado de aniones de difenilo para G xﬂ'a'QOU nseg
a partir de un G inicié&_igual a 0,93 inmediatamente después de
aplicar un pulsoc de electrones de 3 MeV de 12 nseg de duracién
a una solucién 0,1 M de difenilo en ciclohexano14 (valores de
G obtenidos restando Gfl = 0,12 del rendimiento anidénico medido).

14 fue

El valor de G = 0,2, obtenide 100 nseg después del pulso
utilizado en una forma medificada de la Ec.XIV para calcular
§e19 . Debido a que leo que se observa es el decaimiento de los
pares geminados catién-anién, en la Ec.XIV debe usarse 1' de la
Ec.XI en lugar de 1; la Ec.XIV queda entonces F = (1'/n£)1/2

= (17 1/et)/%= (17 & e/ ke t)

Con @, 15 M 1 para fenllbenceno como recolector de elec-
trones, t = 100 nseg, y Et = 0,2/3,8, se calculan valores de
t= 0,05 nseg y k, = 3,0 x 101!M 3eg”l. Con tales valores, de 1la
Ec. XIII se obtiene T = 0,03 nseg como valor del tiempo para
el cual el 50% de los pares geminados catifn-eléctrdn permane-

cen sin neutralizar (es decir, f = 0,5).Debe notarse que el

t
valor obtenide para Ke es 30 a 50 veces mayor que los valores
para reacciones controladas por difusién de itomos y moléculas

en ciclchexano.

Estudios de Conductividad

Los primeros estudios de conductividad inducida por ra-
diaciones en liquidos de baja constante dieléctrica, junto con
otros datos, sugirieron que Gfi aumenta al aumentar la constan-
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te dieléctrica dellfquido’?

. Tal correlacifin es la que se espe-
ra de la ecuacibn de Onsager (Ec.III), por si sola; a medida que
¢ aumenta, la probabilidad de escape para cada distancia de se-

paracidn r crece, Sin embargo, mediciones posteriores a,22

han
demostrado que otros, factores, tales como la estructura molecu- ,
lar, pueden ser muy importantes en la determinacién de gfi’ pro
bablemente por sus efectos sobre 1la funcifn de distribucifn para
distancias de separacibn catidn-eléctron. Por ejemplo, G_. =
0,86 en neopentano 21 compéfado con gfi = 0,13 en hexanogi,aﬁn
cuande las densidades difieren en sflo 8% y las constantes die-

léctricas difieren en menos del 4%.-

" En el curso de la determinacién de Gg; en neopentano, Te-
wari y‘Freemanzz notaron que inmediatamente después de un pulso
de radiacifn de 0,6 mseg la corriente crecif rdpidamente hasta
ﬁﬁ miximo y decayd luege ripidamente para dar una curva corrien
te vs. tiempo del tipo observado en hexano, para el cual no se
chserva tal miximo sobre la curva normal. Con neopentano al que
se agregd un recolector de electrones, no fue observado dicho
mixime (es decir, el comportamiento del gréafico corriente vs,
tiempo fue similar al del hexano} ¥ gfi se redujo, pero a un
valor todavia 4 veces mayor que para hexano. Los autores atribu
yeron el miximo a un electrbén de alta movilidad en neopentano
que es rdpidamente convertido en anifén al ser atrapado por una
impureza recolectora de electrones, probablemente oxigeno. Los
resultados sugirieron una correlacidn entre la magnitud del m&-
ximo sobre la curva normzl (o la movilidad electrénica) vy gfi.
La existencia de tal correlacifn fue apoyada por determinacio-
nes posteriores de gfi »~ 5 para argén liquido a -186°(en el
cual el electrdn es cuasi-libre o localizado} y por la observas=
cién de un mixime en la curva de corriente vs. tiempo aproxima-

damente 40 veces mayor que el observado en neopentanozz.

E1 valor de gfi;x 5 para argén liquido indica que en este
medio esencialmente todos los electrones escapan de sus catio-
nes hermanos. Los resultados de Klassen y Schmidt23 apoyan a es
ta conclusidn. Para bajas dosis por unidad de tiempo de rayos X
aplicadas a argén 1fquido, la representacidn gréfica de la co-
rrien;e,eﬁ funcién del potencial alcanza un valor constante a
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alrededor de 10 kv cm™!. Este hecho, y su dependencia de la do-
sis por unidad de tiempo, indican gue la corriente compite sola
mente con la neutralizacién homogénea de pares ibnicos. De los
~valores de la corriente de saturacién por unidad de dosis hora-
ria se obtiene gfi = 4,4, que torresponde a W = 23 eV, en bhuen
acuerdo con los valores correspondientes a la fase gaseosa,

Minday, Schmidt y Davis?4 han publicado movilidades de
electrones en hexano, determinadas por una técnica de fotoeﬁi-
sién, en el rango 0,1 - 1,0 cm? V! seg !. Conrad y Silverman®®
han obtenido resultados compatibles con los de Minday y colabo-
radores24 en el estudio de la conductividad transitoria gue
sigue a un pulso de radiacibén de 25 nseg en hexano. Se observd
una especie de alta movilidad con decaimiento de primer orden
(con una vida media de 50 nseg, que disminuia con el aumento de
la concentracidén de oxfgeno} gue daba'origen a una especie de-
baja movilidad con decaimiento lento de segundo orden. Los resul
tados son compatibles con una movilidad aniénica para la espécie
de vida larga para la cual se calcula G = 0,11 (pricticamente
igual al valer para Gf obtenido en otros estudios}. Los auto-
res llegan a la conclusién de que la especie de vida corta es’
un electrdén que se convierte en anién por atrapamiento, proba-
blemente poT oxigeno, y con G-= 0,11 calculan ve = 0,22 cem?

V'l segl, - '

Schmidt y Allen26 han confirmado la observacidn del mixi-
mo en la curva corriente- tiempo para neopentanc y en un traba-
jo muy reciente® han tenido xito al medir las movilidades elec
trénicas correspondientes a tales miximes para gran nfimero de
lfquidos.'En general, pero con aigunas'excepciones, se'encuen—

" tra que u, aumenta con G.; Algunos de los resultados de movi-
lidad de Schmidt y Alleﬁs, figuran junte con los del argén 11-
quido, en la siguiente tabla: I o
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. 2 -1 -1, :
Liqu;do_ ug(§m V' oseg ) Efi
Ar ) a75%7 4.4
(CHy) 51 93 0.74
(CH ) c 50 . 0.86
c- r:()H12 0.2 , 0.15

CBH14 0.2 0.13

Los 1liquidos de la tabla fueron e1eg1dos con fines 11ustrat1vos
Ha sido incluida una excepcién a la correlacidn de Ly CON gfl'
tal excepcién es atribuible a la presencia de trazas de una im-
pureza recolectora de electrones eﬁ el neogpentanc. La correla-
cifn aparente entre gfi Y g sugiere que las mismas especies o
centros del solvente estén incluidos en la termalizacidn o atra
.pamiento- de () los electrones subvibracionales con energia i-
nicial cercana 2 0,4 eV®P y (2) los electrones cuasi-libres que
en las medicicnes de movilidad, presentan velocidad de aériva
pequeiia en comparacién con la velocidad térmica. Asi, para un
solvente particular el tamino libre medio o puede ser el mismo
para ambos procesos. En tal caso, un valor de ¢ alto da como
Eeéultado valores altos de ve ¥ Ip (distancia media de_tefmali—
zacién catifn-electrén), y perlo tanto un valor también alto de

3 _

Resulta de particular interés la observacién de Schmidt
¥ Allen8 de un. valor de w, = 0,2 en pentanoc cocnstante hasta i,4
x 105 ¥V cm"!, que es la m3xima intensidad de campo eléctrico
usada. Tal resultado indica que en pentano E, >1,4 x 105 ¥V em’!L
con lo cual se obtiene I <72A y a<45A (ver Ec.VIII), En con-
secuencia, un modelo de difusidn basado en la ecuacibén de
Smoluchowski puede ser aplicable al proceso de neutralizacién
geminada en liquidos tales como el pentano, hexano y ciclohexa-
no, en'los cuales u, <1,0 cm? V' geg’l | En cambio, el modelo
no es aplicable a argén liquide, para el cual E, » 400V em 1,
27 vy, por lo tanto, Iy 1500 A y 0=4600 A (evidentemente, &sta
es una falla del criteric simple expresade por la E¢.VIII}. Pa
rece también muy.poco probable que el modelo sea aplicable a new
tralizacién geminada en liguidos tales como {(CH,},C ¥y (CH,},Si.
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Es posible llegar a una ecuacién para la movilidad elec-
trénica en liquidos que, a pesar de basarse en un modelo excesi
vamente simplificado, permite obtener algunas conclusiones inte
resantes, Supongamos que un electrfn, durante su permanencia en

una trampa por un tiempo t_, tiene deriva despreciable. Enton-

t’
ces, si el tiempo de deriva y la velocidad promedic de deriva
entre trampas como electrén cuasi-libre som g Y Yas respectiva
mente, resulta s = vyt, y la velocidad de deriva medida ests
dada por gggi/(gg ¥ EET. Si vy es pequefia comparada con la velg
cidad térmica, las Ecs. V y VI dan vy Eeg/ VIZ Kim_.. En
» — — - - =

consecuencia, v=E e g¢ / Y12 kT Eg en la cual ¢ EQI(EQ + E{].
y la movilidad esté dqga por 1la Ec. XV, con u_ en unidades de
em? V') seg’l y o en A, - '

Mg ® eoe/Y12 kT m_ = 0.75 0 ¢ (xXv)

Adn para el pequefio valor. de o= SR supuesto originalmente
por Williams5 para ciclchexano, se obtiene de la_Ec.XV_ue i
em? V'! seg”! para ¢ = 1 (es decir, para un electrén cuasi-1i-
bre en ciclohexano). Asi para ¢=3 K; el valor medido de
ug = 0,2 cm% V'l seg™? requiere  ¢0,1, es decir, el.electrén
pasa el 90% de su tiempo en trampas y el 10% del mismo movién-
dose entre trampas. Tal resultado sugiere que un modelo similar
al utilizado para semiconductores puede ser aplicable a 1iqui-
dos tales como el pentano, el hexano .y el ciclohexano, para
los cuales u, <1,0 cm? V! seg”!" . Sin embargo, como indicé
. Harold Schwarz en esta Reunién, tal conclusifn puede no ser co-
rrecta si se utiliza la masa. efectiva del electrén para m, en

la Ec.XV. -

Conp_= 50 em2V lseg ! para (CH3 )&C y o = 93 cm? v
seg ! para“(CH3)§ $i se calculan, mediante la Ec.XV, los valo-
res para ode 67 A y 124 A, respectivamente, para ¢= 1,0, Tales
valores sugieren que en estos liquidos el electrén puede ser
cuasi-libre durante gran parte, y tal vez todo el fiempo.Con
la Ec.VIII se calculan E5 = 103V cm'loy Iy A

= 67 AEy=5x 10"V cm !y T, = 120A para o = 124 A, En

80 A para o

consecuencia, para (CH3) 4C y'(CH3)4Si parece improbable que
1z neutralizacién geminada se pueda describir mediante modelos
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basados en la Ec. de Smoluchowski o que la recoleccidn pueda ser
descripta mediante la ecuacifn empirica X aplicable para el heig
no y el ciclohexano. Los mayores valores de G.; para (CH;),Cy
{CH;},51 implican una mayor r . 5i la (nica otra consecuencia de
una grande fuese un T mayor, entonces podriz esperarse la a-
plicaEilidad de la Ec.X, pero con a, mayor, para un recolector
dado, que el que se encuentra para el ciclohexano.Sin embargo,
parece darse el caso opuesto. Con los datos de Rzad y Warman28
puede calcularse un valor de a, iy Q,Z.M'l, para CHsBr como r§$g _
lector de electrones en isc-octano, para el cual Efi = 0,33 7,
en ciclohexano (con Ggy - 0,15) a, = 15,4 M™!, para CH_Br. Asi
aunque el mayor Efi en iso-octano implica unz mayor T el menotr
o, indica un T menor. Tal resultado sugiere una falla de la Ec,
de Smoluchowski, al menos para €l iso-octano. Parece entonces,
gue el &xito d¢ los actuales modelos y ecuaciones para el andli-
sis cuantitative de los procesos ifnicos inducidos por radiacio-
nes en liquidos de baja constante dieléctrica pueden haber sido
resultados fortuitos debidos a la eleccién de hexano y ciclohexa
no y pueden estar limitados a liquidos con <1 em? vl seg”!,

Taub y Gillis15 han publicado un trabajé_que tiene rela-
cién directa con los resultados y las implicaciones de los es-
tudios de conductividad y reccleccidén. Luego de aplicar un
pulse de radiacién de 1 pseg a escualenoc (p.f.~193°K) a tempe-
raturas en el ranpgo de 108 a 203°K, se ohserva un espectro de
absorcidn en el infrarrojo cercane que es similar al identifi-
cado para electrones étrapados en vidrios de alcanos a 77°K.
En presencia de recolectores de electrones, se reducen tanto
la intensidad cuanto el tiempe de decaimiento. Por lo tanto,
la absorcién se atribuye a un electrén para el cual se calcula
6 = 0,6 luege del pulso a 133°K. El comportamiento del decai-
miento es caracteristico de la neutralizacién geminada. La den

si?ad dptica reciproca es aproximadamente lineal respecto de
1/2
t »

cial decaiga 50%) es independiente de la dosis. Cuando la tem-

y Y172 (tiempo observado para que la densidad 6ptica ini

peratura se aumenta de 108°K a 203°K, £1/2 decrece de 4 mseg a
<2 yseg. Es de particular interés la observacién del mismo es-
pectro de absorcifn e igual typ (3 123°K) en 3 metil-octano,
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y en escualeno, aunque las viscosidades difieren en un factor
de 10'% , Como fue notado por los autores, los resultados exclu
yen la migracién de electrones por difusidn estructural y sugie
ren un modelo de tipo semiconductor en el cual esencialmente to
da la migracidn es de electrones cuasi-libres entre trampas en
‘las cuales queda ligade por una energia de activacién de 0,1-
0,2 eVv.

Soluciones Acuosas

Esta escrlto que el dios o dioses de la gquimica de radia-
c1ones "del agua han dicho, "Higanse racimos con ciertas caracte
risticas y de alli surgird toda la quimica de radiaciones del
agua“.-Recienteménte, si puedo tomar prestadeo de San. Agustin, y
no me refiero al Dr. A.D.Allen, al menos dos especialistas en
quimica de radiaciones han reservado para sf mismos un lugar
muy especial en el infierno de la quimica de radiaciones del
agua. Unc de ellos ha decidido cuestionar la misma existencia
de los racimes y ambos han preguntado isi es que existen los ra
cimes, qué precedié a los m1smos’ o ’ ‘ '

Hamiil (comunicacién privada) ha estudiado la ef1c1enc1a_
de un gran numero de recolec ores de electrones, en concentra-
ciones cercanas a la molar, para la supresidén del rendlmlento
de hidrégeno molecular, g(Hz) = 0,45, en la radidlisis de agua.
Este autor encuentra una buena correlacidn entre esas eficien-
cias y las de reccleccién de electreones méviles en vidrios de
alcane irradiades a 77°K, Sin embargo, no hay ceorrelacidén cen
las velocidades especificas de reaccién con el electrdn hidra-
tado., Hamill argumenta, per lo tanto,que a las alta concentra
ciones de recolector para las cuales g (H3z) es nulo, el reco-
lector reacciona con los electrones antes de la hidratacién,
supone que tales electrones son similares a los electrones né-
viles en un vidrio de alcano a 77°K y se refiere a ellos como
electrones "secos". Hamill también ha supuesto que ciertos re-
sultados sugieren la existencia de reacciones de un agujero po
sitive ''seco" en el agua, es decir, !120+ 4] H30+, anteriores a
la relajacién dieléctrica o hidratacién . Por ejemplo, el G

{ClZ-J'obtenido en soluciones acuosas de Cl1~ se atribuye a oxi-
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dacién del C1  por el agujero '"seco”, sepuido de la formacién
del complejo con C1°,

En el trabajo de J.W.Hunt expuesto por H.E.Johns en esta
Reunién se observan efectos similares. Hunt y colaboradores es-
tudiaron la efectividad de un gran ndmero de sustancias, a con-
centraciones ccrcanas a la molar, para la supresidn de la absor
cién del electrdn hidratado observada dentro de los 20 pseg pos
teriores al pulso de radiacién. No hay correlacidn de los resul
tados con las velocidades especificas de reaccidn del electrSn
hidratado. Se ha sugerido que los recolectores estdn reaccicnan
do con los electrones antes de su hidratacidén y que las reaccio
nes pueden estar relacionadas con las dé les electrones "secos"
postulados por Hamill., Independientemente de qué mecanismos pre
cisos se invoquen, los resultados de Hunt demuestran inequivoca
mente la intercepcifn de los recolectores por un precursor del
electrdn hidratado,

CanclusiGn_

Pienso que es evidente que se han realizade considerables
progrésos en 25 afios de investigacifn sobre los procesos prima-
rios en efectos de las radiaciones. Resulta igualmente claro

que gqueda mucho interesante por hacer aiin en esta ires.
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PRIMARY PROCESSES: WHAT WE KNOW

A. 0. Allen

Brookhaven National Labhoratory, U.S.A.

The word Yprimary™ would appear to have a simple straight
forward meaning, clear to all. Nevertheless, among the scientists
of various disciplines who have approached the complicated
subject of radiation effects, the word has been used in quite
different ways. Te the geneticist the primary effect seems to
be the breakage of chromosomes during cell replicaticn; to
other radiobiologists the formation of freé radicals or other
chemical reactions in the cell; te the chemist the succession
of energized states that precede the establishmen; of new
chemical species. In fact, the energizing of matter by radiation
is followed by a bewilderingly complex series of events taking
place on an increasing series of time scales. Various
scientists are interested in events occurring on different time
scales-nanoseconds to milliseconds for the chemist, minutes
to years for many biolegists. In Figure 1 the time intervals
- characteristic for various types of radiation effects are
plotted on a logarithmic scale. For reference, the scale is
somewhat extended in the direction of long times. When such
a scale is presented, a point which should impress us is the
complexity of events which may be comprehended within a small
fraction of the total manifold, once we look at time in terms
of its logarithm., For example, the factor of about 30 between
man's life expectancy and the time elapsed since the age of
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Jesus Christ covers a multitude of events and changes which
comprise most of our present cultural traditions, yet on the
grand panorama of time scales which the physicist presents to
us, this is but a minor space.

The effect of high energy radiation such as x rays on
matter occurs through the agency of fast-moving electrons, which

transfer energy to molecules in times of the order of 1Qt16

sec,
The connection between the passage of such an electron through
a chromosome (for example), and the hreaking of this chromosome
in the subsequent mitosis, may seem simple and natural to some.
Perhaps }t does not appear quite so inevitable if we lgok at

the matter from the viewpoint of the rapidly moving electron,

Although it may seem a little strange for an electron to
have a viewpoint, nervertheless’, the anthropomorphism implied
in this concept pervades atomic physics today and in fact
always has played a strong role in development of physicatl
science, Of course everybody knows that molecules do not really
become excited--it is the scientists that become excited. Despite
the quantum theory, which certainly shows that the analogy with
human percepticn is not as clear as was formerly supposed,
experimental physicists today commonly speak of electrons in
an atom as "seeing the moving charge", becoming "excited" and
“"taking"” energy from that of the moving charge.

The moving charge "sees' the chromosqme and deg@sits some
energy in it, which presumably results in the break. Yet .looking
at the time scales we see that the break is as remote in time
from the viewpoint of the electron as the origin of the universe
is to us. This comparison simply emphasizes the great complexities
which may lie in the interval between the passage of the radiation
and the effect, which to the geneticist is regarded as the
“primary" effect on his scale of interest.

Thus a review of what we know about "primary” processes
becomes in effect a review of our knowledge on the succession of
events which Tesult when radiation interacts with matter. Much
has been learned about the type of processes involved, while
a great deal still remains unclear. By working backwards in time
" searching out the causes of the effects which are seen to cccur
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at later times, and refining experimental methods of detecting
events occurring at short times, the later parts of the time
scale have been worked out. Starting at the cother end, the
radiation physicists and spectroscopists have provided us with
coitsiderable knowledge of the distribution of amounts of energy
deposited and resulting states of the matter being irradiated.
The greatest obscurities seem to lie in the events immediately
following the depositien of the.energy-~that is in the time

15

scales lying between 10 '° and 10710 seconds.

The nature of the events reviewed must inevitably depend
to some extent on the nature of the material being irradiated;
and, in particular, whether it exists in the gaseous, liquid,
‘or solid state, We consider gases first, mainly because the
frame of reference in which radiation effects are commonly
regarded is mainly derived from a study of the behavior of
gaseous melecules.

By a gas we mean a state of density low enough that
interactions between molecules during the excitation event are
not important. Radiation puts the molecule into excited states,
the nature of which is well known for diatomic molecules, and
in principle for larger and more complicated molecules, Let us
briefly define some of the concepts used in describing the
states and the process of their formation,

The states of highest energy lie in the fonization
continuum. In these states an electron has separated from the
molecule with more or less kinetic energy, leaving a positive
ion behind which itself may be in a state of electronic
excitation.

Overlying the low-energy end of the ionization continuum
are a series of super-excited or auto-ionizing states. These
states have sufficient energy to form separdted ion-electron
pairs but do not initially so separate because the electrons
that are excited are these which are more firmly bound in the
molecule, Molecules in these states may, within times of the
order of 10-15 seconds or more, convert to ionized states by
rearrangement of their electronic systems, but also have a
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certain probability of decomposing, or losirg their enevgy in
other ways.

The pground electronic states of most molecules are known °
as singlets; this means that all the electrons in the molecule
are associated in pairs. In excited states the electrons of a
pair may become separate so that their spirs. are no longer
coordinated with each other. These states are known as {aiplels,
since there are three possible relative orientations of two
independent  spinning electrons in a magnetic field.

The direct transition from singlet to triplet states by
energy absorption is forbidden in molecules composed cof low
atomic mumber atoms, but triplet states can form by spontaneous
internal conversforn from excited singlet states, and often do.
in molecules of the aromatic type,

The 'transition from the ground state to any particular
excited electronic level under the influence of radiation of
the appropiate wave lengths has an inherent probability, which
depends upon the nature of the particular transition inm the
molecule and is generally measured in terms of a quantity
known as the eiciflfatonr strength, which is so normalized that
the total oscillator strength to all transitions is equal to
the number of electrons in the melecule.

_ All these concepts refer to the interaction of molecules
with electromagnetic radiation--light or x-rays. We are really
concerned more with the effect of fast charged particles. The
two effects are very closely related, however, since it is the
electric field of the electromagnetic radiation which is mainly
responsible for the transitions to excited electronic states.
Physical theory*shows that to a good appreximation the relative
probability of formation of various states due.to passage of a
fast charged particle near a molecule is very simply related
to the relative probability of formation by absorption of elec-
tromagnetic radiation. This relationship is known as the
epiical approximation. This approximation has proved quite
serviceable in predicting in a general way the nature of the
states that are formed by high energy radiation in a material,
providing the absorption spectrum of this material is known.
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Unfortunately the important part of the absorption spectrum for
predicting effects of high energy radiation is that part which
lies in the extreme vacuum ultraviolet, and is precisely the
most difficult of access by experiﬁeht.

The excited states in many molecules have a short lifetime
and tend to break up into fragments. The basic reason is that
the energy of chemical bonds is less than the energy imparted
to the electrons of the molecule in the excited states. The
reduced lifetime results in the energy of a state becoming less
well-defined, and the absorption lines broader, than is common
in the spectra of atoms. Figure 2 shows the absorption spectrum
of water ﬁapor taken from a review article by Madame Fiquet-
Fayard, A complicated series of excited states is revealed, many
lying above the ionization potential of ‘the molecule, but
excitation to any of these states results in a breakup of the
molecules and we see that none of these states has a really well-
defined energy; all are brecadened by dissociation. To determine
the products formed by such dissociation processes is the
business of phodochemiatay. In the particular case of water vapor,
photochemical experiments have shown that most of the excited
states lead to a dissociation of the molecule into the radicals
i and OH, though some states lead with a certain probability to
the formation of the HZ molecule and an oxygen atom, the latter
probably produced in an excited singlet state.

