Publication Date: April 17, 1998 | doi: 10.1021/ba-1998-0254.fw001

Photochemistry and Radiation
Chemistry

In Photochemistry and Radiation Chemistry; Wishart, J., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1998.



Publication Date: April 17, 1998 | doi: 10.1021/ba-1998-0254.fw001

In Photochemistry and Radiation Chemistry; Wishart, J., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1998.



Publication Date: April 17, 1998 | doi: 10.1021/ba-1998-0254.fw001

ADVANCES IN CHEMISTRY SERIES 204

Photochemistry and
Radiation Chemistry

Complementary Methods for the
Study of Electron Transfer

James F. Wishart, Epitor
Brookhaven National Laboratory

Daniel G. Nocera, EpIToR
Massachusetts Institute of Technology

American Chemical Society, Washington, DC

In Photochemistry and Radiation Chemistry; Wishart, J., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1998.



Publication Date: April 17, 1998 | doi: 10.1021/ba-1998-0254.fw001

QD 625 .P5 1998 c.1

Photoc_:hemistry and radiation
chemistry : complementary

Library of Congress Cata.

Photochemistry and radiation chemistry: complementary methods for the study of electron
transfer/James F. Wishart, editor, Daniel G. Nocera, editor.

p. cm.—(Advances in chemistry series, ISSN 0065-2393; 254)
Includes bibliographical references and indexes.
ISBN 0-8412-3499-X (alk. paper)

1. Radiation chemistry—Congresses. 2. Pulse radiolysis—Congresses. 3. Charge
exchange—Congresses.

1. Wishart, James F., 1958— . II. Nocera, Daniel G., 1957— . III. Series.

QD1.A355 no. 254

[QD625]

540 s—dc21

[541.3'8] 98-14002
CIP

The paper used in this publication meets the minimum requirements of American National Stan-
dard for Information Sciences—Permanence of Paper for Printed Library Materials, ANSI
739.48-1984.

Copyright © 1998 American Chemical Society

Distributed by Oxford University Press

All Rights Reserved. Reprographic copying beyond that permitted by Sections 107 or 108 of the
U.S. Copyright Act is allowed for internal use only, provided that a per-chapter fee of $20.00 plus
$0.25 per page is paid to the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers,
MA 01923, USA. Republication or reproduction for sale of pages in this book is permitted only
under license from ACS. Direct these and other permissions requests to ACS Copyright Office,
Publications Division, 1155 16th Street, N.W., Washington, DC 20036.

The citation of trade names and/or names of manufacturers in this publication is not to be construed
as an endorsement or as approval by ACS of the commercial products or services referenced herein;
nor should the mere reference herein to any drawing, specification, chemical process, or other
data be regarded as a license or as a conveyance of any right or permission to the holder, reader,
or any other person or corporation, to manufacture, reproduce, use, or sell any patented invention
or copyrighted work that may in any way be related thereto. Registered names, trademarks, etc.,
used in this publication, even without specific indication thereof, are not to be considered unpro-
tected by law.

PRINTED IN THE UNITED STATES OF AMERICA

Kmerican Chemical Society
Library

%3 : (Y
In Photochemistry §§ &f&ﬁkw‘%shart, J,dal,;
Advancesin Chemistry; A b ieM\i ngton, DC, 1998.



Publication Date: April 17, 1998 | doi: 10.1021/ba-1998-0254.fw001

Advisory Board

Mary E. Castellion
ChemEdit Company

Arthur B. Ellis

University of Wisconsin at Madison

Jeffrey S. Gaffney

Argonne National Laboratory

Gunda I. Georg

University of Kansas

Lawrence P. Klemann
Nabisco Foods Group

Richard N. Loeppky

University of Missouri

Cynthia A. Maryanoff

R. W. Johnson Pharmaceutical Research Institute

Roger A. Minear
University of Illinois at Urbana—Champaign

Omkaram Nalamasu
AT&T Bell Laboratories

Kinam Park
Purdue University

Katherine R. Porter
Duke University

Douglas A. Smith
The DAS Group, Inc.

Martin R. Tant

Eastman Chemical Co.

Michael D. Taylor

Parke-Davis Pharmaceutical Research

Leroy B. Townsend
University of Michigan

William C. Walker

DuPont Company

In Photochemistry and Radiation Chemistry; Wishart, J., € al.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1998.



Publication Date: April 17, 1998 | doi: 10.1021/ba-1998-0254.fw001

Foreword

The Advances in Chemistry Series was founded in 1949 by the American Chem-
ical Society as an outlet for symposia and collections of data in special areas of
topical interest that could not be accommodated in the Society’s journals. It
provides a medium for symposia that would otherwise be fragmented because
their papers would be distributed among several journals or not published at

Papers are reviewed critically according to ACS editorial standards and
receive the careful attention and processing characteristics of ACS publications.
Volumes in the Advances in Chemistry Series maintain the integrity of the
symposia on which they are based; however, verbatim reproductions of previ-
ously published papers are not accepted. Papers may include reports of research
as well as reviews, because symposia may embrace both types of presentation.
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Preface

Electron transfer is fundamental to mechanisms of chemical and biological
energy conversion. Our understanding of electron transfer in biology, chemis-
try, and materials has been greatly advanced by studies using radiolytic and/or
photochemical initiation. Both techniques encompass the fast and even ultrafast
regimes, thereby giving the experimentalist a wide temporal window in which
to measure kinetics of the electron transfer event. An important theme to have
emerged from such studies over the past two decades is that radiation chemistry
can be used to investigate electron transfer reactions in ways that are comple-
mentary and synergistic to photochemistry.

Despite the complementary nature of photochemistry and radiation chem-
istry, crossover between the two fields occurs far less frequently than it should.
The primary cause is that for practical reasons of infrastructure, pulse radiolysis
equipment in the United States and abroad tends to be located in a small
number of sites (for example, national laboratories) such that awareness of the
availability and applicability of the technique is limited. Consequently, students
at most academic institutions have little exposure to the field of radiation chem-
istry. This educational deficiency is compounded by the fact that, although
specialist meetings in radiation chemistry are held on a regular basis, the tech-
nique has seldom been featured at general meetings where a wider audience
could be reached. Indeed, radiation chemistry had not been featured at a na-
tional American Chemical Society meeting between the mid-1970s and the late
1990s. Despite this lack of attention, radiation chemistry remains highly relevant
to current-day issues such as the chemical conversion and storage of solar energy
and the management and remediation of radioactive waste repositories. For
this reason, we believed that a symposium on radiation chemistry and its relation
to electron transfer studies would provide a valuable educational service to the
chemical community.

In April 1995, we organized a symposium entitled “Complementarity of
Radiation Chemistry and Photochemistry in the Study of Electron Transfer”
at the 209th American Chemical Society National Meeting in Anaheim, Califor-
nia. A tutorial session on radiation chemistry was held prior to the symposium,
to familiarize the audience with radiation chemistry principles, techniques, and
applications. The symposium brought together prominent investigators in sev-
eral areas of electron transfer, including donor—acceptor systems connected
by metalloproteins or synthetic spacers, reactivity coupled to electron transfer
processes, and electron transfer in unusual media or conditions such as metal
clusters, layered systems, high pressure, and subpicosecond timescales.
Throughout the presentations, examples abounded of how radiation and photo-
chemical techniques could be applied together to provide more information
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and clearer understanding of various electron transfer systems. Since that time,
comments from several younger chemists encourage us to believe that the
educational purpose of the symposium was indeed realized.

This book is our attempt to extend the educational purpose to scientists
of all ages who may benefit from knowing more about pulse radiolysis as another
potential technique in their arsenal. The content of the book is primarily about
electron transfer, however, the lesson about the whole of the two techniques
being greater than their sum extends to other areas of chemical reactivity as
well. The first three chapters provide the reader with a basic understanding of
the effects of ionizing radiation on matter and how various ionizing radiations
are generated. The rest of the book provides examples, from all of the aspects
of electron transfer presented in the symposium, which demonstrate the cross-
fertilization between radiation chemistry and photochemistry. We hope that
this book will enable readers to surmount barriers in their own research in ways
that they might not have previously considered.

The editors gratefully acknowledge the ACS Division of Inorganic Chemis-
try, the Petroleum Research Fund, and Associated Universities, Inc. for provid-
ing funds in support of the symposium held at the Spring, 1995 ACS National
Meeting. We thank all of the symposium participants and we are especially
indebted to the authors for their cooperation in the preparation of this volume.