The formation of all these excited and ionized states is
known as the physical stage of development of the system
following absorption of radiation. Next comes the chemical
stage in which molecules break up spontanecusfy and also react
with one another.

‘The ions nearly always enter into chemical reactions
whenever they collide with a molecule of gas present. These
{en-molecule nedetions have becn very extensively studied hy
mass spectroscopy and other methods, and are of extreme impor-
tance in determininélwhat'will be the final effects produced by
the radiation.

One or more free aadicals usually occur as products of
ion-molecule reactions. Free radicals are also commonly formed .
in the spontaneous breakup of excited molecules and ions.
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. Anothet process of great importance in many cases is
efecthon eapiure. In the process -an eléctron attaches itself
to an atom or giroup in a molecule forming a stable negative -ion
and releasing the rest of the molecule as a free radical; an
example is the formation of CH3 radical and bromide ion from
reaction of an electron with methyl bromide.

Positive and negative ions eventually reutrafize each
other with liberation of considerable energy, which in turn
produces further fragmentation of molecules.

‘Thus a great many processes exist which result in
molecules breaking up, with free radicals being the major
products, together with some stable molecules. The actual
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products observed in the end will of course depend on the
chemical reactions undergone by the free radicals. These consist
of reactions of active radicals with the molecules present, and
eventually recombination of radicals to form larger molecules.
The thoroughness with which molecules are broken up by radiation
and the complexity of the subsequent reacticns are such that,

in the case of inorganic systems where the possible stable
combinations of the atoms present'are limited, it is a general
rule that radiation leads to formation of all possible stable
compounds of the elements presént. With organic materials, of
course, the number of conceivable compounds is so great that

not all would be formed; nevertheless a large number of reaction
producfs are normally expected on irradiation of any organic
compound. In some cases, however, the reaction tends to concen-
trate at some particular bond, usually the weakest of the
molecule, so that usefully high yields of some particular
product may be oﬁtainéble; for example, in the radiolysis of
methanol most of the product consists of ethylene glycol and
hydrogen.

All these processes which occur sequentially following
absorption of -radiation by molecules, can be isolated and
studied separately by the methods of chemical rhysics. Thus it
is poésiblé in principle to understand almost completely the

whole course of radiolysis in a gas.

‘In fact the analysis is so complicated and requires so
many auxiliary experiments that it has not been completely
carriea through fer any particular case. Radiolysis of gases at
or below atmospheric pressure is of little practical importance
in itself, but is carried 6ut as a useful and instructive
exercise in leatning te understand radiation effects.

Turning to the liquid state we must emphasize that
radiation effects in liquids pose different problems than in
pases and are less well understood in principle. The reason is
that the nature and behavior of the excited electronic states
in liquids is not as well understood in geﬁeral. Perturbations
of the sort that produce 'pressure broadening” in gases will



95

cause complete depgeneracy of many excited and ionized states

te the point that in some liquids the notion that excitation is
distinct from ionization may be meaningless. The question.can
be'studied'by rhotoconductivity measurements in nonpolar liquids
but these are difficult and little has been done. Only in
aromatic liquids where certain electronic transitions are
"shielded” can the excited state concepts of the gas phase be
carried over unchanged to the liquid and solid states.

The phencmena of ionization in liquids are quite different
from those in gases because of the existence of initial recombi
nation in liquids. In a gas ionization results in an electron of
some_energy which flies away from its parent ion. The two
charged products become free of each other's influence and
eventually recombination of oppositely charged species occurs
at random, In liquids, however, the energy of the electron may
be quickly reduced by reaction with surrounding molecules while
it came, It is then immediately attracted back to the parent
ion and recombines with it, and has an extremely short lifetime
of its own, usually less than 10'10 sec. This process has been
called "geminate'" recombination, Figure 3 shows data obtained
in our laboratoTry on the currents induced in some saturated
hydrocarbons under irradiation in the liquid state, as compared
with the current that would be found from the same materials in
the gaseous state. In the gas a relatively low applied voltage

is sufficient teo pull all the ions to the electrodes; the
resulting "plateau' current is of course the hasis for the
measurement of radiations by ionization chambers. In liquids

the currents are much less because those electrons that underge
geminaté recombinaticen do not contribute to the current. The
current increases gradually with the anplied field as some of
the electrons, which are formed with the greatest energy, get
far enough away from their parent ions so that the applied field
is sufficient to detach them. The basic features of the situation
were worked out by Jaffe in 1910, but the quantitative theory
which he proposed for the effect failed to describe accurately
the course of the current-voltage curves observed under gamma
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tays, and a completely satisfactory theory has yet to be worked
out. As may be seen from the figure, different saturated hydro-
carbons show a remarkable difference in the ion yields. The
results indicate that the interaction of the free electrons with
the molecules in a liquid is surprisingly sensitfve to the
‘detailed geometry of the liquid structure.

Another method of studying the processes invoives the
addition of substances to the ligquid which readily react with
electrons and which are usually calied "scavengers'. From the
observed yield of products of the reaction, measured as a
function of the scavenger concentration, deductions can be made
regarding the relative probabilities for electrons to escahé
certain distances from their parent pesdltive Lon, This
distribution must be related to the distribution in energy of
the paimary fonization evends Lthaough the Lintenaction Laws
between the electron and the underlying liquid. Thus this
whole field, which is really now only beginning to he effectively
explored, offers one means of investigating the nature of the
excited and free electronic states in liquids.

A closely related method of study of the general problem
is afforded by the recent discovery that the drift mobility of
free electrons in hydrocarbons in applied electric¢ fields can
be determined if sufficient- care is taken in purification of
the materials. Such studies will afford new insights inté the
basic nature of radiation effects in the liquid state and are
among the most exciting now being carried out in the field of
radiation effects. '

In the radiation chemistry of liquids, the initial
physicochemical process not being subject to the detailed
analysis possible in the gas phase, major effort has gone into
identification of the first chemical products--mostly free
radicals. In aliphatic organic compounds the radicals are found
to be those which can be formed from the ﬁarent molecule by
breaking a single bond, without rearrangement of the atoms. The
.radicals have been identified by the nature of the products
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formed when they recombine with one another, by the products
formed when they react with added scavengers, and most elegantly
by detailed examination of the electron spin resonance spectra
which they exhibit. :

In addition a certain yield of stable molecules appears
to be formed directly from the parent molecules without going
through the intermediary of free radicals. Hydrogen is an
important example. Part of the hydrogen yield characteristic
of irradiated organic compounds drises. through the intermediary
of free H atoms, but much appears to be formed by a d1rect split
ting of H2 from the crganic molecules. :

The radical and the molecular products result from ion
breakup, from ion-molecule reactions or from molecular disruption
which follows ion recombination, Negative-ion-forming impurities
such as 02, which reacts with electrons to form Oi, will lower
the energy released when the ions recombine, and will therefore
reduce the amount of decomposition; and the atoms of the
impurity will themselves be brought into reaction. The extent
to which neutral excited states contribute to the rad101y51s
of aliphatic compounds is a controversjal topic.

In aromatic liguids, neptrél excited states are well known.
Fluorescence and phosphorescence frequently occur under high-
energy radiation, and reveal the presence of the same excited
states as those produced by ultraviolet light. The triplet
states, which are longer lived and lesser reactive chehically
than the singlets, are formed in godd yield in the radiolysis
of aromatic ligquids and are believed to result mainly from
ion recombination. These states often dissipate their-energy
without'chemical decomposition., Hence the aromatics show less
chemical decompbsition under radiation than the aliﬁhatics.
Aromaties often have lower ionization energies than aliphatics;



95

jn a mixture the aromatic component will take up most of the
positive charge and the aliphatic compound is thereby protected.
The aromatic properties of purines and pyrimidines may be
impertant in explaining some radicbiological phenomena.

The radiolysis of water and aqueous solutions is a favorite
topic of radiation chemists, in part because of its apparent
significance in the understanding of biologicél effects. The
products arising from water radiclysis include solvated electrons,
hydrogen atoms, O radicals and molecules of hydrogen and
hydrogen peroxide. The quantities of all these materials result
ing from exposure to a given quality of radiation have heen
determined by noting the guantities of the products formed when
the various initial radicals and melecules undergo reaction
with added substances. Since several kinds of reactive species
are formed simultaneously these studies are of scme complexity
and the results may be ambiguous; it has taken years of work
in many laboratories to obtain the agreed-upon piciure we now
have of the yields of the first chemical species to arise from:
water, and the effect of radiation quality uvon these yields.

It is found that with increasing LET (track density) of the
radiation there is a marked decline in the yields of the'free
tadicals and solvated.electrons, and a corresponding increase

in the vield of the molecules of H2 and HZOZ' This is explained;
by the fact that the radicals are not formed homecgeneocusly
distributed, but are initially located in the tracks of the
charged particles, and especially in little groups within the
tracks {called “"spurs") which result when the energy delivered
by the primary particle in a single event is more than

- sufficient to decompose one water molecule., Free OH radicals
formed close together have a chance of combining to form

HZOZ; solvated electrons or H atoms may likewise combine with
each other to form gascous H,. In solutions of compounds which
react with the radicals one expects that this reaction will
compete within the tracks or spurs with these radical combination
reactions, and will result in a reduction in'yield of the H2

and HZOZ' Furthermore we should expect that the amount of
reduction in yield by any of such added materials should follow
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the same law. Figure 4 shows that this is indeed.the case down to
about 40% reduction in the yield. At higher concentrations of
added materials, however, the different scavengers begin to '
behave somewhat differently.'fhe probable reason is that some

of the hydrogen and hydrogen peroxide arise from other

processes occurring prior to the formation of radicals in the
spurs, and at sufficiently high concentrations of added materials
the shorter lived precursors begin to be interfered with. There
are probably several different processes which may give rise to
small yields of the molecules H2 and HZOZ' It is worth
emphasizing however that these yields are indeed very small,

and amount to only about 10% of the vields of the most important
products, which in the case of low-LET radiations {gamma rays,
x-rays, fast electrons) are OH radicals and solvated electrons,
and with high-LET radiations are the H, and 1,0, which result
from the combination of these radicals in the dense tracks,

Thus as a result of many studies, the reactions occurring
in dilute water solutions are fairly well understood. In
concentrated solutions, however, products of direct excitation
of the solute molecules, or of energy transfer from water to -
these molecules, become increasingly important compared to the
reactions of the water radicals on the solutes, and the behavior
of solutions at concentrations of 5% by weight or greater -is
not so well understood, The aqueous phase in a living cell,
which contains 20% or more of organic matter, is of course &
highly concentrated solution, and the energy transfer hetween
substances is of greatest importance in determining the nature
of the initial "target molecule" at which the radiation is
aiming. Studies of the chemistry of water radicals therefore
have only a limited application to the biological system.
Probably in the living cell the solvated electron never has a
chance to form; the organic matter present will either take
over the excitation from the water prior to the ionization act,
or will trap the electren if it is ejected. '

Turning to the solid state, we find a‘'rich array of
different types of materials which for our purposes we can
classify as metals, ionic crystals, valence c¢rystals, molecular
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" crystals and glasses. In solids generally the excited states

" have overlapped the ionization continuum so that the only
excitation possible is to a state in which electrons are freed,
which is called the conduction banrd. In metals the conduction
band lies at such a low energy that electrons are found in it
even in the ground state and hence radiation activation has no
effect on these materials. In semi-conductors thermal agitation
is sufficient to maintain a permanent population ef electrons
and here ﬁgain radiation has little effect,

Insulating sclids have the conduction band at such a high
energy that no electrons are normally found in it; here ionizing
radiation will throw electrons into the conduction band with
effects which vafy with the nature of the material. In ionic
lattices in which the ions are single atoms, such as sodium )
chloride, and in those solids which may be held together partly
by ionic and partly by covalent forces, such as silica, magnesia
and other metallic oxides, most of the electrons sent to the
conduction band by radiation simply recombine with positive
chargés with no resulting net chemical effect. A few of the
electrons and positive charges, however, may find themselves
trapped By some of the structural imperfections which are present
in all real crystals, or by impurities which may be present, and
these trapped electrons and positive centers often give rise to
extraordinarily deep colors in the irradiated material, so that
the trapped charges are called "color centers"”. Various types
of color centers have been classified and their nature has been
extensively studied.

Salts in which some of the ions are composed of groups of
atoms, such as the nitrates, often show high yields of chemical
decomposition, which result from capture and chemical interaction
of the free electrons with these ions. In nitrates a complicated
series of reactions results mainly in decompositioﬁ into nitrite
and oxygen gas. )

Aliphatic organic solids show decomposition reactions
quite similar te those exhibited by the same materials in the
liquid state. Solid aromatic compounds, such as anthracene
crystals, are particularly interesting; under radiation they
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show a variety of phenomena, such as photoconductivity,
luminiscence and migration of the excitation energy from one
part of the crystal to another.

Ice and hydrocarbon glasses are currently popular subjecfs_
for radiation-chemical study. Electrons are trapped in these
low-temperature media, and various types of free radicals are
seen by electron spin resonance, Oddly enough, free hydrogen
atoms are not seen in organic glasses at low temperature, though.
'fhey are supposed to form in the same materials irradiated in
the liquid state at higher temperatures; the reason is not yvet
understood. '

In conclusion, what does this quick bird's-eye-view of
the field of radiation effects seem to tell us?

First, a useful conceptual basis for understanding .
radiation effects does exist, and includes the notion of a
succession of processes occurring on increasingiy slow time-
. scales.

Second, though analysis of effects'in terms of their pre
cursors is logical, it is not always necessarily useful; the
PTECUTSOT processes may be so complex that the analysis does
not improve predictability.

_ Thirdly, the basic processes may take quite different
forms in different media, and all applications of. the general
scheme must take into account the empirical peculiarities of
the specific materials considered,
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I. INTRODUCTION

Since this is a symposium on "Very Early Effects", the time
‘'scale under consideration is from the passage of high energy
radiation through the system to approximately one nanosecond
thereafter. Until the development of pulse radiolysis a few
years agoT, essentially all chemical measurements were made in
times of the order of minutes or greater after passage of the
radiation through the system. Pulse radiolysis in its initial
form shortened that gap to one microsecond. However, in the
diffusion kinetics model2 all of the spur or track effects are
over at those times. In this model a certain "initial' spatially
inhomogeneous distribution of products is assumed at times of
the order of 1 to 10 picoseconds (10 !2 sec) after passage of
the radiation. The model then predicts the time evolution of
this system, and at about 0.7 -to 1 microseconds later the
spatially inhomopeneous stage is over, all reactive intermediates

(free radicals and solvated electrons} having disappeared by

*lontaibution N°4174
tThis wonk was supponted in part by the United States Atomic
Energy Commdissdion, Repoal Code N° CALT-767P4-73,
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reaction among themselves or with scavengers. Until recently
the only test of this model was its abillty for predicting
measurements made on a time scale of a microsecond or longer.
Diffusion-kinetics was cne of the few tools available, experi-
mental ¢r thecretical, that gave a detailed description of
processe$ occurring in the time range of 107!1 to 107 % seconds.
Very recently the pulse radiolysis technique has been extended
te the picosecond3 time scale and for the first time a more
direct experimental test of the wvalidity of the diffusion-kinetic
. model in predicting events on the 107!l to 10° 9 second time
scale is available. Already some interesting discrepancies are
becoming apparent and an interaction between theory and experi-
ment promises to help elucidate the events occurring at those
early stages of the radiolysis of aqueous solutions.

IT. EXPERIMENTAL FACTS AT A MICROSECOND AND LONGER TIME SCALE.

The basic experimental facts available about 15 years ago
concerning the radiation chemistry of dilute aqueous solutions
were the effect of linear energy transfer {L.E.T.) and of
scavenger concentrations on the primary molecular and free
radical yields as determined by experiments performed on a time
scale of minutes and longer. These have heen very well described
in the book by Allen®. Essentially, in going from radiations of
low L.E.T. to radiations of high L.E.T. the free radical yields
decrease and the molecular vields increase, This is depicted in
Frfgures 1 and 2. In Figure 1 it can be seen, for example that
the molecular yields of H, increase from about 0.45 molec/100
eV for 2 MeV electrons to about 1.1 molec/100 eV for 2l0pg
a particles. The corresponding solvated electren primary yields
decrease from about 2.8 to about 0.5 molec/100 eV. The total
observed yield for water disappearance decreases correspondingly
from about 4.1 to about 2.8 molec/100 eV. The effect of
scavenger concentration on molecular yields is indicated in
Figure 3. Plots of GRZIG]‘;2 against the logarithm of the .
scavenger concentration, obtained for different scavengers, can
be made to coincide approximately, by horizontal translation.
Here R; stands for either Hy or H;0,, Gﬁz is the priﬁary vield
of R; in the limit of zero scavenger concentration and an is
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the yield with scavenger présent. The value of p-was made equal
to one for NO2 being the scafenger and H; the molecular product,
For each scavenger-molecular product combination, p was chosen
so0 as to make all points fall on the same curve. These '
scavenger effects are independent of dose rate up to 10% rad/
sec. It can be seen from Figure 3 that an increase in scavenger
concentration by about four orders of ‘magnitude reduces the
molecular yields by about 50%. The solid line is theoretical
and will be explained in Section V. ' '

These are the basic experimental facts on a long time
scale which, together with the more recent information on
shorter times, must be considered by any theory which tries to
describe the evolution of the system starting at times of the
order of 10711 seconds or earlier.
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I1I. SIMPLE ONE-RADICAL DIFFUSION MODEL

The diffusion kinetic model in the radiation chemistry of
dilute solutions has been reviewed previouslyz. In its Qimplest
form, it assumes that passage of the high energy radiation
produces, in a time of the order of 10712 tg 10711 seconds, a
single kind of radical R which is inhomogeneously distributed
in space. For radiations of low L.E.T., such as §9Co y-rays,
these radicals are distributed spherically around the molecule
on which the low energy ionization event took place, and this
group of radicals.cohstitute what 'is called a Spur. The radius
of such a spur is of the order of magnitude of 10 to 100 ;,
and the amount of'energy involved in its formation is of the
order of magnitude of 100 eV. For_radiations of high L.E.T.,
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such as 210Pg = -particles, these spurs are assumed to overlap
and form a cylindrical track, The spherical spur version of the
model for low L.E.T. radiations was first proposed by Samuel
and Magees, whereas the inhomogeneity associated to cylindrical
tracks in aqueous systems was first proposed hy Leae. In this
simplified one-radical version of the model it is further assum
ed that a single kind of radical scavenger 5 was présent_in the
medium. The radicals R are capable of diffusing toward each
other and reacting to give molecules Ry, or of diffusing away
from each other and reacting with $ to give product RS. The
corresponding mechanism is

R+ R~ R, Ken (1)

- - (2)
R+ 5 -+ RS kps .

The space-time evolution of the radicals is given by the
diffusion-kinetic equations '

BcR - )
—5t - Dr V7R " Kppcip -
Bcs i

) |
Tz - Ds "'¢s - Kpsrts

kps®res

where cp and ¢g are tge local pgeneralized concentrations (%.e.,
probability densities’) of radical R and scavenger § at a -
distance r from the center of the spur or the axis of the track
at instant of time t. Dp and Dg are the diffusion coefficients
of the R and S, respectively, and the k are rate constants for
the radical-radical and radical-Scavengef reactions. ¥?is the
usual Laplacian operator and is given by '

g2 = a2 « 3 W
ar< * r ar :

where ¢ is 2 for spherical spurs - and 1 for e¢ylindrical tracks.
The left hand side of Eq. (3a} reﬁresents the timé rate of -
change of the concentration of radicals at a given position in
the spur. The first term in the right hand side represents the
net rate of diffusion per unit volume of radicals into that
position (i.e., the difference between what diffuses in and
vwhat diffuses ocut per unit volume arocund that position); the
second term represents the rate of disappearance of radicals
(per unit volume) due to the recombination reaction (1); and
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the third term represents the corresponding decrease associated
with the radical-scavenger reaction. Equation (3a} is simply a
conservation equation for radicals R involving the diffusion and
reaction processes. A similar interpretation is valid for Eq.
(3b}.

The initial spatial distributipn‘of the radicals is usually
assumed ‘to be Gaussian and given by

cglr,0) = cp(0,0) exp (-r%/z roz) (5}

where T, is the initial radius of the spur or track. In addition
the scavenger is assumed to be distributed homogeneously at t=0.

It is not possible to solve Eqs.(3) analytically. However
with the use of digital computers it is possible to obtain
accurate numerical solutions.”'® Such solutions furnish the

spatial distribution of radicals at any instant of time t.

For spherical spurs let N(t), NRz (t) and NR(t] be
respectively the number of radicals remaining at time t and the
number of R and RS maolecules formed up to time t. For cylindri
cal tracks let these same symbols represent the equivalent linear
densities, i.e,, the number of radicals or molecules per unit
length of track. Then,

N(t) = S cR(r,t)z"n r
o

T dr . (6)

Np (). = % _j;t a ej; Kpra (r,92%nrr%dr (7
Let the quanpitie; NR;(Q) and Np(=) be represented by'NR2 and
Np respectively. 2Np, N, and NR/N0 represent the fraction of
the initial number of radicals which have undergone reaction
(t) and (2), respectively, and can be calculated numerically
_ from Eqs.(7} and {8) once cR(r,t)_and cs(r,t) have beqn

cbtained from the integration of the diffusion-kinetic Eqs.(3).
They are related to the molecular and free radical yields and
will be called the fractional molecular yield and the fractional
radical yield respectively.

: A
Ne (1) = [ do fo KpsCR(Fr & cg(r, 97 Tar ® dr ()

o

o

N(E) e 2 () 4 Np(t) = N(O) = N (9)
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Figure 4 shows the behavior of'N(t)/No', NRZ(t)/No and
NR(t)/No as a function of time for a representative spherical
spur. From it it can be seen that at about 107 seconds the
radical recombination_reactibn is practically over, whereas the
radical-scavenger reaction has barely started; the latter is
essentially over in about 10°® seconds. Thus, the chemical
histery of this spur terminates in about 1 microsecond and the
radical-radical and radical-scavenger reactions do not overlap
in time. For higher scavenger concentrafions, however, I
competition between these reactions does occur. It can alsc be
seen frop Figure 4 that a large fraction of the radical-radital
reaction is over en 1079 seconds and that to cobserve its time
evolution it is necessary to make observations at times of the
order of a few times 10 llseconds after the passage of the
high energy radiation through the medium.

This simple one-radical model explains qualitatively - the
L.E.T. effect and scavenger effect displayed in Figures 1, 2 -
and 3.

Iv. GENERALIZED MODEL

In a more realistic model? it is necessary to take into
account the several types of reactive species formed as a
result of the passage of high energy radiation through the
aquebus'solution. These are OH, eaq H30aq and H. A reasonable
mechanism of formation of such species is the following one.
The high energy radiation produces, dlrectly or indirectly,

ionization of water molecules.

CH,0 = H,0Y s et L (10)
The HZO* 1ons then rapidly undergo a proton transfer reaction
with ne1ghbor1ng water molecules, according to
e - '

Hzo o+ -H20 + H30 + OH. (11)
and become solvated into H30;q. The electrons ejected in the
idnization process would, in a majority of such events, have a
low energy and after travelling a few tens of angstroms, become
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thermalized and ggt solvated into e;q. According to such a model
the initial spatial distributions of OH and_Haoaq would be
essentially the same, whereas that of the e, would be more
spread out. The processes just described would be the major ones.
In additien, however,'there could be some minor ones, such as

the dissuciation of excited and super-excited water molecules

formed by electron impact:

Hp0 —Ame—  Hp0* (12)

H,0*  + H + OH (13)

Allen has recently suggested, in order to explain the
lack of material balance between oxidizing and reducing species
that an additional primary species, present in small amount,

10

tould be O atoms. This species could be formed_from the

disseociation of ]{20+ according to

+ o

H;O + OH + H (14)

+ +

OH + 0 + i (1s)

Small amounts of such O atoms were included in some of the
calculations described below.