James F. Wishart
Brookhaven National Laboratory
Upton, NY 11973

Daniel G. Nocera

Massachusetts Institute of Technology
Cambridge, MA 02139
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Photochemistry and Radiation
Chemistry: A Perspective

James F. Wishart

Department of Chemistry, Brookhaven National Laboratory,
Upton, NY 11973-5000

Introduction

One hundred years have passed since the discoveries of X-rays by Roentgen,
radioactivity by Becquerel, and the quantized, particle nature of the electron
by Thomson. These milestones were crucial steps leading to our understanding
of the structure of the atom, and consequently to the breathtaking pace of
scientific and technological advances in the twentieth century. The instrument
of the discoveries of X-rays and radioactivity was the photographic plate, a piece
of photochemical technology that dramatizes the fact that the fields of radiation
chemistry and photochemistry have been intimately linked from the very begin-
ning. A chapter in this volume (1) demonstrates how radiation chemistry contin-
ues to pay its debt of gratitude to photography a century later.

Radiation chemistry is concerned with the interactions of ionizing types of
radiation, such as high-energy photons (gamma radiation and X-rays), charged
particles, and neutrons, with matter. On the subpicosecond time scale, the
important issues are the yields and inhomogeneous spatial distributions of initial
ionization events and the resulting highly energetic chemical species. On the
picosecond time scale, recombination dominates, but a few reactive radical
species persist. On longer time scales, these primary radicals can be made to
react with many kinds of solutes to produce secondary radicals for subsequent
studies of reactivity. Photochemistry, on the other hand, has traditionally been
associated with the interaction of matter with lower energy photons (UV and
visible light) and the reactions of molecular excited states, although the distinc-
tion is somewhat arbitrary and gets blurred by the use of vacuum UV and
multiphoton photoionization, and the use of X-rays to study excited states of
hydrocarbons.

During the past century, the fields of radiation chemistry and photochemis-
try developed in parallel, but each at its own pace. Early radiation sources, such
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as naturally occurring radioisotopes and X-ray tubes, were replaced in the 1940s
and 1950s by particle accelerators (Van de Graaff accelerators and cyclotrons)
and reactor-produced radioisotopes. At the same time, powerful flash lamps
enabled the study of photoinduced kinetics within the time resolution available
to instruments of that period. In the early 1960s, pulsed accelerators brought
fast kinetics to the field of radiation chemistry and led to an explosion of activity.
The development and widespread use of ever-improving laser technologies
from the 1970s onward have made photochemistry one of the most widely
represented disciplines in the chemical sciences, cutting across the traditional
divisions of physical, organic, inorganic, analytical, and biological chemistry. In
contrast, the number of researchers in radiation chemistry has declined during
the 1990s.

Although particle accelerators and radioisotopes have important commer-
cial uses, which have spurred their development over the years, the commerce
that drives laser development is immense, and laser technology has raced be-
yond that of accelerators for some time. However, in a situation which parallels
the interplay of radiation chemistry with photochemistry, during the last decade
of this century high-power, ultrafast laser technology has enabled the develop-
ment of a new generation of accelerators, which use a laser-pulsed photocathode
to inject electrons for acceleration. Completing the circle, these photocathode
electron guns have been designed to produce highly collimated, monoenergetic
electron beams for injection into free-electron lasers that cover UV or infrared
regions not conveniently accessed by excited-state photophysics or nonlinear
photonic processes. Picosecond photocathode electron guns for pulse radiolysis
are now coming on-line; they are expected to perform as well as or better
than linear accelerators in some respects, with reduced operating costs and the
availability of picosecond-synchronized laser beams for multibeam experiments
(pulse-probe, pulse-flash-probe, etc.).