"The geometrical distribution of these primary species
depends, in the diffusion model, on the quality of the ionizing
radiation being used. For example, let us consider the case of
60Co y-rays. -The interaction of such high-energy photons with
. the wéter molecules Pro&uces mainly Compton recoil electrons
" having initial energies which vary over a wide rénge. These
‘proceed to further ionize molecules broducing secondary electrons
which can produce tert:ary ones, etc..The L. E T of the high-
energy electrons is low and, within the framework of the
diffusion model, produces in general 'local'.depositions of
energy of the order of 100 eV, generating spherically symmetri-
cal "spurs” which are sufficiently distant from each other so
as not to interact. However, a certain fractlon of the electrons
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have low energy and produce spurs which do overlap, and if

there are sufficient numbers of these they form cylindrical
tracks. Furthermore, as a high energy electron slows dpwﬁ, it
also produces spurs which overlap. Therefore, one must censider:
the whole distributicn of interspur distances corresponding te
this spectrum of energy degradation before a meaningful compa-
rison with ekperiments can be made. However, this distribution
is dominated, in the case of 5UCo y-rays, by isolated spherical
spurs. The initial distribution of prima%y Teactive species
within these spurs is assumed to be a Gaussian function of the
distance to its center.

Let us now consider a radiatien of high L.E.T., such as
Z10Po = -particles. Here the primary interaction produces Iecal
ionizations corresponding te a long string of overlapping
spurs which form a cylindrical track, aleng which the density
of reactive-spécies increases as the particle slows down. In
addition, energetic secondary electrons can be ejected, forming
their own tracks, some of which correspond to a lower L.E.T.
than that of the initial = -particle, correspending to a cylinder
along which the initial radical density varies relatively slowly
with distances. Similary to spherical spurs, it is usually
assumed that this initial radical density is a Gaussian fungtion
of the distance to the track axis.

As stated above, these primary reactive species are dis-
tributed-inhomogenecusly with high initial concentrations in
the center of spurs or along the axis of tracks. They then.
proceed to Teact with each other, or to diffuse away from
each other and to react with solutes initially'present. THe
high degree of initial spatial inhomogeneity'of_rhé reactive
species, and.the consequent competition between recombination
with each other and diffusion a#ay from each bther, followed
by reaction with solutes, is the real essence. of the diffusion
model.

The. initial distribution of the most prominent reactive
. - +* . . 4
species, OH, eaq and_H30aq are dep1;ted in F1ggre 5.

In this generalized situation Eqs.(3) are extended to
include all of the appropriate reactions that the reactive
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2
Figure 5

Initial distnibution of OH, Hy0' and 0aq M @ typical |
sphexieal’ span. ’
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species undergo and furthermore there is one equation per
reactive species. The numerical investigation of the simple
one-radical model described in the previous section has showns
that one may assume that the scavengers are homogeneously
distributed throughout the medium at all times without signifi-
cant error, i.e.,, that the effect of scavenger depleticn in the
spur or track is very small, As a result, equations corresponding
to (3b} can be neglected and the Cg in equations corrcsponding

to {3a) can be taken as constant, A realistic mechanism for
which diffusion kinetic calculations have been performedg is
given in Table ] together with corresponding rate constants.

The several 5 and P stand for scavenger and product, Since very
little is known about the rate constants of O atomé'in agueous
solutions, theky are arbitrarily set at 6 x 109 M71 sec™!. The
number of 0 atoms initially present was assumed to He less than
4% of the initial number of radicals. Therefore exclusion of
these atoms would produce only a minor change in the main ylelds,.
The diffusion coefficients, Di' initial Gaussian radii, r

cl’

and initial number of radicals per spur, N arc given-in

Table II. This mechanism and initial condizions and the corres- .
ponding diffusion-kinetic equations were used to calculate the
effect of L.E.T. on radical and molecular yiclds. Account was
taken of the spectrum of energy degradation. The results
obtained are represented by the points and full lines of TFigures
1 and 2. The dashed lines are experimcnral.vl' As can he séen

the agreement is quite satisfactory.

V. PUZZLES IN COMPARISON WIT!I EXPERIMENTS AT TIMES OF 1
MICROSECOND AND GREATER.

As ppinted out in the previous sec¢tion, the agreement
between theory and experiment over a larpe L.E.T. range is
sufficiently satisfactory soc as to not present any substantial
puzzles. However, until relatively recently some discrcpancies
did remain associated with the effecct of scavenger concentration
and of pH on primary yields'as well as on the isotope scparation
factors. We shall proceed to discuss these puzzles.
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" TABLE I
Mechanism
. Rate constant Reaction
Reaction {1019 m-1 seg-l) number -
OH OH - HZOZ 1.0 16
OH ?aq - OHaq . 3.0 17
eaq eaq s Hy + 2 OHaq 1.0. 18
- + -
e H30Z H + H0 2.3 19
- - o )
OHaq _Haoaq - 2 H,0 14.3 290
H OH - H,0 3.2 21
H € - ;4 OH 3.0 22
H H - Hy 2.6 23
| eaq Hz2032 + OHaq + OH 1,23 24
H H,0p, - OH + H,0 0.016 25
OH 5 > P 0.6 26
e;q S -+ P 0.6 27
H ORI P°” 0.6 28
0 HZOZ had 02 + H20 0.6 29
0 Ho0p = OH + HO, 0.6 30
0] 'eaq_ - OH + OHaq- 0.6 kY
0 Olié-q. .- HpZaq 0.6 3.2
0 H - OH 0.6 33
0 OH - - + = HO, 0.6 34
0_ Sao- "_ Pooo 0.6 35
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TABLE 1II.

Diffusion coefficients and initial conrditions

i Species s Diz LI NO.1
(10 cm/sec) (A) {radic)
1 OH 2 6.25 : 2.10
2 e 4.5 18.75 2.08
aq :
'y
3 Haoaq 10 6.25 z.08
4 0 Z 6.25 0.08
5 H 8 6.25 0.18
6 OH y; -- ' Lo--
aq .
7 H,0, 1.4 -- o o--

Effect of Scavenger Concentration

The s0lid curve in Figure 3 is the diffusion-kinetic
theoretical curve for Hy obtained from the mechaﬁism_and ..
parameters described in the previous section, i.e., the same
parameters which furnished good agreement with L.E.T. effects.
The only change is that the rate constant of reaction (27) was
made equal to 0.46 x 10'? M7l sec™! which is the expefimental
value fer the reaction of e;q with NO; solutiqns.YZ The
spectrum of energy degradation was taken into account in the
exact same way as for the L.E.T. effects. As can be seen, the
agreement between theory and experiment is quite good up to
scavenger concentrations of about 0.3 M. However, it is '
evident that the curvature of the theoretical curve is somewhat
more proncunced than that of the experimental one. This:

.discrepancy can be removed by assuming that a certain fraction
of the molecular products do not have free radical precursors,
but come from a first order disappearance of excited water
molecules. Observation of Figure 3 indicates that at a scavenger
concentration of about 10 M essentially all of the radicals

S
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‘should have been eliminated and, therefore, that the remaining
H, yield, equal te about 1/5 of its wvalue at low concentration,
could be due to an H,0* precursor. This problem has been
analyzed more quantitatively by Schwarz13 , who concluded that.
the fraction of the molecular H, yield not coming from a free-
radical precursor should be about .-1/3 rather than 1/5, In any
event, the discrepancy between theory and experiment is thereby
eliminated.

Effect of pH

The mechanism in Table I includes in it the effect of pH
due to the presence of reactions 19 and 20. When experiments are
‘done in acid sclutions, reaction 19 transforms most of the
solvated electroné into H atoms, increasing the extent of react
ions 2% and 23. Calculations of primary yields in acid solutions
were done by-Schwarz13, who found that there was good agreement
with the total H atom pius solvated electron yields but that
the Hz yields were high by 10 to 20%, when using the same
parameters which gave good agreement in neutral solutions.
Since in the latter the contribution of reactions 21 and 23 was
relatively small, an upward change in the diffusion coefficient
for H atems would not affect the neutral yields but bring about
better agreement with the acid yields. It seems, therefore,
that no real disagreement exists between theory and experiment
for acid solutions.

Isotope Separation Factors _ _

Anbar and Meyerstein14 have studied isotope factors in
dilute-HDO solutions and have determined the sépara;ions factors
[H/D)gasl (H/D)iiq'for the molecular Hy yields and for reactions.
18, 22 and 23 of Table I as a function of acid concentration.
The separation factor for reaction 18 was found to be 4.7 ¥ 0.2
and that for reactlon 23 was 2.7 in neutral sclutions and 3. 4 in
0.2 M acid solut:ons. The separatlon factor for reaction 22 was
1.6 and 1.7 for these two solutions, respectlvely. However, in

- the radiolysis'of solutions containing 25% déuteiiumﬂ the’
separation factor for the molecular Ha yield was essentially.
independent of pH over the pH range of 1 through 11 and equal
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to about 2.22. This was very puzzling initially, since it seemed
to indicate that reactions 18, 22 and 23 could not be the initial
contributors to the molecular H; yield. However, Schwarz‘3-has
shown that a separation facter of 1.8 for the part of the
molecular Hp yield which does not have a free-radical precursocr
would give agreement with Anbar and Meyerstein's results in
neutral solutions., Assuming this separation factor to be indepen
dent of pH, which is very reasonable, he was then able to _
calculate the dependence of the separation factor for the total
molecular H; yield as a function of pH and show that there was
good agreement-with all of Anbar and Meyerstein's data. The
reason fer the pH independehce observed was that the mixtures

of reactions 18 and 22 have an average isotope effect which is
coincidently equal to that of reaction 23 in acid solutions.
Therefore, the puzzle of the separation factors has also been
solved.

VI. PUZILES IN THE TIME RANGE OF 1071! TO 10°® SECONDS

Recently Hunt and co-workers®

have devecloped pulse radio-
lysis techniques which permit observations of reactive inter-
mediates in the radiolysis of aqucous seolutions on a time scale
of 20 picoseconds. The technique uses the fine structure electran
pulses (of 10 picosecends duration) produces by a 30 MeV beam
froﬁ a lincar accelerator to produce transient species. The
terenkov light associated with thesc pulses is used to detect

the solvated electrons produced. A stroboscopic effect is created
by varying the time delay between the fercnkov light flashes

and the fine structure pulses.'This is achieved by deflecting the
light around a path of variable length. A change of 3.3 mm ih the
length of this. path corresponds to a change in the time delay of
1 picosecond. With this technique they have studied the decay

of the solvated electron signal in a .75 M and 1.50 M perchleric
acid solution.Sb During the 350 picoseconds'which Scpérate_the
fine structure pulses, that signal increases to its maximum value
in about 10 picoseconds and then decays expdnential;y with time
according'fo a pscudo first order reaction. The pfpcess Tes- .
ponsisle for this decay is reaction 19. The resulting bimo-
Jlecular rate constant, extrapolated to low acid concentra-

. . . 15
tion agrees well those measurcd at a microsecond time scale .
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It might be superficially thought that the exponential decay is
characteristic of pseudo first-order reactions for a 5pafia11y
homogeneous distribution of reagents and, therefore, that it
might be inconsistent with the spur model, However, this is not
the case., In acid selutions at the concentrations used, reaction
19 is extremely important and overwhelms reaction 18. In the
absence of reaction 18, reaction 19 would shaw a pseudo first-
order behavior, with an exponential decay of the eaq, regard-
less of whether the latter are distributed homogeneously or
inhomogeneously. A detailed analysis of the diffusion-kinetic
calculations shows that in spite of the presence of reaction
18 during the lifetime of the spur, the decay of e; is still
expenential at the acid cencentrations considered., The effect
of bimelecular reaction 18 1is to'increase soﬁewhat the apparent
first-order rate constant obtained from the efponential decay.
This increase has been observed experimentally by Hunt, et 3115.
However, an additional factor contributes to the increase in
the apparent rate constant for reaction 18 as the acid concen-
tration decreases. This is the acid effect and it probably
overwhelms the diffusion-kinetic effect just described. In any
~event, there is no disagreement between the time rate of change
of the solvated electron in acid solutions on a time scale of
10710 seconds and diffusion-kinetics. ’

On the other hand diffusion-kinetics makes a definite
prediction for neutral solutions which could be tested by
experimental observation. As can be seen from Figure 4 there
should be a decay of approximately 35% on the solvated electron
concentration in going from 10 !! seconds to about 107 & seconds
due to inhomogeneous reactions during the spur stage of solvated
electrons with other solvated electrons, hydroxyls and hydrogen

.atoms. These reactions are essentially over by the time a
scavenger -present in millimolar concentration or less starts
reacting with the s?lvated electron, Since Ge;q = 2.8 molec/100
eV¥. this should be the value measured at times of the order of
10” % seconds or longer. However, for times of the order of 20
piceseconds, Figure 4 would predict a value of 4.3 molec/100
eV. The more accurate ca-I"culationsg described in Section IV
also predicts a value of 4.6 molec/100 eV. This difference

1
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is sufficiently large so that it should be possible to measure
it. This measurement is somewhat difficult to make with the
University of Toronte's linear accelerator employed by Hunt, et
al.,3 because it puts out about 40 fine structure pulses over a
period of 12 nancseconds and this tends te blur the time
resolution of the experiments for épecics living more than 350
picoseconds. To make a good direct cbservation of the decay of
sclvated electrons from 10 !! to 1078 seconds it would be -
nécessary to do.experiments using a small number of 10 pico-

second clectron pulses, preferably one to two.

Nevertheless, Bronskill16 has been able, by rclating the
measured dose to the gbserved e;q absorption signal at SQ pico-
seconds, to make an estimate of the absolute Geé at that. time.
The result is 3.2 * 0.5 molec/100 evV. Unfortunately, the
experimental uncertainty_of this determination spans a wide
interval. If the 3.2 value is confirmed in a more éccurate
determination, this wbuld present a very severe puzzlé for the
diffusion model and could require a significant revision of
either the model or the mechanism leading to the assumed initial
conditions, Another interesting experimental obser\ration17 is
that most e; scavengers are capable'of reducing the yicld of
eaq at 10 picosccond times. This suggest; thaE-fhese scavengers
are capable of reacting with a precursor of e, Such a
precursor has up to now not heen included in the diffusion-
kinetie model..Sawai and Hamill'® have suggested that H,0°, which
they call the ‘dry hole, is also a scavengeable speties.Therefore
as a result of these observations, it may be necessary to .add.

two additional reactive intermediates to the diffusion model,

In conclusion, measurements made during the last twe
years on a time-scale of 10 picoseconds have brought about
new experimental information which has created new puzzlés which
when solved should substantially increase our understanding of,
the very early cffects in the radiolysis of aqueous solutions,
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EARLY MOLECULAR PROCESSES IN RADIOBIOLOGICAL DAMAGE

G.E. Adams; Mount Vernon Hespital, Northwocd,_Middleseﬁ, England

- I would like to thank our Argentinian hosts for the oppor-
tunity to visit this beautiful city and, alsc, to our friends
from the University of Notre Dame for inviting my participation.

IIn this lecture, I shall discuss.#ar;ouS'aspecﬁs-of éarlf
effects in radiobiological damage in terms of some basic con-
cepts of radiation physics and radiation chemistry_'I'shall“Be
referring to the results of experimental studies in bioldgfcal
systems at the cellular level and, also, to results frem various
model systems. ' ' '

Much of our attention this week has been devoted to-a dis-
. cussion of events taking place in the sub-nanosecond time sc#le,_
a region which is clearly remote from the time scale of the ob-
servable responses tc radiation of most biological systems, proc
esses which may take place over hours, days, weeks, vears and
even generations. Even in a relatively simple system, for exam-
ple, ‘an aqueous sclution of an enzyme, the earliest time that .
one can measure a response-is, in fact, the time téken_to trans-
fér the system from the radiation source to an absorption spec-
trOphoiometer in order to medsure the remaining enzyme aqtivity.'

The biglogical response is a synthesis of many processes,
radiation physical, radiation chemical, enzymatic, metabolic and,
in animal systems, physiological also. The first step, therefore,
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" in the search for early processes would be to design experiments
which would permit a given biological response to be resolved
into two groups, namely, those which involve fast free-radical
precursors and those which do not. In principle, this can be
achieved by the use of fast perturbation techniques. In these ex
periments, the radiation perturbation is usually given in an ex-
tremely short pulse which is proceded by, or followed by, ancther
perturbation, which may be another pulse of radiétion, the appli
cation of heat, a change of gaseous environment or the admission
of some chemical modifying substance in a rapid-mixing system.
The time response of these systems varies. In some of them, par-
ticularly the mixing techniques, the response time is ultimately
limited be the rate at which material can diffuse through the ex-
ternal cell membrané, although there are indications that this
time may be, under some conditions, less than a millisecend, Ex-
periments of this type are useful in deciding whether or not a
given radicbiological phenomenen involves radiation chemical free
radical_precursors or is entirely a biochemical response.

The apparatﬁs shown in figure 1 is a rapid mixing device

used in some laYoratories '

Two syringes are connected to. a
small mixing chamber by means of fine capillary tubing. When the
two syringes are compressed simultaneously, the liquid contents
are driven rapidly'though the capillary tubes inte the mixing
chamber. The combined solution is then irradiated and the «con-
tents éré ¢ollected in another syringe and taken away for assay.

_ An example of the kind of experiment that can be carried out on

" this apparatus is onc in which one of the syringes contains a
cellular suspension and the other a solution of some chemical
dose-modifying ageht. The two systems are mixed together very
rapidly and irradiated either a few milliseconds before'miking

or a few milliseconds thereafter. One can measure, therefore, the
biolegical response of the system as a function of the time in-
terval between radiation and contact with the dose-modifying a-
gent, It has been shown, for example, that a number of such sub-
stances including oxygen, N-ethylmaleimide and.cystéine; are able
to modify the radiosensitivity of bacteria even though the con-
tact time before radiation is only of the order of a few milli-
seconds. Such experiments demonstrate quite clearly the invel-
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Figune 1

Rapid mix apparatus. (Fer de-

Zaiks see nefenence 1.)
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vement of fast radiation chemi-
cal processes,

Another technique‘whfch
has shown some promise is the ox
ygen explosion method used in
our laboratory by Hewitt ,Michael
and myself, The experiment con-
sists in exposing a thin layer
of cells, contained in an air-
free compartment, to a2 2 y-sec-
ond pulse of radiation. The cells
are also exposed to a shock-wave
of oxygen released from an adja-
cent compartment. The shock-wave
and the radiation pulse can be
synchronised to within a few hun
dred p-seconds. Preliminary exper
iments seem to indicate that such
a contact time betwéen oxygen and
bacterial cells is sufficient to .
prbduce'aﬁ apnreciable oxygen ef -
fect. With appropriate design mod
ifiéations, it may be possible to
achieve time resolutions of about
167° seconds. Howevér, ih order
to investigate much shorter time
scales, it is necessarf_to turn
to subcellular model ﬁystems and
I would like to spend some time
in discussing experiments of
this type.

Sub-cellular Systems

In general-terms, ioniza-
tion is a binary process, in that
it can and usually does lead to

two distinctive reaction pathways.
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Depending on the nature of thc system, the electron may escape
completely from the electro-static field of its parent ion and
achieve an independent existence as a reducing entity. Converse-
ly, the positive ion may dissociate and give .rise to a radigal
which can initiate an oxidising process, although this is a
aross over-simplification. The basic redox concept which is ap-
plied so routinely in general radiation chemistry can bhe applied
in the interpretation of radiobioclegical phenomena and I would
like to illustrate this by.reference to .the "Bromouridine ef-
fect".

The Bromouridine effect.

I has been known for a number of years that when certain
types. of cells are exposed to a medium in which thymine has been
replaced by its analogue, S5-bromouracil, the cells incerporate
the brbmourapil into their DNA and the cells hecome more radio-
sensitive. The bromouracil is incorporated without too much dif-
ficulty -since the bromine atom has abeut the same Van der Waal's
radius as the methyl group in thymine and, therefore, incorpora-
tion does not lead to teoo much perturbation of the DNA structure.
An illustration of the effect ;5 shown in Figure 2. Clearly, ra-
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Comparitive X-ray au&b{uaﬁ of D98/AG cultuned eells containing
.inconﬁonazed ha{ogannzad pyrimidines. Data ﬁaom'Eaékaon, R.L.
and Szybafshi, W. Bicchem.Biephys. Res.Commun., 4, 258, 1941,
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diosensitivity is increased when the cells have been grown in
the presence of halogenated uridines. The relative efficiency of
the theree halogen derivatives depends on the type of system and,
indeed, on the type of tadiation, At the present time, it is dif
ficult to say precisely what this effect is due to, although
there is considerable evidence that radiation chemical processes

are involved.

_Let us consider the simplified structure of DNA_molecule
"(Figure 3). There are two phospho-diester backbones linked togeth
er by hydfogen-bonded_base pairs. When an ionization event occurs

- ot recombinmion
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Figurne 3
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Diagnammatic nepresentation of electron migration in DHA
containing bromouracil. )

in this molecule, there is a competition between charge combina-
tion and charge separation. Since there is considerable resonant
interaction between the bases in DNA, it is likely that the mole
cule will have conducting propertiés and, therefore, one would
expect that electron migration could take place. Ultimately, the
_electrons which escape will be trapped and the positive ion will
decompose and free radical centres will be estahlished in the
molecule. In numeious simple chemical systems, it is known that
anhalogen atom, by virtue of its high eletro-nepativity, acts as
an electron trap and, therefore, in DNA in which S-bromoufacil
is incorporated, it is not unreasonable to expect that the hromi
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‘ne atoms would operate as traps for electrons liberated by ion
izations elsewhere in the molecule, [f this were to happen it
would have two gffects. Firstly, it would tend to oppose charge
nedtralitation processes and, secondly, it would channel the en-
ergy to specific parts of the DNA., Electron capture by 5-bromo-
uracil leads to the elimination of a bromide ion and the forma-
tion of an uracil radical which would be in clese proximity to
the phosﬁho-diester backbone., It has been shown that uracil will
readily abstract a hydfogen atom from such a structure:S and,
therefore, a ready mechanism exists for rupture of the DNA back-
bone.

In this respect, 1 would like to refer to an experiment
carried out by Fielden and lLillicrap* in which solid DNA was ir-
radiated with a sinple pulse of irradiation. The post-irradia-
tion luminescence was measured as a function of temperature and
time over the range from 1 wsecond to > 1 second. The lumines -
cence spectrum decays with time and this time profile is also
dependent on temperature. It is also affected by the incorpora-
tion into the DA of a small amount of S-bromouracil. The inter
esting fact which emerges is that, as the amount of S-bromo-
uracil incorporated increases, luminescence profile of the suh-
stituted DNA approaches that observed with pure 5S-bromodeoxy-
uridine. Although the amount of energy emitted is only a small
fraction of the energy absorbed by the system, these experi-
ments show directly that energy, in some form, can migrate a
considerable distance along the DNA chain. Whether or net the
migration invelves excitation energy or direct electron trans-

fer remains to be seen.
Studies on aqueous -solutions containing enzvmes

. A cell contains approximately 80 % water, although it is,
of course, an extremely heterogeneous system. Therefore, since
most of the energy will be deposited in the aqueous component,
both hydroxyl radicals and hydrated electrons will be produced
as a result of the energy absorption process. At the present
time, however, it is not known to what extent these basic spe~
cies contribute to the overall radiation damage expressed at .
the cellular level, although basic information concerning reac
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tions of these fundamental species with molecular components of
the cell remain of obvious interest. In recent years, particular
ly since the advent of pulse radiolysis, considerable guantita-
tive data concerning the reactiviFy of both-e;q and OH with:a
wide variety of simple chemical compounds of biclogical signifi
cance has been accumulated. Tigure 4 indicates some of the broad
cenclusions which have emerged.

e-oq 5-5
Alcohels -5H
. . nucleatides
ethers - enzymes
— ring gming . DIFFUSION
ocids
CH : aromatics _LIMlT
Urea aliphatic emine ring amino
TAN ocids acids
- alcohals eniymes (APPROXIMATELY)
o, . auclectides : :
e -SH
R- o R+ 0,
SH repair Electron : . N
R\ TAN transfer ) .
— T T
10 ' 108 . 10? 0'?

Rate constant (M sec™

_ Figuae 4,
Some general free-nradical neactilvities of bio-mofecules. -

I

In general, the nucleic acids react with both OH and e;a
at rates which, in most cases, approach diffusion-limited values,
Similarly, amino acids react fairly rapidly with both basic spe
cies, although the rate constans depend somewhat on pH and, also,
on molecular structure. It appears that the ring-structured
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aminoc acids and also those which contain sulphur, are particular

ly reactive,

Some information has been ohtained on the mechanism of in-
activation of some enzymes when irradiated in aqueous solution.
The radiation chemistry of the enzyme, lysozyme, which has been
studied in some detail, serves to illustrate some of the methods
used in the study of these processes. Lysozyme contains 129
amino acids, representing about 20 different molecular species.
Of particular interest In the structurc is the presence of four
sulphur bridges which are assumed to contribute to the overall
stability of the enzyme. It is known that similar structures oc-
cur in a wide variety of other enzymes including ribonuclense,
trypsin, chymotrypsin and papain and it has often bheen suggested
that one mechanism of radiation inactivation is free radical-in-

duced rupture of some of these sulphur hridges.

Two transient absorption bands with maxima at 320 and 420
nm respectively’’® are observed inmediately after pulse radio-
lysis of an aquecous solution of lysozyme., The band at 420 nm is
identical to that ohbscrved on pulse radiclysis of numerous sul-
rhur-containing compounds and has heen assigned to ‘the electron
adduct at the disulphur bridge. This transient, which has heen
observed "in jirradiated solutions of rihonuclease, chymotrynsin
and papain, identifies, therefore, one of the sites of reduc-
tive attack. These rcactions invariahly proceed at rates which
are diffusion-controlled. The question which arises, therefore,
is "llow important is reductive attack at the sulphur bridge
with respect teo enzyme inactivation?". In the case of lysozyme,
it appears that attack by e;q is not an important dnactivation
process and recent data on ribonuclease indicate that this en-
zyme, too, is relatively resistant to inactivation by this spe
cies. In hoth cases it has been shown that the radiation sensi-
tivity of the enzyme incrcases approximately two-fold when the
solutions are saturated with N,0 before irradiation, a solute
which converts eaq stoichiometrically into_OH radicals

NZO + eaq - Nz + OH + OH _ ) .(1)
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Certainly, thercforc, in the case of lvsozyme and Tihonu-
clease, the predominant mechanism of inasctivation in aqucous so-
lution is by OM radical attack. The transient absorntion band at
320 nm observed after pulse radiclysis is enhanced by a factor
about 2 when the solution is pre-satured with Nzn and it was con
cluded, therefore, that this transicnt indicated the radical pre
cursor of the inactivatien precess, .

Tt was recognised that, in many reﬂﬁects, the transient ah
sorption spectrum resembled the spectra of the hydroxycyclohexa-

dienyl radicals produced by OH- addition to suhstituted henzenes’.
Since there are numercus ring-structured amingc acids in lysozyme,

it was suggested that the transient was due to 0H addition at
one, or several, of such residues., The fact that thé ring-struc-
tured aminc acids tend to be more reactive with OH than are the
aliphatic amino acids, excluding cysteine, supperted this sugpes
tien. However, the ambigpuity temained. Which aminc acids are in-
volved? It ﬁight-be expected that 0¥ attack would be fairly un-
selective and that only some of the rcaction sites.ﬁnuld neces-
sarily be important with respect to inactivation. MoTe specific
techniques were reguired in order to identify which'residue, or
residues, if damaged by free radical attack, would lead to inac-
tivation of the enzyme.

A classical method used in enzyme chemistry for the identi
fication of amine acid residues, particularly in relation te ac-
tivity, involves the use of reagents which attack specific func-

-tienal groups. It has now been found that some free radicals
themselves possess similar prpperties. The first exampleﬁ, found
accidentally, was the radical (CNS),, formed by OH oxidation of
the thiocyanate ion:

CNS™ + OH

+

CNS. + OH~ (2)
CNS. + CNS z (CNS), (3)

It had been observed that several OH radical scavengers protec-
ted lysozyme against radiation imactivation. Thiocyanate ion was
an exception. An aqueous solution of lysozyme saturated with NZO
was still as sensitive te radiation inactivation even when the
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solution contained a high concentration of thiocyanate ion. It
was .conclude that the product of the scavenging reaction, the
radical (CNS)E, could still inactivate the enzyme with an effi-
ciency at least equal to that of the OH radical it replaced {(Fig

ure 5.
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The thiccyanate radical absorbs strongly in the visible
region of the spectrum and it was shown directly by pulse radio-
lysis that lysozyme reacts rapidly with this species (Figure 6).
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a)l absorption reaction of [CNS]; observed on pufse radiolysis of
N0 satuned sclutions of thioeyanate;
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c) decay of absorption al 500 . nm {n the presence of 112 M
Lysozyme; .

d) §inst onden rate consifant against Lysozume concentration. ©
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Hlowever, when the reactivity of (CNS}i with each of the differ-
ent amine acids present in lysozyme was also measured, it was
found that of the 20 different types of residues.normally pre-
sent, 19 teacted very slowly with the radical. The exception was
tryptophan, which reacted with a rate constant very similar to
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that found fer the reaction with the intact eﬁzymc, The conclu-
sion was obvious. Free-radical induced damage to Some trypto-
phan residue, or residues, in lisozyme leads directly to inacti
vation. Of course, it had been shown by X-ray crystallozraphy
that damage to tryptophan residues could lead to inactivation of
lysozyme. liopwever, ‘the observation was interesting in that it
suggested that other radicals may exist which might show selec-
tive reactivity with other amino acids. If so, such species
would prove useful in “the investigation of the mechanisms of ‘in-
activarion of other enzymeS. Recent work has shown that the in-
organic radicals Brz and CO also inactivate ribonuclease, al-
though most sites of reaction_have not yet been identified.

Although some enzymes are undouhtedly more sensitive to at-
tack by e'a or H atom may lead, in some cases, to inactivation.
One-electron reduction of the disulphur-bridges undoubtedly oc-
curs following reaction of e;q with the enzyme. Hewever, in ad-
dition to sulphur containing -residues, there are numerous amino
acids in lysozyme where the reactivity with e;q is gery.high.
There is some recent evidence from flash photolysis which sug-
pests that the electron may migrate.intra-molecularly to the
sulphur bridges after liberation elsewhere in the system., If
this is so, then attack by eaq at various sites in the molecule
may be followed by rapid migration to the sulphur residues.

It has also been shown that specificity of radical attack
can be introduced by using the radical ion coi as an electron
donot". The absorption of RSSR™ is observed after pulse radio-
1ysis of an N,0-saturated solution containing lysozyme and a
relatively high concentration of formic acid. In this systenm,
Ol radicals react exclusively with formate ion to produce the
species coi: ' '

OH + # €007 =+ CO; + H,0 ()

This process is then followed by a rapid reaction in which an

electron is transferred from coi to lysozyme
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coé + lysozyme ____——’CO2 + [lysozyme]' (5)

An oscillogram, demonstrating the reaction, is shown in Figure 7.
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The transient spectrum is clearly that of RSSR . Interestingly,
however, the absorption increases in intensity and is,_also,
formed more rapidly if the solution is pfe-irradialed by several
pulses. It appears that pre-irradiation of the enzyme modifies
the structure, thus permitting the COi radical to approach with-
in reaction distance of the sulphur-sulphur bridges which are
not accessible in the unirradiated enzyme. These results also
suggest, therefore, that electron transfer from this radical oc-
curs only with exposed bridges and indicates 'a possible method
of studying the effect of radiation on .the tertiary structure
and, hence, the conformation of the enzyme (Figure 8).
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Fast Processes leading to Radiation-dosc Modification in Intact
Cellulay Systems '

‘1 would like to address a few remarks to the problem of
dose modification in irtradiated cells. It has been recognised
for a considerable time that many species of cells can he npro-
tected against,'or'made moTe sensitive to, the lethal effects of
ionizing radiation, by the addition of a variety of chemical sub-
stances to the medium in which the cells are suspended.

Protection

During the fifties, sometime after the phenomenon of radio
protection was discovered, numerous mechanisms were suggested in
'cxplanation of the effect. Dne in particular, known as the hydro
gen donation model, considered by Alexander and Charlesbylo,
Howard-?landersll and others, is of current interest. It is es-
sentiél]y a free radical mechanism in which it is assumed that,
ini;ially; a transient free radical "lesion” is formed in a vi-
tal molecule, either by direct energy absorption or by indirect
caction involving water radicals. According to the hypothesis the
radioprotective properties of SH-containing compounds are due to
the ability of these substances to repair, or 'heal', the radi-
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cal damage of the vital molecule by donation or transfer of a
hydrogen atom from the SH group. It was also postulated that, in
the presence of oxygen, this reaction could be either suppres-
sed or prevented by a competitive process in which oxygen adds
directly to the free radical centre to produce a peroxy-type ra-

lnadiation

NANNNNV

dical:

Pepair by Fixatiagn by
BSlI . oxygen

AVAVAVAVARRENVAAYAYY
. : . _
+R5 02.
The percoxy structure was regarded as irreparahle and a precursor
of damage expressed ultimately at the cellular level. Results
from various pulse radiolysis cxperiments have heen of =some vel-
ve with respect to the fcasibility of this hypothesis. Pepair hy
cysteamine of frece radicals derived frém a range of'sjmplphgrgag
ic solutes has been demostrated dircctly by this technique. The
radical RS- formed from Cysteamine in the simple hydronén_trans-
fer reaction

X« + RSH =+ XH . + RS : )

complexes with another molecule of cysteanite ta produce the
intensely abseorbing radical ion RSSR

RS + RS™ 2 [nssn] ' ) ()

In the presence of excess cysteamine, the eauilibrium is dis-
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placed to the right and, consequently, the lifetime of RSSR™ is
sufficient to permit the rate of the much slower repair reaction
to be determined by direct cobservation of the rate of formation
of the ahsorption of RSSR . A large number of rate constants for
repair reactions of this type have hcen determined and, in gen-
eral, they are slower than the rate constants for the reactions
of the corresponding radicals with oxygen, by factors of hetween
thirty and several hundred. This ranpe of relative efficiencies
is consistent with that obtained by Howard—Flandersll from a
study of the effect of cysteine on the radiation sensitivity of
bacteriophage irradiated in oxygenated solution,

J

- The relationship between oxvgen sensitisation and SH pro-
tection has been studied also by the rapid mix technique. In a
series of experiments it was found that the protective effect of
SH was abolished when anoxic suspensions of bacteria containing
cysteine were mixed with oxygenated buffer solution a few milli-
seconds hefore irradiation. It was also found that, when cysteine
was mixed with anoxic bacteria again just a few milliscconds be-
fore irradiaticn, protection was cbserved. Both oxygen and
cysteine operate,_thcréfore,-in the time scale indicative of a
radiation chemical process, thus providing further support for
the hydrogen donation model. '

Armstronglz has studied the effect of cysteamine on the
radiation induced cross-linking of the palymer, polyethylene-
oxide and compared the results with data obtained from pulse ra-
diolysis. The end peint used was ‘'dose-to-gel’', i.e, the minimum
dose required for the onset of gelation.'Cysteahine protects at
both acid and alkaline pH and, under conditions where the SH com
pound caﬁ_compete fer water radicals, the protection is partly
due to OH.scavenging and also partly due to the inhibition of
cross-linking between the prowing polymer radicals and cyste.
amine radicals. However, an extra component of protection pre-
sent in both acid and neutral pit and amounting: to about 40% of
tﬁe tofal protection, disappears in alkaline solution. The solid
line in figufe 9a shows the effecct of pHl on the rate'consﬁant
for repair of polyethylencoxide free radicals. The dotted line
is the dissociation curve for the SH group in cysteamine. Tn fig
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ure 9h, the solid line represents the curve from figure 9a nor-
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a) Effect of pil on the rate constants for the nepair of radigals
faom polyethylene oxide (6000), dotited Line: dissoedlation cukrve
for -SH in eysteamine; b] pH-dependent componenrt of cysteamine-
induced protection of ¥-innadiated poluethylene oxide sofution.

malised to the protection data ohtained from the dose-to-gel ex
periments. The points are, clearly, consistent with the hypdthe
sis that the pil-dependent component in the polymer protection is
due to hydrogen denation from cysteamine,

Radicosensitisation

T would like to discuss, hriefly, some of the generzl fea-
tures of cellular radiosensitisation. '

Nxygen itself is certainly the most widely-studied of cel
lular rad{osénsitisers, although ' in Tecent years, a 1afge numher
of other chemical materials have been shown to sensitise various
types of cells. Most experiments have heen carried out on bacte-
fial systems, although some examples of mammalian cell sensitisa
tion have becn reported. There are numerous hypotheses regarding
the mechanism by whith radiosensitisers operate, including vari-
ous free radical and non-free radical bicchemical processes,

The flow diagram shown in figure 10 suggests a ﬁpssiblé
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Cafegordies of sensitisation mechaniams.

classification of proposed mechanisms of radiosensitisation. Two
main categories of damage are suggested, namely, that produced
by radiation chemical processes involving freec radicals and that
arising from hiochemical processes not invelving free radical
precursors. The distinction between these two categories can be
experimentally very precise, since free radical reactions are
very rtapid, whereas, in gencral, reactions occurring between
thermally-stable intact molecules are usually much slower. Rapid
mixing techniques can be used to exploit this difference in time
scale. As was mentioned earlier, it was shown that sensitisation
of the bacteria Searatia marcescens by N-ethylmaleimide (NEM) oc
curred even though the sensitiser was added only a few millisec-
onds before irradiation of the suspension., The addition of NEM 4
milliseconds after irradiation of the bacteria produced only
slight sensitisation. The cbject of the experiment was to at-
tempt to answer, the question, "Does NEM, which is a known
sulphydryl binding apent, sensitise by a free radical mechanism,
or is the effect due to intracellular binding of free SH-groups
normally present in the cell, thus lowering any natural protec-
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tive component which may be attributed to these compounds?'. It
was concluded that the preirradiation contact time was too
short to permit reaction between SH and NEM and that, in.this
system, a radiation chemical mechanism was involved in the sen-
sitisation. Similarly, it has been shown that bacterial radio-
sensitisation by the ofganic free radical, triacetoneamine-N-
mcyl"}[TAN]T3 aiso oeéurs over a veTy short time scale, again in
dicating the involvement of some rapid free radical reaction.

A number of other compounds, which are strongly.electron
affinic, have been shown to be active cellular radiosensi-
tisers14. They include quinones, various dicarbonyl compounds
and, in particular, the aromatic ketone, p.nitroacetophenone
(PNAP}15. Results so far indicate that these compounds also act
By some free radical mechanism,

There are some sensitisers, particﬁlarly cupric ion and
iodoacetamide, which appear to act extracellularly. In such
cases, toxic products arising from interaction of the sensi-
tiser with free radicals preoduced in the external medium are
responsible for the cell killing. However, it has becen demon-
strated that sensitisation by other compounds, notahly -PNAP and
NEM, is not inhibited by the presence of high concentrations:
of radical scavengers in the medium, indicating that sensiti-
sation follows free radical reactions taking place {ns.ide the
cell,

As vet, it i3 not possible to say definitely where the
molecular site of radiosensitisation occurs, although there is
considerable circumstantial evidence pointing to the nucleic
acids, Again, it is not possible to decide whether the phenome
non involves modification of damage due to direct energ? ab-
sorption in the target molecule or whether indirect damage
arising from radical products of water radiolysis is important.
However, some experiments on model nucleic acids have vielded
some information. Willson and F.mmerson16 studied the pulse ra-
diolysis of aqueous selutions of NNA containing the sensitiser
TAN. Some of their data are shown in Figure 11. The oscillogram
on the left shows the formation of a transient absorption due
to reaction of Ol radicals with DNA. By analogy with the rtesults
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- DNA(OH)- : _ DNA(OH)- + TAN

Figune 11 .
Absoaption decay at 310 nm on pulse radiolysis of Ngﬂ-éatuaatad
DNA sofution [0.063) with and withouz 1.5 x 1074 4 TaN,
fOndinate: absorption 1% pern lange divisdion.
Abééiéaa: time, 50 sec pen Eange division.

from-stationary statc and pulse radioclysis experiments with free
nucleotides, they concluded that this absorption was due to an
OH adduct of DNA. The absorption is relatively long lived, de-
caying only slightly over the first 500 pseconds after the ra-
diztion pulse. lowever, when 1,5 x ]!.'J-4 M TAN is present, about
50%.0of the absorption decays rapidly over about 100 useconds. 1t
was concluded'that the decay was due to the addition eof TAN to
the free radical centre in DNA ‘resulting from OH addition to

base components.

It has also been found, again from pulse radiolysis experi
ments, that other sensitisers, particularly NEM, PNAP and
2-methylnaphthaquinone, are very efficient oxidising agents and
can transfer electrons rapidly and quantitatively from free radi
cals derived from DNA bases, e.g, thyhine

[Thyminé] '+ PNAP  +  thymine +[PNAP] (8)

An example is shown in Figure 1217. In this pulse radioclysis ex-
periment, the oxygenated solution contained 5 mM thymine, 0.5
tertiary butancl as an 0O radical scavenger and 1.5 x 10'4 M NEM,
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The effect of WNEM concentration on the aate of formation of the
rnadical anion of NEM [NEM | by efecimcn transfer fnom T
Sofutions wene deoxygenafed and contained § mM Zhymine, 0,5 M
f.-butanel at pif 11,5, .

Inmediately after the pulse, all hydrated electrons produced by
water radiolysis are scavenged hy the thymine to produce the
thymine radical ien

thymine + e;q___** [thymine] (%)

This radical then reacts with NEM by electren transfer to form
the electron adduct of NEM

-[ihymine] + NEM —— thymine + [NEM] (10)

The reaction is shown by the exponential pgrowth of the'absorp—
tion due to NEM . Although this experiment was carried cut at pll
11.5, similar reactions have been observed at neutral pH with.
other sensitising molecules, e.g, methylnaphthaguinone and TNAP.
In general, electron transfer reactions of this type are rapid,
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proceeding with rate constants which apprecach those of dif-
fusion-limited reactions.

Such experiments, however, are only mode}l systems which
demoristrate that semsitisers of this type are more electron-
affinic than the nucleic acid components. We can, however, prof
itably speculate on how such electron affinic compounds may op-
erate under cellular conditions (Figure 13}.
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Figume 13 - =
_ Efectaon trapping model fon aenéixiaaxioﬁ.
. .

One mechanism which has hecen proposcd sﬁggests that, fol-
lowing direct ionization in the target ‘malecule, thermalised
clectrons migrate to electron trapping $ites on the molecule.
The. 1ifetime of this radiation-induced charge separation would
depend, however, upon the competition between charge neutraliza
tion and charge stabilization arising out of resonant interac-
tion at suitable sites on the molecule. If, therefore, a mole-.
cule of higher clectron affinity were present, either as a com-
plex or as a free molecule in the inmediate environment, elec-
tron transfer from the ionized molecule to the sensitiser could
occur. This would competé with charge recbmhinatidn, 4 process
which would contribute. to self-healing. Trreversible elec-
‘tron -transfer to the sensitiser would lower the probahility
of this self healing and would favour the decay of the positive
ion to a neutral free radical. There is some direct evidence in
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support. Nichelau, Korner and Crisfea18 irradiated solid DNA con
taining a small amount of methylnaphthaquinone and recorded the
EPR spectra. They found that the radical yield in the DNA mix-
ture was several times éreater than that found for pure DNA.
These findings, which have since been confirmed, demonstrate
clearly that the presence of small amounts of electron affinic
compounds increases the overall radiation damage sustained by
DNA. If the sensitiser is also able to react and fix free radij-
cals ih_compétition with any SH-induced repair, i.e. mechanisms
similar to that postulated for oxygen and also TAN, then the 1ir-
Teversible damage.wou]dlbe futher increased.

In ccnclusion,zl"ﬁpuld add that while it is still apparent
that much of our information concerning the involvement of fast
processes in radicbiclogical damage derives from studies of sim-
rle model systems, we may anticipate that the many rapid advances
in the techniques of measuring fast radiation responses will
soon provide the means of studying directly, extremely rapid pre
cesses in irradiated intact ccllular svstems.
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SEARCH FOR THE EARLIEST PROCESSES

Robert R. Hentz

Radiaticn Laboratory, University of Notre Dame, U.S.A.

Introduction

1 am honered to have the opportunity to present a plenary
lecture at this meeting on "Primary Radiation Effeccts” and
before -an audience that includes most of the outstanding
contributers to the subject. 1 also must express my appréciation
to our hosts for their hospitality and efficiency which have
made. this. méeting one of the most delightful and wvaluable

experiences of my life.

The function of this lecture is to present a summation
of the proceedings of the meeting and particularly of the
symposium on "Very Early Effects'. My summation nécessﬁrily
must reflect my limitations and bias. Thcrcforé, 1 apologize
at the outset for failurec to cover ccrtain aspécts of the
subject which are of special interest to somc members of the
audience. T will emphasiie the work concerned with radiation-
induced processes in Jiquids of -low dieleéctric constant, and
I hepe te ‘have time for seme remarks on recent studies of ‘the
radiolysis of aqueons solutions at large solute concentrations.

The search for the earlicst processes in effects of
radiation began in earncst abeout 25 vears ago. This search has
been a primary intercst of our symposium moderator, Professor
Milton Burton. In the carly 1960's, the initiation of four

lincs of invéstigation pave a new impetus and direction to the
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‘search: (1) observaticn .of the absorption spectrum of the
hydrated el_c:ctron‘i which has culminated to date in the brilliant
and beautiful work of J.W. Hunt, reported at this mceting;2 (2)
study of radiation-induced conductivity in liquids of low
dielectric constant;> (3) study of radiation-induced ionic
processes in eorganic glasses at low temperatures (77°K and less):
4 (4} study, with reference to a model, of radiation-induced

ionic processes in liquids of low dielectric constant.5

By way of introduction, consider the absorption of a T MeV
electron in a molecular liquid of low dielectric constant, e.g.
a hydrocarbon. ﬂ.large number of electrons are generated with
energies that range from zere to half the energy of the
primary electren. As an energetic electron moves out from its
sibling cation (hereafter, a cation-electron pair of siblings
is to be understood), energy is lost in ionization and electronic
excitation of the medium until the electron energy falls below
that of the lowest electronic excitation level. The cation-
electron separation distance at which the electron attains
subexcitation energy is the range. The subexcitation electron
loses energy to intramelecular vibrations until attainment of
subvibrational energy and, in ‘this process, the separation
distance is extended by about 17 A beyond the range;6 The
behavior of subvibrational electrons presently is a matter of
conjecture, Tentatively, it will be assumed that such electrons
are themmafized by some mechanism and, in this process, the
separation distance is extended further to give a total cation-
electron separation referred to as the theamafization distance.