The first two chapters of this volume describe the interactions of ionizing
radiation with matter and the instruments used to generate such forms of radia-
tion. Emphasis has been placed on the significant differences between radiation
chemistry and photochemistry. On the other hand, detection methods for flash
or laser photolysis and pulse radiolysis have much in common. The most com-
mon techniques are variations of time-resolved transient absorption spectros-
copy (2). Emission spectroscopy is a ubiquitous photochemical technique, and
it is used by radiation chemists to study geminate recombination processes
(3). Time-resolved electron paramagnetic resonance techniques are particularly
useful for monitoring the reactivity of radical species (4). In the technique of
fluorescence-detected magnetic resonance (FDMR), the sensitivity and time
resolution of optical emission detection have been combined with the specificity
of electron paramagnetic resonance to examine the reactivity of radical cations
in radiation- and photoinduced experiments (5). Reactions of ionic species in
polar solvents can be followed by direct-current (dc) conductivity (2). Micro-
wave and dc conductivity is used to measure electron and ion migration in
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nonpolar media such as hydrocarbons (6) and liquid crystals (7), as well as in
gases (8). Time-resolved resonance Raman measurements have been allied
with pulse radiolysis at the University of Notre Dame, among other places (9).

Photochemistry and radiolysis have played a substantial role in providing
the experimental basis of our understanding of electron transfer and chemical
reactivity mechanisms, particularly on fast time scales. From an experimental-
ist’s perspective, the interplay between the two techniques is manyfold. For
example:

In radiolysis, the excitation energy is transferred to the bulk, and reactant
properties are primarily determined by the solvent and solutes. This allows
the initiation chemistry (and dosimetry) to remain invariant and reproducible
as the reagent system of interest is varied. One potential drawback of this
situation is that the limiting rate of intermediate formation is usually con-
trolled by the concentration limit of the precursor species. In photolysis,
the energy is transferred directly to the chromophore, which often directly
produces the reactive intermediate. Limitations imposed by second-order
formation reactions occur less frequently. Accurate actinometry depends on
many factors, however.

Photolytic and radiolytic methods can be used to generate the same interme-
diate species, or different ones, in the same electron transfer system. The
rate-leveling effect of the highly energetic primary radical reactions induced
by pulse radiolysis can sometimes result in different distributions of interme-
diate species than those generated by photolysis. Also, oxidative or reductive
radiolytic chemistries can be used interchangeably to approach intermediates
from different directions.

Radiolysis permits reactions to be initiated in systems that do not contain a
chromophore or an excited state that would be amenable to photolytic meth-
ods. Since a chromophore is not required, the entire spectral window is avail-
able for following kinetics.

In photochemistry, excited-state decay or back-reaction of the electron-hole
pair may limit the efficiency of generating the electron-transfer intermediate
of interest. Radiolysis experiments can often be designed to generate oxidizing
or reducing equivalents exclusively.

* The distinct spatial distribution of ion pairs generated by both techniques
permits different aspects of geminate recombination to be investigated.

The power of photochemistry and radiation chemistry as individual techniques
is manifest. When the two are combined, experimental difficulties of a single
method can sometimes be evaded, and more results and possibly new insights
can be obtained from the chemical system under study. Chapters 3—19 provide
a wealth of examples of the strengths and weaknesses of the two techniques
and the advantages of using both judiciously.
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Radiation Chemistry: Principles and
Applications

Helen Wilkinson Richter

Department of Chemistry, The University of Akron, Akron, OH 44325-3601

Radiation chemistry can be used to study reactions of free radicals and
of metal ions in unusual valency states, including electron-transfer reac-
tions. In some instances, radiation chemistry facilitates experiments that
can not be studied by photochemistry, owing to differences in the funda-
mental physical processes in the two methods. Procedures have been
developed to accurately determine radiolysis radical yields, and a variety
of physical techniques have been used to monitor reactions. In particu-
lar, aqueous radiation chemistry has been extensively developed, and
many free radicals can be generated in a controlled manner in aqueous
solution. There are extensive literature resources for rate constants and
for experimental design for a variety of radicals.

"T'he differences in the fundamental physical phenomena leading to the genera-
tion of reactive species in photochemical and radiation chemical methods result
in differences in the value of each method in the design of a given experimental
study. In some experiments, photochemical generation of the reactive species is
advantageous, while in others radiation chemical methods make the experiment
easier. In some instances, the experiment is possible only with one or the other
of the methods.