Numerous questions now arise. What is the probability that
the electron will be trapped in the éolﬁent or captured by a
solute prior to theamafization? What precisely is meant by
thermalization of the elettrbn, or what is the nature of a
theamatized electron ina liquid hydrocarbon? Is the theamalized
electron trapped or localized in a solvent cavity, as in liquid
helium and polar solvents {e.g., H20 and NHa]? 1f so, can the
subsequent behavior of the electron be described more or less
classically, like that of an anion? To what extent can return
of the ‘electron to its sibling cation be described by the
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Smoluchowski equation for diffusion under a potential gradient?
Or, is the theamafized electron a quasifree electron, like an
excess electron in liquid argon, for which a quantum mechanical
description is necessary? Then, within a certain range of cation
electron separation distances must the cation-electron pair be
considered an excited state with an extended and highly perturbed
orbital for which decay to the ground state (neutralization) must
be described by an internal conversion model and for which
scavenging corresponds to formation and dissociation of a charge
transfer complex? Or, does an intermediate situation apply, as

in a semiconductor model, in which the electron divides its time
between residence in traps and motion as a quasifree electron
between traps? To what extent and how is the nature and behavior
of an electron dependent on the nature of the host molecular
liquid of low diclectric constant? Finally, and very importahtly,
for an ~1 MeV primary electron what are the distribution functions
for cation-electron thermalization distances and neutralization
times? That is, what is the form of f{(rjdr, the fraction of all
cation-electreon pairs for which the thermalization disthncc lies
between r and r + dr, and of f(t)dt, thc fraction of 211 cation-
electron pairs for which the neutralization time lies hetween t
and t + dt? .

Scavenging Studies; A Model

For consideration of some of the questions raised, it is
useful to begin with a model which has heen tﬁe bdsis for much
of the subsequent work in this area. It is assumed that the
electron is trapped on thermalization at some distance r from

"the sibling cation and that subsequent beﬁaviorlof the .cation-
electron pair can be described by the'Smoluchowskj equation

for diffusion under a potential gradient, as in eq.l. ﬁielectric
constant is denoted by ¢, electronic charge by ¢, cation mobility

-dr/dt = (u, + ue](gfazz] _ (D

by u,, and electron mobility by u,. Integration'gives eq Il for
the neutralization time v at which an electron reaches the .



150

_ oy s R : .
vse (2 rd)/Beln, v ) - (1)
neutralization distance I, from a thermalization distance r at
t = 0.

Of course, eq II is an over51mp11f1catlon. All electrons

) w1th the same thermallzatlon distance r will not return in the

same time 7. The return is a random-proceﬁs, some of such
electrons will return earlier than =, Some will return later,
and some will not retufn at all but willescape from the cation
‘field. However, 1 can be:cocnsidered a median neutralizatioﬂ
time for the thermalization distance r. The probability P that
an electron with fhermali;ation distance r will escape geminate
neutralization (i.e., with its cddpled siﬁling cation) 1is given
by eq I1I, theIOnsager relationahip.? Designation of that

) -al
p =g & /erkl (111}

thermalization distance for which P'= 1/e as the gfitdcal
distance for escape, gc,'gives eq IV. Fer ¢ = 2.0 and T = 300°K,

r. = e? /ekT av

&
T = 280 A
—

WilliamsS studied G(HD) from y irradiated ¢ -CgH;,
solutions of NDj. Formation of IID was assumed to be a consequence
of the reaction sequence (1)-(3).

£-CgHy + NDy »c-CgHyy + NDy* (1)
NDyH* + ™ » ND,H + D - (2)
D + c-Cglly, » HD + c-CeHyy (3)

A plot of G(HD) vs. YNDj was linear with an intercept of G (HD) =
0.08. F (HD) was identified with the yield Gf = 0,10 of free
ions (i.e., that escape geminate neutrallzatlon] that had been

. G e . 3 s . s
measured in conductivity experiments. The linear increase in
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G(HD) with /ND; was associated with scavenging of C<C5H1; from
gemlnatc cation-electron pairs. An extrapolatlon {(not justified
by later scavenging experiments) suggested that 50% of such
cations would be scavenged by 1 M ND3, from which a2 median
~neutralization time for all geminate pairs of {m = 1 nsec was
calculated with k, = 10° ﬁll.sec-l . With ¢ =72.0,r, =0, and
(u, +wg) = 10°% cm? v} sec’! in eq 11, a median thermalization
distance of r = 60 A is calculated by substitution for t of <,

= 1 nsec; conversely, substitution for r in eq II of r. = 280
o r .
A gives T T 100 nsec. Present_measurements8 indicatefin electron
mobility In cyclohexane of about 0.2 ecm? V! sec’! . For such a

o

value, r, = 350 A and v_ = 0.5 nsec are calculated from eq II

nn

for o =71 nsec and r. = 280 A, ;e;pectively.

The value to be used for ry in eq II' can he identified
with the distance at which the Smoluchowski equation ceases -to
be applicable. The limiting cendition has been d_efinedS in
terms of the.field strength ED at which the drift energy
attained in a -mean free path ¢ (for energy loss) equals kT. The..
drift time Ed is approximated'by eq ¥V, with thermal vcloc{ty“'

ty = c//3k£?m€' - o (V)_

Yiph = RSkI?mc,-and the drift distance Eé_hy eq VI Thusf

= E

t2f2m = T 2/ekr ‘ . 2 }
L e t4 = L E : VI .

14

m
&

the drift energy Hd is given by eq VII and the limiting condition

Wy = E?e202/6KT T 02 F B
: ..
is expressed in eq VIIT. With ¢ = 3 A, ¢ = 2.0, and T .= 300°K,
EZe202/6KT '= ¢"o2/6kTc? 30 = . kT. : (VITT)
values of r, = 18.5 A and B, = 2.1 x 106 V cm? are obtained;

{ ]
Freeman® has applied the model of Williams for calculatidns

of the efficiency with which cations or electrons are scavenged
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as a function of scavenger concentration in various liquids,

A distribution function for cation-electron separation distances
(presumably corresponding to the separation at which solvent
-trapping.of the electron occurs) was calculated from a second-
ary electron energy spectrum and range-energy data given by
Lea.10 For each r,eq II with ry = 10 R was used -to calculate
T. Multiplication of tby the sum, for scavenger and cation or
electron {whichever is being scavenged), of products of jump
frequency and new neighbors encountered per jump gives the
parametér B which determines the probability that the cation
or e¢lectron will be scaveﬁged for a particular r and scavenger

concentrtation. In eq IX, D denotes a diffusion cecefficient,

e

8= (B D/A2 + b DTN/ G, + wp) | (1x)

A an average jump distance, and b'a number of mew neighbors
encountered per jump; symbols without subscript refer to either
the solvent cation or electron and those with the subscript
refer to the scavenger. Mobility and diffusion coefficient
are related by D = kTu/e which gives D = 0.026 i cm” sec’}! at
300°K with u in units of cm? V1 secT). o

In the earlier work,9 Freeman used Mo = 2.5 x 107! em?
V'l sec”™ for an electron in cyclohexane; use of the recently
measured value® of ug =0.2 em? V7! sec’! would introduce a
-cons%derable discrepancy between calculated and measured
scavenging efficiencies, particularly for cation scavenging. In
the later-workg; g ‘has been used as an adjustable parameter
{without assignment of values to the individual quantities in
eq IX) to give agreement with experimental results. For the
‘distribution function used in the publighed_work, the separation
‘distance in cyclohexane lies within 17 A for 43% of all cation-
electron pairs ‘and within 32 A for 87%. In work presented. at '
this mgeting, a medidn separation qf-;mx 30 A was foued most
satisfactory, It 'is impcrtant to note that for ¢ = 3 A a limit
for applicability of the Smgluchowski-equation'o£ I, = 18.5 E 
was calculated, and o = 12 A would give Iy = 37 Al
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Humm'el1 ‘has treated the scavenging problem by appllcatxon
of an-equation derived by Monchlck12 (from the Smoluchowski equa
tlon] to calculation of the probability that fAeutralization of
a cation-electren pair with initial separation r will occur in
the presence of a scavenger. Calculgtion of G,» the yield of
scavenged electrons or solvent cations, for a given scavenger
concentration Eﬁ requires, as in the treatment of Fréeman, (1)
an energy deposition (eor electron energy) spectrum, (2) =a
relationship between energy deposition and cation-electron
separation distance, and (3) assignment of a value to a parameter
a = k/(B, + D) in which k is the specific rate of the scavenging
reaction. Reasonable agreement with experimental results was
obtained for a number of scavengers in cyclohexane by adjustment
of o and use of either of two empirical relationshipé between
energy deposition and mean separation distance {a Gaussian
distribution of separafions was assumed for each energy), The two
energy-distance relationships used had proven successful in
calculation of the temperature dependence of G i in a number of

“liquids. In one relationship, the mean separation distance is
constant at 62 R for energies up to 80 eV and then increases
monotonically with energy. In the other relationship, the
distance increases monotonically with energy over the entire
range. For both relationships, separation distances are
considerably greater ‘than those of Freeman for corresponding
energies.

" Two important results are obtained from the Hummel treat-
ment. First, for small values of gs the theoretical scavenging
equation reduces to S /g;? in agreement with experiment.
Second, values of 4, for'good electron scavengers are 17 to 34
times greater than values of a, for good cation scavengers.
Assuming the scavenging reactions to be diffusion controlled,
and with e /a, = 32 for illustration, R (D, + D )/R (D  + D) =
32. Assuming approximate equality of thé reaction radii, i:e.,
R, % R,, and with D, & D /4 in cyclohgxane, D, & 40 D is
calculated. Use of Qs 7 6 x 1075 em” sec ! for a typical

2

scavenger gives u, = 0.04 cm V' lsec ! which is smaller than

the recently measﬁi’ed-value8 by a factor of 5.
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The kinetics of cation-electron neutralization have been
analyzed by Mozumder with the "prescribed diffusion" approximation
to solution of the Smoluchowski'equation.13 The solution gives
the probability that a cation-electron pair with initial
separation r will remain unneutralized at time t and reduces
toc the Onsager equation, eq III, at infinite time. For calcula-
tion of the time dependénce of the neutralization process for
high-epergy irradiation of a liquid at T = 293°K, a Gaussian
distribution of cation-electron thermalézation distdnces was

A

assumed with a median value of Th = 80 A and a dispersion of
o . 13 .

.20 A. Such a distributien, like those of Hummel, had proven

successful in calculation of the temperature dependence of

Ggy in héxane.® With ¢ = 2.0 and (u, + uy) = 1.5 x 1072 cm

2

vl 566'1) 1, % 6 nsec was calculated as the time at which
50% of all cation-electron pairs remain unneutralized. Use
.of the measured® n, = 0.2 em? vl sec™! would give T, = 0.045
nsec, In presently unpublished work, Mozumder has shown that
at. leng times (E/rm »>» 1) the fracticon of ion pairs temaining

unneutralized becomes proportional to 3-1/2, as observed in

Tecent experiments,14'15 Alsc, by use of a Laplace transformation
a scavenging cquation has been obtained that reduces‘to_gS -

Gpj = /g; at small values of gi.

Scavenging Studies; An Empirical Equation

Schuler and coworkers have used an empirical approach to
the problem of radiation-induced ionic processes in liquids ef
low dielectric constant. Results for a large number of cation
and electron scavengers in hexane and cyclohexane have been
shown tec conform to eq X.‘6 ggi denotes the vield of geminate

95 =Gy * ggi#aggfﬂ + JGEE} . ' {X)
cation-electron pairs and q-ié'a'paraméter that is related to

" but not the same as that of Humme111'(othér symbols have been

defined previously). Thus, o = kT, in which k is the scavenging
specific rate and t is some characteristic neutralization time

for the cation-electron distribution; v« 1/(u, + u 3. Bq X
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. = faC_ : i -
reduces to gg gfi + Egi ug§ for small values of gi, in agree
ment with experiment,. and extrapeclations of experimental results
for various scavengers to Es = 0 give Gei v 0.10 which compares
well with results of conducTivity studies. From extrapolations
-1 0 -1/2 - . . N
of (gi—gfi) vs. EE . Egi = 3.8 is obtained. The totgl ion-
pair yield, Efi + Egi = 3.9, corresponds to an average energy

per ion pair, W, close to the gas-phase value.

For good electron scavengers a 16 M-l, and for C‘CSD6

as a cation scavenger o, = 0.4 H'l. Assuming the scavenging

reactiﬂns to be diffusion controlled with Ee & R, and D & 23/4
in cyclohexane,” D is calculated. Then with D, = 2.6 x To™ %
cm? sec”?! for a typical scavenger, we = 0.05 n? V-I_Se;-l

which is smaller than the recent meaghremcnta by a factor of 4.

In a very interesting study,!? the yield G, of cyclohexane
cations scavenged by a fixed concentration of ¢-C DG was deter-
mined as a function of the concentration of CClh, a good electron
scavenger, present in the solution. For each c-C3Dg concentration
95 increases with CCly concentration and attains a plateau at
high concentrations of ccl, (D.1-J.0_M). Such behavior is attrib-
uted to cenversion, by reactions with CCl,, of the electron of a
geminate cation-electren pair te an aznion of censiderably lower
mobility'than the electron. Thus, neutralization time for such-a
geminate ion pair is prolonged and the probability of cation
scavenging is enhanced thereby. Though all electrons are not
scavenged at CCl, concentrations corresponding to attainment of
a plateau, it appears that #t such concentrations (1) the scaveng-
ing of cations cccurs almost entirely from cation-anion pairs
and (2) the remaining cation-electron pairs have such shert neu-
tralization times that prolongation by conversion to the anion .
does not appreciably enhance scavenging of the cation at the par
ticular ¢-C,D, concentration,

In the absence of CCl, the dependence of G  on ¢-C4yDy con-
centration conforms to eq X with o, = 0.4 MTI. Dependence of the
plateau values of Qﬁ (for large CCl, concentrationsj_on.%-CaDE
concentration also conforms to egq X but with ol = 6.8 M™%, For
N =L(_+'r 3 k+/_

(n, + ue}; for catien scavenging from cation-anien pairs,« ) =
k,t' a "k, /{u, * w_} in which u_ denotes the anion mohility, Thus,

cation scavenging from catien-electron pairs, o
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‘eq XI is obtained. In eyclohexane.18

17 = a¢jfa, = r‘/r,fﬂ[p+ + ueJ/(u+ + p ) {XI)
v, = 0.25 x 107> cn® v sec”! and u_ = 0.36 x 1077 cn? V! sec’!

From eq XI, ug ® 0.010 en® v'! seec”! is calculated as com-

2 1 -1

pared to the measured?® W ® 0.2 em” V' ° sec ', Obviously, prob-

lems remain.

From eq X it follows that {1 + /E;E;)-l represents the
fraction of geminate cation-e¢lectron pairs that undergo neutral-
ization, i.e., without electron scaﬁenging, in the presence of
an electron scavenger at the concentration g;._Thus, with £(t)dt
as the fraction of 21l geminate cation-electron pairs- for which
the necutralization time lies between t and t 4-@3, eq XII is ob
tained.?® {lummel!® has pointéd out

= -k Ct
Ja Tyl = ! —¢-s
(1 + uggg) =5 ®

f(vdt ' (XII)
that eq X11 corresponds to an inverse Laplace transformation
from which £(t) is obtainable. Of more interest isJ"m g(gjgg
which gives the fraction F, of all geﬁingte cation-etectron
pairs that remain unneutralized, and therefore could be observed
experimentally, at time t. The fesult is given in eq XIII.

oy ) (k t/a }

Fe =/ £(dr=e € ¢ erfe(k t/a )2 (XITT)
Because o, = kT, Eeglue = t/t. For t/t >> 1, eq XITI reduces to
eq XIV.

F (t>> 1) = (ue/nlie_g}lfz = (r/ng)f/z ‘ (XIV)

Such a dependence of the concentration of unneutralized cation

electron pairs on 5'1(2 at long times has been observed.'®

Eqs XIII an@,XJthéve been shown'? to describe ‘the gemin-
ate decay’ of diphenylide anions to G » 0 at 900 nsec from an in

itial G = 0:93 (values of G obtained by subtractionof Gg; = 0.12
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from the measured anion yield) immediétely after a 12 nsec pulse
of 3-¥MeV electreons to a cyclohexanc solution of 0.1 l_*j'diphenyll.4
The value of G = 0.2 obtained at 100 nsec after the pulse14 was
used in a modified form of eg XIV for calculation of.Ee.1g- Be-~
cause decay of geminate cation-anion pairs is being obServed, T’
from eq XI 'is te be used (rather than t) in eq XIV which then
becomes F, = (x'/mt) /2 s (17 tmt) VP2 (17 o ink )V 2. With
&, = 15 M ! for diphenyl as an electron scavengef, t = 100
nsec. and F, = 0¢.2/3.8, values of T = 0.05 nsec and k, = 3.0
x 10" M seu:'1 are calculated, With such values in eq XIII,

Ty = 0.03 nsec is calculated as the tjme at which 50% of all
“geminate cation-electron pairs remain unneutralized {i.e., Fe =
0.5). It should be noted that the value obtained for k is 30
to 50 times greater than values for d1ffus1on controlled reac-

tions of atoms and molecules in cyclohexane.
Conductivity Studies

Early studies of radiation-induced conductivity,in'liq~
uids of low dielectric constant, combined with other informa-
tion, suggested that Gf increases with increase in dieléctric
constant of the liquid .20 Such a correlation is expecied from
the Onsager equation, eq III, alone; as ¢ ;ncreasbs thé escape
probablllty for each separatlon distance r increases. However,
subsequent measurements21 have shown that other factors,\
such as molecular structure, can be very important in determin-
ing G i probably through their effect on the distribution
functlon for cation-electron separation distances., For example,
Efi = gi86 in neopentanc21 as compared to Gf = 0. 13 in
hexane”" though the densities differ by only 84 and the’ dlelec—
tric constants differ by less than 4%,

In the coursgzof determination of Gf in neopentane,
Tewari and Freeman — noted .that immediately after a 0.6 nsec
.radiation pulse the currents rapldly rose to a maximum and ra-
ﬁidly_decayed into a current-time trace of the type ObServed
in hexane for which no such ”overshoqt” was observed. With
neopentane containing an electron scavenger no overshoot was
observed (i.e., behavior of the current-time trace was similar
to that for hexane) and Gpy was reduced but to a value still '
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“about 4 times that for hexane. The authers attributed the over-
shoot tc a high-mobility electron in neopentane that is quitk-
ly converted to an anion by trapping on an electron scavenging
impurity, probably oxygen. The results suggested a correlation
between magnitude of the overshoot, or electron mobility, and
Gpi Existence of such a corrclation was supported by subse-
quent determination of Efj ¥ 5 for liquid argon at -186° (in
which the electron is quasifree or nonlocalized) and observa-

~tion of a current-time: oversheoot about 40 times greater than
that observed with neopentane, 22

The valuelof Efi » 5 for liquid -argon indicates that es-
sentially all electrons escape-théir sibling cations in liquid
argon. Results of Klassen and Schmidt?23 support such a conclu-
sion. At low x-ray dose rates fo:liquid'argon, plots of current
vs. field strenpth saturate near 10 xXV cm . This fact and the
dose-rate dependence of such plots indicate that current col-
lection competes only with homogeneous neutralization of ion
palrs From the values of saturation current per unit dose Tate
Gf1 = 4.4 is obtained which corresponds to W = 23 eV in rtather
good agreemcnt with gas- phase values. .

_ _ Mlnday, Schmidt, and Davis?“ have rcported electron mobil
ities in hexane, determined by a photoemission technique, in
the range 0.1-1.0 cm? V %, Conrad and Silverman25 have obtain-
ed résqlté,consistent with those of Minday, et al.,%Z% in study
of the transient conductivity after a 25-nsec radiation pulse
in hexane. A high-mebility species was cobserved to decay first
order (with a lifetimg.of ~50 nsec that decreased with increase
in oxygen concentration) into a low-mobility species with a
long-time secdnd—order decay. The results are consistent with
an anionic mobility for the long-lived species for which G =
0.11 is calculated (essentially equal to G, cbtained in other
studies). The authors ¢onclude that the short-lived species is
an eléctron that is converted te an anion by trapping, probably

on oxygen, and wlth G = 0.11 calculate v, T 0.22 em” V' sec”t.

- Schm1dt and Allen26 have confirmed the observation of the
current time overshoot in neopentanc and in very recent work®
have succeeded in measuring the clectron mobilities correspond-
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ing to such overshoots in a large number of liquids. In general,
but with a few exceptions, We 13 found to increase with in.
Some of the mobility results of Schmidt and Allen,? as remember-
ed by the author, are presented with those for liquid argon in
the follewing table, '

. PR | -1
Liquid ug(cm ¥ sec ) Efi

Ar 47527 4.4

(CHBJlﬁi : ' 83 0.74 .

(CH,) L 50 0.86

£-CeHyy 0.2 0.15

n-C N 0.2 0.13
8 1y

Liquids in the table were chosen for illustrative purposes. An
excepticn to the w  vs. G.. correlation has been included: such
an exception may be attributable to presence of a trace of elec-
tron-scavenging impurity in the necopentane. The appareht corrcla

tion between G., and u, suggests that the same entities or cen-

ters of the solvent ar% involved in thermalization or trapping
of both (1) the subvibrational electron with initial cnergy near
0.4 eV¥® and (2) the quasifree electron with drift velocity, in
the mobility measurements, small compared to thermal veloccity. -
Thus, for a particular solvent, the mean frce'path g may be the
same for both processes. In such case, a large a results in a
large Ve and large I (median cation-electron thermalization

distance) with concomItant large Efi'

Of particular interest is the observarion by Schmidt and
Allen® of a constant u, = 0.2 in pentane up to 1.4 x 105V em™ !,
the largest field strength used. Such a result inhdicates that
in pentane Ey > 1.4 x 105 V cm™! from which Ty <=72 A and
¢ < 45 A are calculated (cf. eq VIII). Consequently, a diffusion
model based on the Smoluchowski equation may be - applicable to
the geminate neutralization process in liquids such as pentane,

hexane, and cyclohexane in which u < 1.0 em? v osec . ltowever,
such a model certainly is not applicable to liquid argen for
a -}

which Eg?7 a 400 V cm™ from which rya 1500 A and oy 4600 A arc
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calculated {(¢learly, a failure of the simple criterion expressed
by eq VIII). It alsc seems very unlikely that the model would ap
ply to geminate neutralization in such liquids as (CHa)hC and
(CH3)|§i'

An equation for electron mobility in liquids can be de-
rived which, though based on an oversimplified model, permits
some interesting conclusions. Assume negligible drift of an elec
tron during its residence in.a trap for time t,. Then, with-
drift time and average drift velocity as a quasifree electron
between traps denoted by 4 and vy, respectively, s, = Vaty and
the measured drift velocity is given by v = vaty/(ty + £). For
!d smail compared to thermal velocity, eqs V and VIhgive_gd =
E'e c//Tf_FﬁF_ Consequently, v = E e c¢//T7_FTTF_ in which ¢ =

/(t + ot ), “and the mob111ty is given by eq XV w1th e in

-1
un1ts “Tof - cm2 v sec

1]

v, = eo¢//TZ KL m_ 0.75 o ¢ (XV)

and' o in angstroms.

L Even for the small o = 3 ; originally assumed by Williams®

fer cyclohexane, n, v 2 em? v ! osec”! is obtained from eq XV fcr
¢ =1 (i.e., for a quasifree electron in cyclohexane), Thus, for

g = 3 ;, the measyréd Ve = 0.2 em® V7! sec”? requires ¢ ~0.15
i.e., the electron spends 90% of its time in traps and 10% mov-
ing between traps. Such a result suggests that a semiconductor-
like model may be applicable to liquids such as pentane, hexane,
and'cyclohekane for which Mo < 1.0 cmz V‘l sec'l. However, as
roted by Harold Schwarz (at this meeting), such a conclusion may
be vitiated by use of the approprlate eﬁﬁect&ue electron mass

for Me in eq XV. .

 With 3, = 50 em? V71 sec”! for (€l1;),C and y, = 93 em? y7!
sec ® for (CH,) Si, values for o of 67 A and 124 A, respectively,
are calculated from eq XV with ¢ = 1.0. Such values suggest that
in these liquids the electronomay be qu351fre? most, and perhaps
all, of the time. For o = 67 A, gﬂ = 10" V cm and g = 90 A are
calculated from eq VIII; for o = 124 A, Eﬁ = §x 104V _crn.1 and

Iy = 120 A Consequently, for (CH ) C and (CH } 51, it seems
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improbabie that geminate neutralization can be described by mod-
els based on the Smoluchowski egquation or that scavenging can be
described by the empirical eq X applicable in hexane and cyclo-
hexane. The larger values of in for (CHS)IF and (CHa}l§i imply
a larger r_. if the only other consequence of a larger r, were a
larger ¢, then applicability of eq X would be expected but with
a larger ¢ _ for z given scavenger than if found in cyclohexane.
However, tﬁé contrary appeatrs to be the case. A value of e x

-1 &
$.2 ¥ can be calculated from data of Rzad and Warman?® for
CH_Br as electron scavepger in iso-octane for which G

Tl

0.33;21 in cyclohexane, with Gey = 0.15, 2 = 15.4 ¥ for
CHyBr. Thus, though the larger g, in iso-octane implies a lar-
ger r ., the smaller s indicates a smaller 7. Such a result sug
zests a failure of the Smoluchowski equation in iso-octane at
least. It seems, then, that success of present models and equa-
tions {for guantitative analysis of radiation-induced ionic
processes in liquids of low dielectric constant) may have been
a fortuitous result of the choice of hexane and cyclohexane and

- i
Z’.Vl

may be limited to such liquids with w_ < 1 em sec”

Taub and Gillis!® have reported a study that bears direct
ly on results and implications of the conductivity and scaveng-
ing studies. After a 'psec radiation pulse to squalane {mpm193°Kj
at temperatures in the range 108-203°K, an absorption spectrum
is observed in the near infrared that is similar to that iden-
tified with trapped electirons in alkane glasses at 77°K. In the
presence of electron scavengers, both the intensfty and decay
time are reduced. Thus,. the absorption is attributed to an elec
tron for which € = 0.6 is calculated after the pulse at 1337K.
The decay behavior is characteristic of géminate neutralization.
The reciprocal optical density is approximately linear with 51/2,
and t

=1/2
is independent of dose. As temperature is increased from 108°K

(observed time for 50% decay of initisl optical density)

to 203°K, t,,, decreases from 4 msec to < Zusec. Of particular
interest is the observation of the same absorption spectrum in

3-methyloctane with a t at 123°K equal te that observed in

1/2
squalane at the same temperature though the viscosities differ
by a factor of 16'% . As noted by the authors, the results rule

out electron migration-by structural diffusion and suggest a
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semiconductor-like medel in which essentially all migration is
that of the quasifree electron between traps in which it is

*

hound by an activation energy of 0.1-0.2 ¢V,
Aquecus Solutions

It is written that the god or gods of water radiation chem
istry have said, "Let there be spurs with certain characteris-
tics and all of water radiation chemistry shall follow therefrom."
Recently, if I may borrow from 5t, Augustine and I do not refer
to Dr. A.Q.Allen, at least two radiation chemists have reserved
for themselves a very special place in the hell of water radia-
tion chemistry. One has chosen teo question the very existence of
spurs and both have asked, "Fven if there are spurs, what pre-
ceded thc spurs?"

Hamill (private communication) has studied the effective-
ness of a rather large number of electron scavengers, at near
molar concentrations, in suppression of the molecular hydrogen
yield, g(},) = 0.45, of water radiolysis. He reports a good cor-
relation between such effectiveness and that for scavenging of
mobile electrons in irradiation of alkane glasses at 77°K. How-
ever, there is no correlation with specific rates of reaction
with the hydrated electron. For examplé, phenol is one of the
most effective -substances in suppf¢55icn of g(H,) and is a pood
scavenger of the mobile electron in alkanc glasses.at 77°K. How
ever, phenol has a very small k for reaction with the hydrated
electron. Hamill argues, therefore, that at the high scavenger
concentrations at which gtﬂz) is suppressed, the scavenger is
reacting with electrons prior to hydratioﬁ.ﬁne assumes such
electrons to be similar to the mobile electrons in an alkane
glass at 77°K and refers to them as "dry" electrons. Hamill also
has argued that certain-results provide evidence for reactions
of a "dry" positive hole in water, i.e., H20+ or Haof, prior to
© dielectric relaXéfion or hydration, For example, the §1c1;) ob-
‘tained'in.aqueéus €1™ solutions is attributed to oxidation of
C1~ by the "dry" hole follo#ed by formation of the complex w@ith
C1 .

In the work of J.W. Hunt reported by H.E. Johns at this
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meeting, similar effects are observed. Hunt and coworkers stud-
ied the effectiveness of a large number of substances, at near
molar concentrations, in suppressien of the hydrated-electron
absorption observed within 20 psé§~after a radiation pulse.
There is no correlaticn of the results with specific rates of
hydrated-electron reactions. It is suggested that the scaven-
gers are reacting with electynﬁsdprior to their hydrdtion .and
that the reactions may be felated_to those of the "dry” elec-
trons postulated by Hamill. Regardless of the precise mecha-
nism invoked, the results of Hunt unequivocally demonstrate the
interception by scavengers of a precursor of the hydrated elec-
tron.

Conclusien -

It is evident, I think, that consideréble-pfogréss has
been made in 25 years in the search for the earliest processes
in effects of radiation. It is egually clear that much exciting
research remains to be done in this area. o
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A MODELC SEMICONTINUQ PARA EL ELECTRON HIDRATADC
A SEMICONTINUUM MCDEL FOR THE HYDRATED ELECTRON

Kenji Fueki, Laary Kevan, Da-Fei Feng

Lawrence University, Kansas and Wayne State
University, Detroit Michigan, U.S5.A.

A semicontinuum model is develﬁpéd for the hydrated elec-
tron. Long range interactions are represcnted by a polarization
potential and short range attractive interactions a%c'reprcséng
ed by a point dipole approximation. Energy levels as a function
of cavity radicus are calculated within 2 self-consistent-field
approximation. The optical transition energy is rather insensi-
tive to different configurations of the water molecules in_'the
first solvation shell around the electron. The thervod-opficai
absorption of the hydrated electron in both water with..])_S = 30

.and in ice at 77°K with Dg = 3 can be sagisfactqrely explained
with this model for cavity radii near 1 A, The calculated heat
of solution and charge distribution of the hydrated clectron
with this cavity radius are also in good agreement with the ex-
perimental wvalues. '
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A-2 DETERMINACION ESPECTROFOTOMETRICA DIRECTA DE LA VELOCIDAD
DE H +0OH EN SOLUCION ACUOSA

DIRECT SPECTROPHOTOMETRIC - DETERMINATION OF THE RATE OF
11 +0H IN AQUEQUS SOLUTICON

S.0.Nielsen*, P.Pagsberg¥, K.S.Héjberg* and H.C.Christensen*,
G.Nilsson

_* Danish AEC Research Establishment Ris¢, Denmark and
‘ Aktlebolaget Atomenergl, Studsvik, Sweden

Deaerated aqueous solutions of 10 3M HC10 , were pulse ra-
diolyzed with 0.3-3.5 usec 11 MeV electron pulses and optical
absorptlon transients measured for 40 pysec at wavelengths from
200 to 240 nm. These transients could be fitted to within their

" experimental precision by transients calculated on_én analog
computer which took recombination of radicals during the elec-
‘tron pulse and uneven dose distribution in the reaction cell
into accoun;. The mcasured dose, the radlolytlc ylelds GOH =
2.65,G6 = 0.7, G(H) = + G = 3.15 the absorption spectra

»“H202 Gy *
of H, O/l and H 0-, and the rate constants 2KH+H = 1.,55x 101°ﬁ 1
sec™! and 2k = 1.04 x 10" M7 sec™® (J.Phys.Chem.73,1029,

OH+ OH .
(1969))formed the basis for the calculations, kH + OH was used

as the only adjustable- parameter in fitting the calculated to
the experlmental transients, The values of kH+OH found showed
no strong correlation with pulse width or wavelength and aver-
aged in 25 runs 1,5 x 10'° M1 osec?
of 0.3 x 10'® M1 gec™!. When compared with the values used for

with an estimated accuracy

2kﬂ+H and 2k0”+0” the value found for kH + OH falls in the ex-
pected range for the essentially diffusion controlled reaction.
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A-3 - ACERCA DEL MECANISMO DE RADIOLISIS A BAJA TEMPERATURA
) DEL HIELO CRISTALINO

ABOUT THE MECHANISM OF LOW TEMPERATURE RADIOLYSIS
OF CRYSTALLINE ICE '

A.K.Pikaev, B.G.Ershov, S.A.Puntezhis

Laberatory of Radiation Chemistry, Institute of Physical
Chemistry of the Academy of Sciences of the U.S5.S.R.,
Moscow, U.S.S5.R.

_ The free radicals from gamma radiolysis ef crystalline ice
with additions of alcohols, alkali hydroxides etc. at 77°K have.
been studied by EPR and optical spectroscepy methods, It has been
shown that the trapped electrons are formed in these systems. In
the case of alcohol additions it has been found by optiéél spec;
trescopy method that the electrons are stabilized in the traps
consisting of the molecules of impurities. The yield of free rad
icals in increased with the growth of concentratieon of additions
and is:dependent of sample structure.

The mechanism of radiation chemical primary processes in
the crystalline ice is discussed. )

A-4 RADIOLISIS GAMMA DE AMONIACO LIQUIDO-

GAMMA-RADIOLYSIS CF LIQUID AMMONTIA

M., Haissinsky, J.Belloni

Laboratoire Curie, 11 rue Pierre et Marie Curie, Paris 5S¥me-

It has been shown that on radiolysis of liquid ammonia with
sufficiently large doses of y rays of Rd-Co, a small production of
NH N, (yield, G = 0.20 in equivalents}), very ptobably of second-
ary origin, is added to the primary radiolytic products (H,,N,,
N,H ). This result is confirmed by the observation that if N,H
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is initially present in the solvent, G(NH N,} increases to
~ 0.5 equivalents.

Ammoniated electron scavengers, such as Ag+, reduce G(H,)
from 0.84 to 0.70, in agreement with Dainton's et al. result
with N,0. This shows that a part at least of the H2 is produced
by ‘intervention of e (J.Jové). '

-It has also been shown that hydrazine dissolved in liquid

ammonia pfactically does not react with e _ , in agreement with

the result found for Nth+e'aq in alcalineanueuus su}utiun. In
the presence of metallic Na, the radiolytic yield of N,H, is

higher than in its absence, contrary to some published results.:
The present result contributes to a better understandlng of the

mechanism of molecular. H formation.

Some other results which can help to clarify the mecha-
nism of radiolysis of liquid ammonia are recalled and discussed.

A35- - RADIOLISIS DE ION BOROIIDRURG EN SOLUCION ACUOSA
" 'RADIOLYSIS OF BOROHYDRIDE ION 1IN AQUEOUS SOLUTION

Abbento Breccia® and John H, Baxendale#*

*CNR Laboratorio di Fotochimica e Radizioni d'Alta
' Energia, Bologna, Ttaly

#*The University of Manchester,Chemistry Department,England

FN

Solutions of sodium borohydride in alkaline aqueous solu-
tion give hydrogen when irradiated with y-rays. The hydrogen is
liberdted in at léast two steps, one which appears immediately
on this time scales, and another onc¢ which occurs slowly in a
post irradiation.reaction. The pulse radiolysis of these solu-
tions réveals a transient species‘which abscrbs sirohgly with
‘absorption maximum at 260 nm and 420 nm, in'additian to the ab-

sorption due to e aq"

The tran51ent is produced by the reaction OH + BHh for

which we have obtained a rate constant S 1 x 109 M 15! and it
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decays by a second order proce$5 extending over tens of microsec-
onds depending on the dose, The preduct of this decay still ab-
sorbs strongly in the U.V. (maximum at 250 nm) but the peak at
420 nm is no longer present. This second transient'decays further
to a new absorbing species by a flrst -order process with a half
life of 40 ns.

The first transient reacts rapidly with oxygen (= 5.6 x
10° M"'s!) to give a product which still absorbs in the U.V. and
decays in two successive first order steps with k = 2.8 x 103

sec’ * and k = 1.5 sec }.

These changes are interpreted in terms of a pfimary spe-
cies BH , which ultimately gives borate ion via hydroly51s steps
1nvolv1ng boron hydroxy hydrides. '

A-6 EL METCDC DEL FOTOELECTRON UNICO PARA LA DETECCION
DE MUY BAJO RENDIMIENTO DE FLUORESCENCIA

MONOPHOTON TECHNIQUE FOR  THE DETECTION OF VERY LOW
YIELD OF. FLUORESCENCE

Juan T. P'Alessiv, Silvia Volker, Jorge Capellan

The most important aspect of this method, is, besides ‘its
high time resolution, 'its possibility to measure extremely low
light pulses in the region of nanoseconds or subnanoseconds. In
this paper special emphasis is placed to obtain maximum sensitiv
ity by means eof a careful analysis of the photomultiplier charac
teristics and by using a high intensity source of u.v. pulses of
high repetition, very stable shape and amplitude and a few tenth
of a nanosecond of duration. Results and possibilities of the .
method concerning mechanisms of energy transfer with very low )
quantum yield of fluorescence are presented,
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A-T7 NATURALEZA DE LAS FOTOCORRIENTES EN LA INTERFASE
' MERCURIC- SOLUCION

-NATURE OF PHOTOCURRENTS AT MERCURY-SOLUTION INTERFASE
Guillenmo Bomehif David Schiffrin, Juan T.D'Alessio

CNEA, Departamente de Radiaciones Atdmicas y
Moieculares, Argentina

Mechanisms which determine. photocurrents obtained by u.v.
illumination of negatively polarized mercury electrodes are anal
ized. A model is proposed based in the folleowing scheme: Photo-
emiésion, thermalization, hydration and reaction of the hydrated
electrons with the scavenger.

Influence of ionic strength'and electrode potential on the
magnitude of photocurrents and other facters are studied,

A-8 TRANSICIONES INTRAMOLECULARES SIN EMISION DE RADIACION
INTRAMOLECULAR RADIATIONLESS TRANSITIONS

Th.Fénsten, U.Sommer

‘Institut fir physikalische Chemie der Universitidt
Stuttgart, Stuttgart, Germany

In spite_of'their importance for photo and radiochemical
' reactions intramolecular radiaticnless transitions betwecn dif-
fcrcnt clectronic states areé still not very well understood.This
papcr déals with the rates of such transitions be;ween states of
the same multipliéity'in aromatic hydrocarbons. Our calculation
of thése rates is based on a general Rorn-Oppenheimer procedure
for the tratment of the interaction betwecn electronic' and nucig
ar motion. In first erder theory, (and with the usual approxima-
tions adopted for LCAO MO SCF calculations of molecular electro-
nic states) some general selection rules for symmetrical and for
alternant Hydrdcarbons emerge. The difference in equilibrium con
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figuration of different elcctronics states seems to be more im-
portant for the transformation of clectronic into vibrational
energy than differencies of vibrational frequencics or anharmo-
nicity. Numerical results have been obtained for the molecules
of naphthalene, anthracene and phenanthrene. o

B-1 MEDJCION DE LA FUNCION DE ILUMINACION DE ESCINTILACION
CON EL FOTOMULTIPLICADOR CON PRIMER DINODO DE ALTA
GANANCTA RCA C 31000D

MEASUREMENT OF THE SCINTILLATION ILLUMINATION FUNCTION
WITH THE HIGH GAIN FIRST DYNODE
RCA C 31 000 D PHOTOMULTIPLIER

J.2ampach*, G, Ambardt, J.A.Miehet,A.Cochet

+ Laboratoire de Physique des Rayonnments et d'Electronique
Nucledire, 67. Strasbourg - Cronenbourg, France
* Comisién Nacional de Energia Atdmica, Departamento Radiacio-

nes Atdmicas y Moleculares, Buenos Aires, Argentina.

The scintillation illpmination function I (t) may be
measﬁred by using the probability-sampling technique first
employed by L.M. Bollinger and G.E. Thomas. In this method
the decay of the intensity of scintillation is determined by
heasuring the distribution of time intervals between the be-
ginning of the scintillation and the individual photoelec-
trons leaving the photocathode of the phototube which is il-
luminated weakly enough to see no more than one photen per
light pulse., In practice, this is achieved by coupling the'
scintillator to the photocathode sa that, on the average,
only onepphotoelectron is produced for about 30 scintilla-
tions,

Using a high gain first ﬂynode photomultiplier (RCA C
31 000 D) we show that the measured curve ié the time distri-
bution of arrival of the first single photoelectron on the
dynode. For instance, using a crystal of anthracene with y
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rays of 13?Cs, the illumination  function I{t) (i.e.the equiva-
lent illumination) is obtained when the photocathode releases a
mean number of two photaelectrons; assuming that the gquantum ef
ficiency of the photocathode is 0.2, this means that 10 photans
are striking the photocathede. From a practical point of view,
we show that the curve I{t} is established 10 times faster than
with the standing methed. Light intensity distribution ¢f organ-
ic scintillators are preserted which have both fast and slow
decay components.

B-2 AUSENCIA DE TRANSFERENCIA -DE ENERGIA ENTRE MOLECULAS
AROMATICAS IDENTICAS POR EXCITACIUN.EN EL EXTREMO DE
LONGITUDES DE ONDA LARGA DEL ESPECTRG DE ABSORCION

FATLURE OF ENERGY TRANSFER BETWEEN IDENTICAL
AROMATIC MOLECULES ON EXCITATION AT THE
'LONG WAVE EDGE OF THE ABSORPTION SPECTRUM

Gregoaic Webzn and Meir Shinitzky,

ﬁapartmgnt of Chemistry and Chemical Eagineering
University of Illinais, U.S.A.

Electronic ensrgy transfer among identical molecules has
been followed by the depnlarization of the fluorescence in con-
centrated solutions as well as in dimers, polymers, and micelle
syétems- In the many aromatic flvoropheores examined, unlike a
féw hon aromatic ones, trahsfer is much decreassd or azltogether
undetectable on éxcitation at the red edge of the absorption spec
trum. The phenomenon is not due to the transfer taking place dgr-
ing a small fraction of the total fluorescence lifetime, nor is
it explainable by a decrease in overlap.of absorptién and emis-
sion upon edge excitation.
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B-3 RELACION ENTRE INTENSIDADES DE ABSORCION Y EMISION DE
SISTEMAS MOLECULARES. UN TRATAMIENTQ FUNDAMENTAL

RELATIONSHIP BETWEEN ABSORPTION AND EMISSION INTENSITIES
OF MOLECULAR SYSTEMS. A FUNDAMENTAL APPROACH

Feanando Zufoaga

Institute de Quimica, Universidad Catdlica de Chile,
Santiago, Chile

The cquations usually written to relate. Emission Intensi-
ties, or lifetimes, to Absorptiocn Intensities for Moleculecs are
corrected versions of theoretical equations applicable to atom-
ic systems whose transitions are sharp lines. This paper pre-
sents fundamental derivation of the formula:

-9
= 5.762 <

1/ T, 5.762 x 10 n,n, v fev dv
which is not derived from the atomic case but rather from funda
mental principles. '

Lifetimes calculated by this fermula are compared with the
measured lifetimes for a large number of aromatic molecules in-.a
dielectric solution and geood agreement, between different ap-
proaches.to calculate t_ is given and a discussion of the general
ity of the previously written equation is also presented..

B-4 TRANSFERENCIA DE ENERGIA DE EXCITACION A PARTIR DE LOS
ESTADOS PRIMARIOS SUPERICRES EN
MATERIALES AROMATICOS IRRADIADOS

EXCITATION ENERGY TRANSFER FROM PRIMARY UPPER STATES
IN IRRADIATED AROMATIC MATERIALS

René Votitz

Department dé Physique des Rayonnements, Centre de Recherches
Nucleaires, 67.5trasbourg-Cronenbourg,France

In irradiated aromatic materials, the molecular excitation

energy may be transferred away from its original site of forma-
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tion via the primary upper singlet levels, as well as from the
lowest cxcited states.

Special attention is paid to the former case, where the
transfer efficiency from the initial to a final site is favoured
by a large resonance interaction energy, but limited by the
short lifetimes of the highly-excited primary states. From an
analysis of typical experimental data, it is concluded that ener
gy transfer from primary states is quite general and should nev-
er be neglected. ' ~

B-5 -
MIGRACION DE ENERGIA EN LA RADIOLISIS DE CRISTALES MIXTOS

ENERGY MIGRATION IN THE RADIOL¥SIS OF MIXED CRYSTALS
K.G.Dharmavardena, A.G.Haddock

Chemical Laboraiories, The University,'Cambridge, England

A study by Mossbauer spectroscopy has shown the macroscopic
pattern of the radiolysis of the oxalatoferrate II1 salts. Pre-
vious investigations have shown that the oxalatoferrate III salts
are much meore scnsitive to radiolysis than the oxalatoaluminate
1I1 salts. The two complexes, however, give range of solid solu- -
tions. Using such mixed crystals the transfer of energy from the
oxalatoaluminate III diluent to the oxalatoferrate III anions
has been explored by measuring the azmount of oxalatoferrate II!
destroyed as a function of the total energy deposited in the
crystaks fir various concentrations of oxalatoferrate III. The
mechanism of. transfer will be discussed.
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B-6 DISTANCIAS INICIALES ENTRE ELECTRONES TERMALfZADOS
Y SUS IONES-PADRE EN LIQUIDOS IRRADIADOS: ESTUDIOS
DE CONDUCTANCIA Y DE RECOLECCION DE CARGAS

INITIAL DISTANCES BETWEEN THERMALIZED ELECTRONS AND
THEIR PARENT IONS IN IRRADIATED LIQUIDS: INFORMATION FROM
ELECTRICAL CONDUCTANCE AND CHARGE SCAVENGING STUDIES

Gonrdon R.Fnagkan

Chemistry Department, University of Alberta,
Edmonton, Alberta, Canada

Studies of the radiation induced electrical conductance of
liquids provide a measure of the free ion yields in the irradiat
ed 1iquids. The free ion yields give a rough indication of the
initial distances between the thermalized electrons and their
parent ions. Unfortunately, the free ion yield is not very sensi
tive to the particular form of the ion-electron separation dis-
tribution function. For example, the value Gfi = 0.1 for n-hex-
ane has been interpreted by four sets of authors in terms of ion-
electron separation distributien in whichothe average separation
distances were roughly 25, 60, 70 and 80 A. However, in a series
of nonpolar liquids, a larger free ion yield indicates a larger ~
average ion-electron separation. In necpentane Gf_.1 = 0.9 and the
average separation distance appears to be 90 - 170 A.

More detailed information about the ion-electron ﬁpaciél
distribution is obtainable from charge scavenging studies, be-
cause essentially the total amount of ionization produced during
radiqusis can be measured in this way, By fitting, experimental
product yield.
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B-7 LAS REACCIONES DE ELECTRONES "SECOS"
CON RECOLECTORES CONCENTRADOS

THE REACTIONS OF "DRY'" ELECTRONS WITH
CONCENTRATED SCAVENGERS -

J.W. Hunf, R.K. Wolff, M.J. Bronskill, J.Aldrich

Ontarie Cancer Institute, University of Toronto,Canadi

A unique stroboscoepic pulse radiolysis system constructed
in our laboratory makes it possible to observe the formation and
decay of solvated electrons (c'sol) with a time resolution of 20
psec. The radiations of e-sol with H+aq follow normal kinetics,
with no reducticn in e sol yield cccurring up to concentrations
of over 2M acid. All other electronic scavengers tested, however,
both react with e _ , and greatly reduce its initial yield. This
has been attributed to the scavenging of electrons before they be
come solvated at a tate unrelated to their rate constant for reac
tion with e-aq' Scme typical electron scavengers in the order of
decreasing reactivity, are cystine, Cd++, NO3, trichloro acetic
acid; dichloro acetic acid, acetone, H,0,, glycine, These reac
tions may be related to those of "dry" electrens postulated by
Hamill to be precurﬁors of melecular hydrogen. Evidence concern
ing the nature of these electrons will be discusséd, together -
with the biological significance of these results.

B-8 ESTUDIO DEL ATRAPAMIENTO DE ELECTRONES EN VIDRIOS
ORGANICCS POR RADIOLISIS DE PULSOS DE NANOSEGUNDOS

© NANOSECOND PULSE RADIOLYSIS STUDY OF ELECTRON
TRAPPING IN ORGANIC GLASSES

J.T.Richards,J.K.Thomas
Chemistry Division, Argonne National Laboratory, U.S.A.
The pulse radiclysis of 3 methylpentane, 3 methylhexane, 2

methyltetrahydrofuran, cumeme and ethanol glasses, has been
studied at 77°K using 12 nsec pulses of 3 MeV electtons. Trapped
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electrons in varying yields were observed in all cases, and in
some .instances short-lived species were observed. In the alkane
‘glasses at wave lengths> 15,000 A part of the absorption dué to
trapped electrons grows in after the radiation pulse, The growth
followed first ogder kinetics with ty,2 = 350 nsec. At wave
lengths > 7,500 A, in ethanol glasses part of the absorption
decayed over a period of several usec and at lower wave lengths
part of the absorption grows in over a comparable time period
after the pulse. These short-lived transients have been correlat
ed with different trap depths in the various media. The effect
.0of carbon tetrachloride and biphenyl on the transients observed
in 3 methylhexane has been studied and the results interpreted
in terms of electron capture by these solutes in accord with
previous 50co ¥ radiolysis data, Addition of positive hole scav- .
engers in the later system has also been investigated.'PuISe
radiolysis of naphthalene in 3 methylhexane glasses at 77°K pro
duced small yields of solute ions, cn warming to about - 150°C
naphthalene singlet and naphthalene triplet (G = 0.95) precduced

via ion recombination were observed.

B-9 DETERMINACION DE LA VIDA MEDIA DE RADICALES LIBRES
EN TRIGC IRRADIADO '

HALF-LIFE DETERMINATION OF FREE RADICALS IN IRRADIATED WHEAT
J.Pahissa Campd,M;H. de Pahisa, E.Dorda y R. Gabarain

Cemisibén Nacional de Energia Atdmica, Divisidn Fuentes
Intensas de Radiacién,Buenos Aires, Argentina

The half-life of free radicals in irradiated wheat was de-
termined using the carbon tetrachlorid-dithizone chemical system,:
that has already been employed by the authors as a radiation-
dosemiter, is highly sensitive to the action of free radicals.

The contact of this system with irradiated matter, in our
case wheat-flour, produces a change in the absorption spectrum
of dithizone between 400 - 700 mp. This change is a direct func-
tion of the number of free-radicals found in the irradiated mat-
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‘ter and responds approximately to a variation of .about 10¢ per
Mrad and gram of flour in a 0,5 x 10 “M solution.

It was observed that in standard humidity conditions, the
half-1life of the free radicals in irradiated wheat varies be-
tween 10 - 15 days.

Furthermore the half-life variation of free radicals was
‘determined on function of the flour's humidity degree, arriving
to the conclusion of inverse relationship between the life of
free radiclas and the degree of humidity,

This relatiénship confirms the water's protecting effect.

C-1 EFECTO DE DOSIS EN EL RENDIMIENTO DE PRODUCTOS
RECOLECTORES DE ELECTRONES EN LA RADIOLISIS
GAMMA DE HIDROCARBUROS LIQUIDOS

DOSEiEFFECT ON THE YIELDS CF ELECTRON SCAVENGING PRODUCTS
IN GAMMA RADIOLYSIS OF LIQUID HYDROCARBONS

Fabio Busi® and Gordon R.Freeman*+

*CNR laboratorio di Fotechimica e Radiazioni d'Alta Energia,
Bologna, ITtaly and ** University of Alberta,
Edmonton, Alberta, Canada.

- The value of G (N,) from the gamma radiolysis of a-so0lu-
tion of nitrous oxide in liquid cyclopentane increases with in-
creasing dose, Furthermore, the addition of an clefin to a ni-
trous oxide-cyclopentane solution increases the nitrogen yield.
A possible interpretétion of the dose cffect is that the olefin
ic products of radielysis can become associated with solvated
eléctrons in such a way that the diffusion coefficient of the

.electrons is decreased.

e (1)

. : > s

coly o olefin _ (clefin } solv
Whether or not the product of reactien (1) is a stable
" negative ion when the reactant .is a monoolefin is not known. In
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any case, the diffusion coefficient of (olcfin']solV is smaller

than that of e’ The resulting increase in the geminate ncu-

solv
tralization time alsc increases the prohability that the ncpa-

tive charge will be scavenged by nitrous oxide.

N,O +  (olefin”)

solv + N,0 + oalefin (2}

N,0 + N + 0 (3)

Calculations using the nenhomogeneous kinetics model make
possible a quantitative interprctation of the results.

c-2
ESTUDIOS DE ESR SOBRE LA RADIOLISIS DE NITROPRUSIATO DE SODIO
ESR STUDIES ON THE RADIOLYSIS OF SODIUM NITROPRUSSIDE

J. Danox, R,P.A. Mufiiz, A.0. Caride

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro,Brazil

Sodium nitroprusside, MNa Fe(CV] NO.2H O irradiated in
ligquid nitrogen with 2MeV electrons qhow an FSR spectrum at 77°K
con51st1ng of an hyperfine triplet 1. On raising the temperature
the following paramagnetic species are formed from this triplet
triplet 11, which is also unstable, triplet III which is stable
and quintet. ' '

The ESR parameters of these species were determined, as
well as their relevant infra-red frequencies. Kinetic laws and
the activation energies of formation of triplets II and 111 were
determined from the evolution of the ES5R signals. Isotopic sub-
stitution in single crystals of the chmplex by 13C, 15§ has been
made in an attempt to identify the nature of the species formed

by irradiation.

The results have been interpreted by assuming that the pri
mary act is the rupture of the nitroprusside molecule in two

fragments,

Fe (CN) (NO®™ + &~ ,  Fe (CN) : + NO
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All other species observed are derived from the rearrange-
ment and recombination of these two fragments in the crystal lat
tice. '

C-3 ESTRUCTURA DE ELECTRONES ATRAPADOS EN DIPOLOS EN
ACETONITRILO -d, CRISTALINO. EVIDENCIA EN FAVOR
DEL PEQUENO POLARON LOCALIZADO

STRUCTURE OF DIPOLE-TRAPPED ELECTRONS IN CRYSTALLINE
ACETONITRILE -d,.EVIDENCE FOR THE LCCALIZED SMALL POLARON

Michael A. Bonin, Keiji Takeda, T. Ffrancon Wi€€iams
Department of Chemistfy, University of Tennessee,

Knoxville, Tennessee, U,S5.A.,.

The * ™N esr spectrum of y-irradiated crystalline aceton-
itrile -d; shows either e quintet or triplet hyperfire struc-
ture depending upon the conditions of sample preparation be-
fore irradiation. From reversible photobleaching studies togeth-
er with other evidence, these spectra have been assigned to two
distinct strdctural.forms of a trapped electron, In the high tem
perdture phase prepared by quenching the crystallized sample
from just below the melting point (*46°C) to -196‘C, the trapped
electron interacts magnetically with two equivalent nitrogen nu-
clei; whereas in the othcr crystal form preba}ed by slow cooling
to -196°C, the interaction is limited to only one nitrogen. The
above assignments have been verified by corresponding studies on

CD,C5N. -

Both centers are photobleached by visible liéht and in
each case the esr spectrum is replaced by the septet spectrum of
CD,. This change has been interpreted as the net effect of disso
ciative electron capture. The reverse reaction occurs if the pho
tobleached‘éample is allowed to stand in the dark, and the rates,
of thermal recovery for the two species of trapped electrons
héve the'same_gctivation energy (0.2 eV) although the absolute
rate for the dimer spe#iés is about two orders of magnitude

greater than that for the monomer species at the same temperature.
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The optical absorption spectra of these trapped electrons
have also been studied, and they have abscorption ~maxima at 505
nm and 450 nm for dimer and monomer species respectively. It has
been shown that these optical spectra are alsc restored thermal-
ly after photobleaching without any loss of intenéity for the
complete cycle, '

Other examples of trapped electrons in -irradiated CTys-
talline cyanides will:; be described. These results appear to dem
onstrate the validity of Landau's original concepto of the
polaron as a self-trapped electron in a polar crystalline lat-
tice. The possible implication of these findings to the general
theory of solvated and trapped electrons will be discussed.

C-4 .ELECTRONES. ATRAPADOS EN VIDRIO DE 3-METIL-PENTANO
IRRADIADO CON GAMMA A 77°K

TRAPPED ELECTRONS IN GAMMA TRRADIATED
3-METHYLPENTANE GLASS AT 77°K

Koichi Funabashi, Carroll Hebert

Radiation Laboratory, University of Notre Dame,
Notre Dame, Indiana, U.5.A.

A theoretical model is proposed far the weakly trapped e-
lectrons (binding energy less than 0.1 eV) in -irradiated 3-
Mcthylpentane glass ar 77°K. The model predicts an UV-band in ad
dition te the well-known IR-band in the absorption spectrum for
the weakly trapped electron.

The presence of the deep traps, which can not be bleached
by continucus IR illumination at 77°K, is explicity taken into
account in analyzing the decay kinetics for the absorption spec-
“trum, EST signal, electrical conductivity and luminescence. The
results shows that retrapping at the deep traps, instead of
charge neutralization, is the major mechanism for the isothermal
(77°K) and IR-induced decays. The mechanism is consistent with
Willard’'s experiment on the UV-induced electrical conductivity
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of irradiated 3 MP and also with our new experimental data of
the UV- response of the characteristic luminescence decay.

C-5 FOTOIONIZACION DE METALES ALCALINGS EN MATRICES DE
HIDROCARBUROS A 77°K

PHOTOIONIZATION OF ALKALI METALS IN HYDROCARBON®
MATRICES AT 77°K

F.W. Froben, J.E. Wiffard

Department of Chemistry, University of Wisconsin,
Madiscon, Wisconsin, U.S5.A.

- This paper reports studies made to determine whether pho-
toionization of alkali metals dispersed in organic matrices at
77°K can be useful in studying the properties of electrons and
ion pairs in such matrices. Samples have been prepared by con-
den51ng vapor phase mixtures of hydrocarbon and metal vapor on
a cold finger. Continuous ultraviolet irradiation of such sam-
ples mailntains a steady state concentration of a species giving
a O.ZIgauss wide electron spin resonance singlet at-a g value
of ca. 2.000, which saturates above ca. 1 mw and decays in less
than 0.1 sec- after termination of irradiation. The singlet is
flanked by much less intense lines which decay in parallel with
the singlet but saturate less éasily. Trappéd hydrocarbon radi-
cals produced from the matrix by alkali metal photosen51t12at10n
grow linearly with continued irradiation and can be observed
after irradiation. The threshoald energy of the photons required
to produce these effects is below the gas phase ionization po-
tential of the metals atoms but usually higher than the SOlld
state photoelectrlc work function.
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c-56 ESTADOS EXCITADOS RESPONSABLE DE LA FOTCQUIMICA
DEL URACILO, - TIMINA Y ACIDO ORQTICO

EXCITED STATES RESPONSIBLE FOR PHOTQCHEMISTRY IN URACIL,
THYMINE AND OROTIC ACID '

H.E. Johns, G. Fisher, M, Herbert, D. Whillans

Department of Medical Bicphysics, University of Teronto,
Toronte, Canada

Extensive investigations using steady state monochromatic
ultra vieolet irradiation have implicated the triplet state as
being responsible for the dimerization of uracil, thymine and
orotic acid in dilute solution. In solutions of high concentra-
tions an additioral mechanism for dimerization is present involy
ing interactions between pairs of molecules in aggregates prob-
ably from the singlet state. The triplet state in dilute solu-
tions has been directly detected by flash photolysis and-absofp-
tion properties and the rate constant for reactions from the
triplet state will be presented,

c-7 DETECTOR DE Eu3* PARA MOLECULAS EXCITADAS EN
SOLUCION ACUOSA

Eud' PROBE FOR EXCITED MOLECULES IN WATER SOLUTION
Angelo A. Lamola, J. Eisinger

Bell Telephone Laboratories,Murray Hill, New Jersey, U.S5.A.

The sensitized emission from the hexahydrated Eu?” ion can
be used to obtain information about the donor molecules in water
solution. Simple studies yield the triplet yield of the donor as
well as estimates its excited singlét and triplet lifetimes, This
technique has been applied in the study of the excited states of
nucleic acids in solution at room temperature,
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C-8 _LESICONES BIDQUIMICAS PRIMARIAS Y MECANISMOS DE
' RECOLECCION EN EL SISTEMA FAGC LAMDA-E.COLI

PRIMARY BTOCHEMICAL LESIONS AND REPAIR MECHANISMS
IN THE LAMBDA PHAGE-E.COLI SYSTEM

M. Errera, M. Radman® and D, Krsmanovic- Semic**

Université Libre de Bruxelles, Belgium, * Centre

des Faibles Radicactivités CNRS, Gif-sur-Yvette

France and ** Biology Lab., Yale University, New
Haven, U.S.A.

The primary biochemical lesions of irradiated cells may be
difficult to analyze an account of efficient cellular repair mech
anism which may erase some of them., Their discovery and conse-
quences will therefore rest on their analysis in “viable" struc-
tures separated from these repair systems or in cells where they
are inoperant as a result of genetic mutations. Such an analysis
can be performed most efficiently .in the X phage -E.coli system,
It is known that DNA exclusively, is transmitted from the phage
particle.tn the host cell. Phage can therefore be irradiated in
vitro and the damage in its DNA analyzed.%In the case of U.V., by
far the most ﬁrominent lesions are_pyrimidine dimers and these -
can be the cause of lethality or mutations., A genetic analysis of
the A host cell, E.ecoff, has demonstrated the existence of sever-
al radiosensitive strains, some deficient in uvr genes (more sen-
sitive to U.V.), others deficient in rec genes, those necessary
for genetic récombination, or lex genes (more sensitive to both
U.V. and ionising radiation) or deficient in both systems. An
analysis of the number of dimers needed to kill a X particle when
gTOWNn on wild type cells and systems'deficient in recombination
(fhe A phage carrfes its own recombination genes, the red genes,
whiéh‘supplement the bacterial rec genes) will be given. In addic
tion, excision répair (uvr genes) is a correct repair mechanism,
whereas recombinétion‘repaif (rec genes) as well as the lex func-
tion are mutagenic, that is may promote incorrect repair. The con
tributions of Witkin,'Setlbw, Howard-Flanders, R&rsch.and others
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in relation to these problems will be given. In addition the con
tribution of various tepair systems in evolution will be briefly
discussed. '

C-9 EFECTO DE LA REDUCTONA SOBRE BACTERIAS TRRADIADAS
EFFECT OF REDUCTONE ON IRRADIATED BACTERIA

L.R.Caddas, R, Alcintara Gdmez

"Instituto de Biofisica, Universidade Federal ‘da

Rio de Janeiro" and Comissao Nacional de Energia Nuclear"(Brazil)

The keto-aldehyde reductonc (HOCHZCOCHO) blocks macromelec
ular (DNA, RNA and protein) syritheses in bacteria and in phage-
bacterium complexes. The blockade is reversible and apparently
due to the inhibition of oxydative phosphorylation.

1072 to 1077 M reductone has a negligible lethal effect on
nonirradiated cells. However, if bacteria or phage-bacterium com
plexes are submitted to UV rays (2537 R], ar to rays cmitted by a
high pressure mercury lamp (3000 up to G000 ;) and then treated
with reductone, a significant lethal effect is observed. The le-
thal effect decreases as a function of the time elapsed between
irradiation and treatment of cells with reductone, and the rate
of decrease is temperature-dependent,

Cells treated with reductone after irradiation with ionising
radiations or infra-red rays show no significant lethal effect.

Experiments made with starved bacteria show that the
lethal effect of the keto-aldchyde is not. related to the hlockade
of macromolecular syntheses, However, the experiments which show
the decreasing lethal effect of reductone as a function of time
elapsed between UV irradiation and treatment of cells with the
keto-aldehyde and the similarity of the effects of reductone and
caffeine on bacteria previously submitted to UV rays, suggest that.
the lethal effect of the keto-aldehyde is due to an inhibition of
repalir mechanisms. ' '
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D-1 EFECTOS PRIMARIOS EN UN'SISTEMA CELULAR VIABLE:
UN" ESTUDIO ESR DE BACTERIAS IRRADIADAS A 77°K

EARLY EFFECTS IN A VIABLE CELL SYSTEM: AN ESR STUDY OF
BACTERIA IRRADIATED AT 77°K

tdmund 8. Copedfand, Harcld M.Swartz, Earl C.Richardson
; .

-

Division of Nuclear Medicine, Walter Reed Army Institute
~
of- Research, Washington D.C., U.S5.A. N

Some of the chemical changes induced by ionizing irradia-
"-tion of biolegical materials can be understood only in systems
containing intact cells. Studies of the early chemical effects
" in cells are very difficult,.however, because of their véry com-
plex composition and organization. While individual chemical spe
cies probably cannot be identified in ESR studies of irradiated
cells, we¢ have been able to differentiate several distinct types
.of radiation induced free radicals in bacterial cells {E.cofi).
The radicals all have g-values close to 2.00 and overlap.'They
have been characterized on the basis of their g-values, line
shapes, relaxation times, kinetic behavior and reactivity with
additives. The bacteria are irradiated at 77°K. This temperature
stabilizes most of -.the radiation induced radicals. OH'radicals,
induced in the water, deminate the 77°K spectrum but other com-
penents due to the bacteria can be observed. Pulse annealing to
133°K allows the DH' radicals to interact with ecach other and
disappear while the bactérial.radicals remain stable., At 133°K
the spectrum of the bacterial free radicals in nitrogen equi-
librated samples is an asymﬁetrical single peak whose shape
changes as microwave power is varied, Further annealing leads to
a a complex spectrum, which at 200°K we have resolved into at
least three components: a 1:2:1 triplet (23 gauss splitting), a
1:1 doublet (15 gauss splitting} and an 8 gauss wide singlet. In
bacteria frozen from oxygen saturated solutions a typical peroxy
type signal devcloped on annealing above 135°K. ‘The differentia-
tion of these groups of radicals provides the possibility of
correlating changes in specific groups of radicals with changes
.in bielogical paramcters, ' :
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D-2 MODIFICACION DE EFECTOS PRIMARIOS EN UN SISTEMA CELULAR
VIABLE: EFECTO DE RADIOPROTECTORES SOBRE RADICALES LIBRES
INDUCIDOS POR RARIACION A 77°K

MODIFICATION OF EARLY EFFECTS IN A VIABLE CELL SYSTEM:
EFFECT OF RADIOPROTECTANTS ON RADIATION INDUCED FREE
RADICALS AT 77-200°K

Harold M., Swartz- Edmund 5.Copeland, Earl C.Richardson

Division of Nuclear Medicine, Walter Reed Army fostitute
cf Research, Washingteon, D.C.,U.8.A,

Using g-mercaptoethylamine -(MEA) as za model réaioprotec-
tant the effects of radiopreotectants on radiation induced free
radicals in E.cef{ B/r were studied. Bacteria suspended in pH
adjusted solutions of MEA were equilibrated with oxygen or nitro
gen and frozen to 77°K. They were irradiatéed at 77°K and SR
spectra obtained at 77°K following 10 minute pulse annealing to
various temperatures. The effect of MEA varied with pH and equi-
libration gas. At low pH (3 and 5) in nitrogen equilibrated bac-
teria MEA decreased one type of bacterial radical (8 gauss sin-
glet}, increased another type (23 gauss triplet) and had relative
ly little effect on a third type {15 gauss deoublet). The magni-
tudes of these specific types of radical modification correlated
with changes in bacterial survival in the presence of MEA and
some of its structural analegs. At higher pH's {7 and 9) under
nitrogen the cffect of MEA was to change the irradiated bacte-
rial spectrum to a broad singlet with a higher g-vélue. The total
number of spins decreased in the presence of radioprotective
amounts of MEA. In oxygen the MEA affected on the qualitative bac
terial spectra and decreased the total number of free radicals.
The decrease in total radical yield correlated with increased
bacterial survival.

These results suggests that part of the radioprotective ef
fect of aminothiols such as MEA is due to their ability te de-
crease and alter specific types of bacterial free radicals. This
specificity suggests that the observed radioprotection is not due
to random radical scavenging but is dependent on more specific mo-
lecular interactions between MEA and components of bacteria.
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n-3 EFECTOS PRIMARIOS INMEDIATOS DE LA RADTACION SOBRE
CELULAS VIVIENTES ESTUDIABOS POR RADICLISIS DE PULSOS

VERY EARLY EFFECTS OF RADIATION ON LIVING CELLS AS STUDIED
' BY PULSE RADIOLYSIS

B.W.Heodgson, J.P.Keene, A H.W.Nias, A.J.Swallow.

Paterson Laboratories, Christie Hospital and Holt
Radium Institute, Manchester 20, England

Pulse radiolysis studies have been carried out on humerous
chemical systems, including many of biological interest, but no
studies on living systems appear to have been reported previous-
1y although work has been done on the effect of pulses of rﬁd’a-
tion on the survival of cells (e.g..A.H.W.Nias, A.J.Swallow,
J.P.Keene and B.W,Hodgson, Brit, J,Radiol., 42, 553 (1868).Pulse
radiolysis studies on mammalian ceclls are now reported. Chinese
hamster or He La 'cells in salinc suspension have been subjected
to microsecond pulses of radiation. The cell suspensions cause
considerable scattering of the analysing light beam and with a
conventional 250 watt Xenon arc lamp very little light reaches
the monochromator. This difficulty was overcome by operating the
lamp at 10 kilowatts for a period of 1000 ysec synchronously with
the electron pulse. This rcsulted in an ~ 300-fold increase in

‘light intensity. Intermediatcs were observed which decayed over
periods of the order of a microsecond and longer lived interme-
diates have also becen scen. Similar intermediatcs appear in uni-
irradiated cells and in cells which have rcceived doses of hun-
dreds of kilerads. Speculaticns as to the nature of the interme-

diates arc presented.

B-4  POSIBLE EFLCTO BIOQUIMICO PRIMARIO TRASCENDENTE DL LA
RADTACION GAMMA EN LA DIFLRENCIACION EMBRIONARIA

" POSSIBLE TRASCENDENT EARLY BIOCHEMICAL EFFECT OF CAMMA
RADIATION ON EMBRIONIC DIFFERENTIATION

E.E.Mandiang, J.Mercuri
Comisidn Nacional de Energia Atdnmica, Rucnos Alres, Argentina
It has been determined that the synthesis of DNA and RNA

plays a very important part during embryonic development., Thus
certain chemical compounds, such as actinomycin D., that act on
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the cell inhibiting RNA synthesis, interfcres with gastrulatioen
processes, The hybridization, considered as a biolegical mech-
anism interfering at DNA levels, also inhibits development éfter
the final blastula stage. These observations suggest that the
cigete has the necessary genetic information to surpass the seg-
mentation stages in that development of the subsequent stages
depend on the genetic infermation contained in the nuclear DNA
of embryonic cells., '

Recently fertilized Bufc aremarum eggs exposed to different
doses of 1.25 Mev gamma radiation, the first furrow appeared
later than in normal eggs. Develcopment was inhibited at the final
blastula, initial gastrula, and final gastrula stages. The final
blastula stage being particularly sensitive.

In blastulae from eggs exposed to 9.000 rad after fertiliza
tion, synthesis of ribosomal RNA was greater than in normal
blastulae, while synthesis of what we consider messenger RNA was
remarkably lower in the irradiated biological material,

In blastulae from irradiated eggs, base composition of both
RNA types differed considerably from that of control blastulaes.

The sedimentation pattern of DNA in irradiated materiai
differred from that of normal blastulaes.

Considering these findings, the hypothesis by which radia-
tion would alter the chemical structure of DNA, thus‘causiﬁé an -
erroneous transmission of genetic information in messenger RNA,
is supported. The anomalous protein synthe515 that takes place
later would produce development inhibition at the stages wheére
a new protein contribution is needed.

The alteration of DNA structure, would be the trascendent
early effect that irradiation produce in the biochemical mech-
anism of the embryonic differentiation.
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D-5 LUGAR DE.ATAQUE-DE ELECTRONES HiDRATADOS EN LA
-ESCTRUTURA MOLECULAR DE LAS BASES PIRIMIDINICAS Y
. -~ PURINICAS DEL DNA

SITE OF ATTACK OF HYDRATED ELECTRONS ON THE
MOLECULAR STRUCTURE OF THE PYRIMIDINE AND
PURINE BASES OF DNA

E. Hayan

Pioﬁeering Research Laboratory, U.S. Army Natick
Laboratories, Natick, Massachussetts,U.S.A. "

The reactive species e'a » OH radicals and K atoms prod-
uced in the radiationchemistry of water and aqueous systems react
in a different and selective way with the pyrlmldlne and purlne
bases of DNA. The reaction of OH radicals has been studied' by
the technigue of pulse radiolysis. In this work, the reaction of
hydrated electtons with a number of pyrimidine and purine bases
has been examined, and the site of attack on.the molecular struc
ture -of these bases has been establised in a number of cases., To
_eliminaee the interference in the trasient abscrption spectra of
the Oﬁitadical adducts, ;-butenol was added. Transient species
absorbing in the UV and visible range have heen observed and
studied as a function of pH. In alkaline solutions some of the
chromophores underge ketoenol tautomerism, and on the bases of
these changés it was possible to show that one of the main reac-
tive sites is the carbonyl group. For example, with uracil the
Cz-and C - ‘ketyl radicals and radlcal anions are produced accord
ing to the féllowing reactions:

0 : o ' OH
1 : : : I
o c C c.
- L HN : o o HN HN _
o + e —_
s 8q . F ] - .
. y dF
: - H H H

Results w111 be presented for a number of pyrimidines. purines
and DNA, '
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1. R.M.Danziger, E.Hayon and M.E.Langmuir, J.Phys.Chem., 72,
3842 (1968}, E. Hayvon (in preparation). :

L.S.Myers Jr., M.L.Hollis and L.M,Theard, Adv. in Chem.
Series, 81, 357 (1968). - ' '

D-6 EFECTOS DE LAS RADIACIONES IONTZANTES
SCBRE STSTEMAS ENZIMATICOS OXIDATIVOS
ANALTIZADOS CON TECNICAS MICROESPECTROFOTOMETRICAS

EFFECTS OF 10NIZING RADIATION ON OXIDATIVE ENZIYME SYSTEHS
ANALYZED THROUGH MICROSPECTROPHOTOMETRIC TECHNIQUES

M,E, Ttoiz, R.L.Cabrini, A.J.Klein-Szanto

Comisidén National de Energia Atdmica, Departamento de
Radiobiologia, Buenos Aires, Argentina

The relative quantitation of a group of histochemically
demonstrated oxidative enzymes was made possible by microspectro
photometric methods.-

Malpighian epithelium was used as a model to study enzyma-
tic changes produced by different types of irradiation (X rays,
beta rays and deuterons). These changés were guantitatively eval
uvated in relation to desis and post-irradiation time.:

A stereclogical approach to the malpighian epithelium re-
sponse clearly shows a rapid acanthosis, which could be noticed
Z hours after irradiation and which reached maximum values 4 to
7 days after high irradiation dosis. This increase in epithelial
thickness was not due te an increase in number of cells.’

The microspectrophotometric studies of enzfmatic activi-
ties were accomplished by means of a unidirectional scanning
system, which readily enabled us to evaluate: Total enzymatic
content (TEC), mean enzymatic concentration (MEC), maximum and
minimum values of enzymatic response,

All the irradiation conditions under study showed a rapiﬂ,
and statistically significant, alteration of the ‘initial en-
zymatic values. ’ '
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The increase of Glucose 6-phosphate Dehydrogenase, within
the group of enzymes, and the lowered activity of Succinic
Dehydrogenase, pointed to a possible metabelic change. Such
alterations could condition a depression of metabolic activi-
ties related to Krebs cycle with a desplacement towards the
Pentose shunt.

D-7 RADIOLISIS GAMMA DE SOLUCIONES CONGELADAS DE 2-PROPANOL,
1-PROPANOL Y ACETONA

GAMMA RADIOLYSIS OF FROZEN SOLUTIONS OF
2-PROPANOL, 1-PROPANOL
AND ACETONE

G. Nucifona* '
Argonne National LaBoratory, Argonne, Illinois, U.S.A.

*Permanent address: C.N.R.Laboratorio d4i Fotochimica e
Radiazioni d'Alta Energia, Via Selmi, 2-40126 Bologna, Italy

Radiolysis at -196°C of ‘y-irradiated frozen solutions in
D,0 and H,0 of 2-propanol, 1-propanol and acetone were studied by
E.P.R. For 2-propanol solﬁfions, data show that the main species
at the end of the irradiation are 0°,'H', “0D (or°OH) and trap-
ped electrons. Photobleaching experiménts convert electrons main
ly in ‘CHO, (CHz)2°COH, °CH,-CH(OH) -'CHB'and "CHy. By thermal
_ annealing, D‘ and H' disappear at - 165°C: At -70°C, only *‘CHO
lines are present, and one line, about 10 g broad, probably due
to a R-0° radical. At-65°C, "CH4 appears again,

Analysis of acetone frozen solutions show "CH,- CO - CH,
as main radical. D*, ‘'CH;, and ‘CHO are also present. Light'with
A greater than 620 my decreases the concentration of "CH,-CO -CH,.
With X less than 400 mp light, D* and °CH; concentrations in-
crease; ‘CHO disappears. L

The only species'appearing upon radiolysis of 1-propanol
solution are 0'D (or 0'H and trapped electrons, With 620 mp light,
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the electron line disappears. With 400 my light, a new center
and an unknown radical appéar. Alfernatively both can be obtaiﬁ
ed by heating at - 165°C. In the dark, only the new center re-
mains. By irradiating with 620 mu or 400 my light, it is possi-
ble to convert the unknown radical and the new center into an
ethyl radical. o

Possible mechanisms of reactions are discussed.

D-8 o _
DANO AL DNA CROMOSOMICO EN CELULAS IRRADIADAS, Y EL PAPEL
DE LA REPARACION RECOMB INACIONAL POST-REPLICACION EN LA
RECONTRUCQION DEL CROMQSOMA -

DAMAGE TO CHROMOSOMAL DNA IN IRRADIATED CELLS, AND THE ROLE
OF POST-REPLICATION RECOMBINATIONAL REPAIR IN
CHROMOSOME RECONSTRUCTION

Paul Hloward-Flandens and W, Dean Rupp
Yale University School of Medicine, New Haven,

Connecticut, 06510, U.S5.A.

Cell survival fellowing irradiation depends upon the dam-
age sustained and upon the extent to which the cell can.remove
or correct the defects and reconstruct continuous functional
chromosomes. Various types of structural damage are known to be
produced in DNA by radiations. Single strand joining, excision
and recombitional repair are known to contribute to-he re-
construction of intact chromosomal DNA.

Recombinational repair is effective where DNA contains
damaged bases that are not excised, and that do not hydrogen
bond cerrectly so that at DNA replication, the daughter strand
being synthesized .is terminated. A gap is left opposite the dam~’
aged bases, and the systhesis of the daughter strand is‘initi-
ated at some point beyond the damage. Studies with sedimentation
in alkaline sucrose gradients have shown that in UV-irradiated
cells, the DNA synthesized during a period of a few minutes is
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present as strands whose length is limited to the distance_bé-
tween the hyrimidine dimers in the template strands. A prelimi-
nary estimate of the lenghts of the gaps in the newly synthe-
sized DNA indicates that 1000 nucleotides may be missing per
gap. Puring further incubation, these short strands increase in
length and become as long as the template strands. These recons
tructed strands can then serve as templates for the synthesis
of high molecular weight DNA. This increaée in length does not
occur in certain mutants that are defective in gnetic recombina
tion. In E.coli this test can best be carried out in cells car-
Tying recA recB mutations if DNA synthesis after irradiation is
to be adequate, although this joining is blocked only by recA.
The recA’ gene is needed for genetic recombination and for cons
tructing high molecular weight DNA strands from the shorter
pieces that are synthesized on a damaged template. We have sug-
gested that the correct nucleotide sequence may be introduced
into the gaps opposite damaged bases by recombination with the
homologous sister duplex that was formed at replication. Evi-
dence for such a mechanism has been obtained in density label
experiments,. . which show that exchanges linking old and newly
synthésized DNA are produced in irradiated but not in normal
cells.

Recombinational repair promotes cell survival effectively
for various types of base damage, as shown by the relatively
high sensitivity of :ecomblnatlon -deficient mutants to varloué
mutagens:#nd to'x;irradiation. It is very effective in cells ex
posed to X-irradiation in the presence of the radiosensitizing
organic free radical triacetoneamine-N-oxyl (TAN) which may form
radiation adducts with DNA (Emmerson and Wilson, 1968). Recombi-
national repair contributes to the survival of mammalian cells
with damaged bases. Studies with alkaline sucrose gradients show
that mouse leukemia cells damaged by irradiation, synthesize
their DNA in short lenghts and subsequently join these into high
molecular weight strands. )
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-9 TRANSFERENCIA DE ENERGIA EN SISTEMAS DE ALTA DENSIDAD
OPTICA. PARTE -I. CLOROFILA Y HEMATOPORFIRINA COMO
EMISORES Y XENOCIANINA COMO RECEPTOR

ENERGY TRANSFER IN HIGH OPTICAL DENSITY SYSTEMS-PART I
CLORCPHYLL AND HEMATOPOTPHYRIN AS DONORS TO XENOCYANINE
AS ACCEPTOR )

J.T. Dubois*, H,Behnens

*Aerospace Research Laboratories, Wright Patterson Air Force
Base, Dayton, Ohio, U.S.A.

Départamento de Quimica,Universidad de Chile,Saﬁtiago\
Chile

Energy transfer from clorophyll and hematoﬁorﬁhyrin to
xenocyanine has been studied in dimethylformamide as solvent.The
equations of Stevens and Dubois, for high optical density (0Dh=2)
spectrOphofofludTometry have been extended to correct for the
absorption of the luminescence of the donor by the acceptor.
These equations are applied to the above mentioned system. The
results suggest a long range energy transfer mechanism at the
donor concentrations used.

* Deceased March 9th, 1967.

D-1D - LA ESCISICN ENZIMATICA DE DIMEROS DE TIMINA A
’ PARTIR DE DNA IRRADIADO CON UV

\ - THE ENZYMATIC EXCISION OF THYMINE DIMERS
FROM UV IRRADIATED DNA

Lawrence Grossman

Graduate Department of Biochemistry, Brandeis Univérsity,
‘Waltham, Massachussetts 02154, U.S.A,

The excision of thymine dimers from UV irradiated DNA is
- catalyzed {in viize by a UV specific endonuclease and a UV exonu-
clease isolated from Micrecoceus Luteus. The first enzyme, the
YUY endonuclease, i5 an incising enzyme, which has been purified
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5000-£fold, is stimulated by, but not dependent on, magnesium and
has a molecular weight of approximately 15.000. The enzyme has
an absolute specificiiy for U¥ irradiated native DNA. Moreover,
the enzyme makes a single ﬁhokphodiester hond break for each
thymine dimer in irradiated DNA. This incision involves the
cleavage of a single phosphodiester bond 5' - to the dimer, re-
sulting in 3' - phosphomonoester and 5' - OH groups. The UY:
exonuclease, which has been purified 1500 - fold, acts to the
same extent and at the same rate on irrhdiated and unirradiated
denatured DNA. The enzyme has an absolute requirement for magne-
sium and exczses the dimer from UV irradiated DNA containing re-
g:ous in a 5' = 3' direction, The initial fragment released con-
tains the dimer and one or more adjacent nucleotides, Further
degradation in the 3' + 3' direction leads to the total release
of six nucleotides. The UV exonuclease can initiate hydrolysis
of single stranded DNA f&om both the 3' - and 5' - termini. As a
result, limit dzgests of the %EEISed photoproduct region yield
trinucleotides of the type XpTpT or Tprx. On incised DNA the
enzyme appears to work only in the 5' =+ 3J'direction, leaving a
5' - phosphomonoester terminus. Therefore, after excision the
DNA molecule is terminated at both the 3' and 5' ends by phos-
phomenoesters. The action of a polynucleotide phosphomonoesterase
may be required prior to the initiation of repair polymeriza-
tion by a polymerase.

The in vive role of the UV endonuclease has been studied
in radiation normal and radiation-sensitive strains of M.Eluleus,
Transformation with wild type DNA of an ultraviolet sensitive,
endonuclease-defective mutant led to the isolation of several
types of transformants which contain normal or lower levels of
the enzyme. The physiological effect of the UV endonuclease was
examined in isogenic strains which differ only in the presence
ot absence of the enzxme. It was found that the enzyme is impli-
cated £in vive in the following UV induced characteristics: ex-
cision of thymine dimers, formation of single strand breaks,
delay in DNA synthesis, breakdown of DNA, and induction of the
lysogenic phage Ng. '
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RESUMEN DEL SIMPOSIO SOBRE EFECTOS PRIMARIOS INMEDIATOS .

Durante la Reunifn se rcaliié un Simposio sobre Efectos
Primarios Inmediatos, actuando el Prof., Milton Burton comc Presi
dente y Moderador. los participantes activos en ese Simposio fue
ron invitados especialmente y se han indicado con un asterisco
en la Lista de Participantes. Independientemente de ello, el Sim
posio estuvo abierto a2 todos los concurrentes a la Reunién.

En el Simposio se discutil el estado del conocimiento ted-
rico y experimental del tema y se tratd de precisar exactameﬁte
los problemas existentes y las direcciones de blisqueda de sus so
luciones. '

Las Sesiones' fueron informales, siguiéndose el procedimien
to establecido tradicionalmente en el Laboraporio de Radiaciones
de la Universidad de Notre Dame, EE,UU,, para las Conferencias
Informales sobre la Quimica de Radiaciones del Agua celebradas
en 1952, 1955, 1958, 1961 y 1966 y publicadas por la misma Uni-
versidad. :

En total se cumplieron cinco sesiocnes de este Simposio de
aproximadamente. tres horas de duracifn cada una,

Las discusiones detalladas no se -incluyen en el. presente
volumen por haber sido ya objeto de una publicacién conjunta del
Laboratorio de Radiaciones-de la Universidad de Notre Dame ¥y de
la Comisién Nacional de Engféia Atdmica editada como Documento
AEC N®C00-38-738 (Proceedings of the Symposium on Very Early Ef-
fects, International Meeting on Primary Radiation Effects in’
Chemistry and Biology, March 9-14, 1970, Buenos Aires, Argentina,
256 p.).

En lo que sigue se resumen los principales aspectos conside
rados.
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Conceptos tebricos sobre eventos inmediatos.

Sobre la base de argumentos generales y del conocimiento
bdsico de los procesos, los efectos primarios en las reaccio

nes quimicas inducidas por radiaciones se pueden ubicar en
0°1% " segundos a 10”7 segun
: -1T

una escala de tiempos que va de 1
dos. ios eéventos que ocurren en el intervalo de 1|TJ'16 a 10
segundos pertemecen actualmente s6le al &mbite tefirico, ya

que las técnicas experimentales no son aun capaces de resol-
verlos. '

Los temas principales considerados fueron: a} escalas de
tiempo; b) espectros ultravioletas; c) espectros de impacto e-
lectrénico; d) produccibn de tripletes.

Eventos inmediatos observados experimentalmente.

Los eventos mids inmediatos resueltos experimentalmente has
ta ahora corresponden a tiempos mayores de 107 !! segundos des
pués de la deposicién de energia, aunque ya se pueden prever
técnicas mds répidas. Es de notar que al cabo de estos tiem-
pos se han completado azlguncs procesos que pueden considerar-
se como quimicos.

Los temas principales considerados fueron: a) radiblisis de

de pulsos en la regién de los picosegundos; b) experimentos

especiales con lasers.

Termalizacibén de electrones.

El tiempo y la distancia requeridos para que un electrén
llegue a las condiciones en que se encuentra al, cabo de tiem-
pos .de orden de 1 microsegunde (solvatado, hidratado, atrapa-
do, etc.) son los dos aspectos fundameniales-de los procesos
primarios. Las ideas tefricas y los estudios empiricos de los
mecanismos correspondientes no ceinciden aun, si bien va pue-
den sugerirse varias distribuciones modelo para las distan-
cias de termalizacién, '
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"Los temas principales considerados fueron: a) relajacién
dieléctrica, b) distribucién experimental de distancias de
termalizacidn; c¢) mecanismos. .

Naturaleza de los electrones solvatados y secos.

La naturaleza y el comportamiento de los electrones hidra-
tados y sclvatados ha sido objeto de muchos estudios. Estas
impeortantes especies se pueden formar a los 10_11'5egundos de
la deposicidén de energia o aun antes. Se considera como elec-
trén "seco" al que, estando libre en un medio condensado, se
encuentra todavia en un estado mévil, no localizade y sin sol
vatar.

Los temas principales considerados fueron: a) electrén sol
vatado; b) polarizacifn; c) movilidad; d) localizacién; e) e~ .
lectron seco.

Electrones en exceso en siélidos.

Aunque los mismos efectos fisicos ocurren en fases sdiidas
y fldidas, diferencias cualitativas dristicas pueden dar ori-
gen a diferencias cuantitativas en las cobservaciones. Estos
efectos son de importancia mixima en las escalas de tiempo in
volucradas.. '

Los temas principales considerados fueron: a) escalas de
tiempo; b) trampas de electrones. '

Estados sobreexcitados.

Se sabe que dentro de los 10 '® segundos posteriores a la
depoéicién de energia se producen estados -sobreexcitados, po-
cos de los cuales sobreviven hasta 10 ? segundos para poder
ser observados directamente. Muchos efectos pueden explicarse
alternativamente sobre la base de estos estados sobreexcita-
dos o de mecanismos ifnicos, siendo dificil por esa razén es
tablecer la importancia rteal de cada una de estas alternati-

vas.
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Los temas pfinciﬁales considerados fueron: a) conversidn
interna y extincién; b) migracién de energia‘;-ibnizacién; c)
importancia relativa; d) naturaleza de los estados sobreexci-
tados. ' ' '

te
;!

i
Sistemas biolégicos.

Se agcepta que los sistemas biolGgicos coﬁtieqen altas con -
centraciocnes de materiales que podriénfalterar drésticamente
aun los efectos mis inmediatos estudiados en sistemas quimis=
camente simples. Los fendmenos que ocurren entre la escala de
tiempo correspondiente a los efectos inmediatos y 1la de la

biologia cldsica no se conocen aun suficientemente.

. Los temas principales considerados fueron: a) importancia
de los efectos primariecs; b) estados excitados en el ADN,; c)
efectos bioldgicos.

Radicales en el estado sélido.

Los experimentos de Willard a bajas temperaturas indican
que: (1) en un halure de metilo, la captura electrénica disc
ciativa produce un radical CF[3 libre que coexiste en la mis

~.ma “jaula'' con el ifn negativo'halurb; (2} 1a vida media de

decaimiento del radical CH, aumenta mucho si la matriz (3-me
tilpentano) es perdeuterada; {3) los dtomos de H producidos
por fotdlisis de I en CGH14 no gquedan-atrapados en la ma-
triz.

Los temas principales considerados fueron: a) radicales

en un matriz a baja temperatura; b) Atomos de H; c) espec-
tros de resonancia paramagnética y estados de espin.



SUMMARY OF THE SYMPOSIUM ON VERY EARLY EFFECTS

‘A Symposium on Very Early Effects took place during the
Meeting, acting as President and Moderator Prof}_Miltoh Burton.
The active participants in this Symposium were specially invited
and have been;marked.By an asterisk in the List of Participants

at the end of the present volume, though the sessions were open
to all attendants to the Meeting, : :

. In the Symposium, discussions were held on the state of
theoretical and experimental knowlédge of the" subject, empha-
sizing the accurate definition of the existin problems and the
ways of searching their solutions.

The Sessions were 1nforma1..following the procedure tradi-
tionally stablished in the Radiation Laboratory of the Universi-
ty of Notre Dame for the Informal Conferences on the Radiation
Chemistry of Water held in 1952, 1955, 1559, 1561, and 1966 and
published by the University of Notre Dame.

In total, five sessions took place of aproximately three
hours each. ' '

The detailed report of the discussions are not included in
this volume. It-was'puhliShed shortly after the Meeting as a
joint publication of the University of Notre Dame and the Argen
tine Atomic Energy Commission edited by the Radiatien Laboratory
(Proceedings of the Symposium on Very Barly Effects, Interna- -
tional Meeting on Primary Effects in Chemistry and Biology,
March 9-14, 1970, Buenos Aires, Argentina, AEC Document C00-38-738,
256p.) :

The following is a summary of the conclusions based on the
Editorial Summary included in the publication mentioned above.
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Conceptual Earliest Events

Early effects in radiation chemical processes can be lo-

071% sec to 1077 sec on the basis

cated on a time scale from 1
of general arguments and basic knowledge of the processes.
Events from 10718 to 107! sec are currently in the domain of
theoretical study only, as experimental techniques are not

yet capable of resolving such events,

The main subjects discussed were: a) time scale; b} ultra-
viplet spectra; c] electron impact spectra; d) triplet produg
tion.

Observed Earliest Events

v

 The earliest events which have been resolved experimental

1y occur later than 107 '!

sec after energy deposition, al-.
though faster techniques can be foreseen. Even at. these ear-
ly times, processes which may be considered to be chemical

have aflready been completed.

The main subjects discussed were: a) picosecond pulse ra-

hdiolysis; b) mode-locked laser experiments.

Thermalization of Electrons

The time and distance required for an electron to attain
its long time (usec) condition, e.g., solvated, hydrated,
trapped, etc., are the major concerns of early processes.
Theoretical ideas and empirical studies of the relevant mech
anisms have not yet converged,‘but several model distribu-
tions qf_fhermalization distances can be suggested.

The main subjects discussed were: a) dielectric relaxa-
tion; b) experimental distribution of thermalization lengths;

. ¢) mechanisms.

v

Nature of Solvated and Dry Electrons

The nature and behavior of solvated and hydrated electrons
have been the subject of many studies. This impbrtan; species

-
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may be formed as warly as 107! sec after energy deposition

or even earlier. A dry electron may be presumed to be mobile
or non-localized or pre-solvated stage of an excess electron
in condensed media.

The main subjects discussed were: a) solvated electron;
b) polarization; c) meobility; d) localization; e) dry elec-
tron. '

§. Excess Electrons in Solids

Although the same physical effecfg exist in solid and
fluid phases, quantitative changes may result from dras-
tic qualitative changes in observations, These effects are
of gréatest importance in the time scales involved.

The main subjects discussed were: a) time scale; b) elec-
tron traps.

-

6. Superexcited States

"

It is known that superexcited states are produced within

10-16

where they might be directly observed. Many effects can be

sec of energy depositien, but few survive to 1079 sec,

explained either on the basis of superexcited states or on
the basis of ionic mechanisms, making it difficult to ascer-
tain the truwe importance of each.

* The main subjects discussed were: aj internal conversion
andIQuenching; b) energy migration and ionization; c)} rela-
tive impeortance; d} nature of superexcited states.

7. Biological Systems

Jt is recognized that biological systems contain high con
centrations of materials that can dratically alter even the
earliest effects compared‘to chemically simple systems. The
course of events from the time Scale of early effect to the
time scale.of classical biology remains to be explored.
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The main subjects discussed were: a) importance of early
effects; b) excited states in DNA; «¢) biological effects.

Radicals in the Selid State

Willard's experiments at low temperatures indicate that:
1) dissociative electron capture of methyl halide produces
CH; radical which co-exists with the halide negative.ion in
the same cage;.(zj half-life for the decay of the CH; radi-
cal increases greatly by perdeuteration of the matrix; (3-
methyl-pentane); (3) H atoms produced by phofolysis of HI in
CgHy , are not trapped in .the matrix. -

The main subjects discussed were: a} radicals in a low
temperature matrix; b) H atoms; ¢) electron spin resonance
spectra and spin states.
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