A case in point is the first demonstration of the reality of the “inverted
region” in the dependence of rate constants for outer-sphere electron-transfer
reactions on—A G°. Decades earlier, electron-transfer theories descending from
Marcus had predicted that rate constants initially should increase as ~AG°
increased, but would reach a maximum and then decrease. In spite of a number
of searches for such systems, they were not found. Using pulse radiolysis meth-
odology, Closs and Miller (1) produced solvated electrons in solution in 2-
methyltetrahydrofuran or isooctane in the presence of solutes consisting of two
aromatic groups, A and B, joined by a rigid chemical spacer. In all cases, B
was 4-biphenylyl, while the A groups were aromatic species of varying electron
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Figure 1. Intramolecular electron-transfer rate constants as a function of free-
energy change in 2-methyltetrahydrofuran solution at 296 K. (Reproduced from
reference 1. Copyright 1984 American Chemical Society.)

affinity. A and B initially were reduced by ey; at diffusion-controlled rates in
essentially statistical proportions. Then, intramolecular electron transfer across
the spacer proceeded toward equilibrium distributions controlled by the relative
electron affinities of A and B. Extraction of rate constants for electron transfer
from the reduced B group to A yielded the results shown in Figure 1.

In addition to rate constant measurements and mechanistic determinations
for reactions of radical species, pulse radiolysis techniques have been especially
successful in measurements of one-electron reduction potentials of redox pairs
where one of the partners is unstable so that traditional methods cannot be
used. The reduction potentials of a large number of species, in various solvents,
have been determined. The techniques and theoretical aspects have been pre-
sented by Pedi Neta in the Journal of Chemical Education (2).

The focus of this chapter is to present the principles of radiation chemistry,
and to present the kinds of experiments in which radiation chemistry provides
a good experimental environment, with examples from the literature. To this
end, the physical phenomena involved in both photochemical and radiation-
chemical free-radical generation are presented, and then the principles and
applications of radiation chemistry are more extensively discussed.

Fundamental Physical Interactions in Photochemistry
Photochemistry encompasses the study of chemical changes generated by the
absorption of electromagnetic radiation by molecules. Energies of photons vary
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Table I. Energies of Electromagnetic Radiation

Energy Per Energy Per
Photon Einstein
Microwave emr (rotational excitation) 0.12 meV 12]
Infrared emr (vibrational excitation) 0.12 eV 12 k]
Green light, 530 nm (electronic excitation) 2.34 eV 226 kJ
X-rays, 100 pm 12.4 keV 1.20 GJ
%Co vy-rays 1.2 MeV 116 GJ

NotE: 1 eV = 1.60219 X 1079J; 1] = 4.184 cal.

from 0.12 meV for a typical microwave region photon to 1.2 MeV for a y-ray from
89Co (TableI). By tradition, arbitrarily, “photochemistry” is limited to those cases
in which the energy of the photons is not large enough to result in ionization of
the target molecule. Except in special cases of laser photolysis, a single photon
absorbed by a single molecule is responsible for the observed chemistry:

A + hv — A* — products (1)

where h is Planck’s constant and v is frequency. In the absence of complicating
equilibria, the absorption of light of wavelength \; by a given component of
the sample is predicted by the Beer—Lambert law:

Absorbance(\;) = log(Io/I,) = €cl (2)

where I, is the incident intensity of light of wavelength \;, I, is the transmitted
intensity of this light through the sample, ¢; is the molar absorptivity (dm® mol™!
cm™!) of the component at wavelength \;, ¢ is the concentration (mol dm™3)
of the component, and [ is the thickness of the sample (cm). The distribution
of the absorbed photons among the components of the sample is controlled by
the nature of the molecular bonds of the components, as reflected in the values
of the wavelength-dependent molar absorptivities, €;, for the individual mole-
cules. As a result of this controlling absorption mode, a minor component in
a sample can be responsible for virtually all the energy deposition in the sample.
Clearly, this property can be either advantageous or detrimental in the design
of a given experiment.

Fundamental Physical Interactions in Radiation Chemistry

In common usage, radiation chemistry encompasses the study of the bombard-
ment of samples with charged particles, which results in ionization and excita-
tion of the sample components, as well as the irradiation of samples with photons
whose energies are sufficient to induce ionization of, or ejection of electrons
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from, components of the irradiated sample. The radiation can be (1) electro-
magnetic radiation, such as X-rays or gamma rays, or (2) high-energy particles,
including electrons (beta-rays), the helium nucleus, He?* (alpha-rays), or heav-
ier nuclei. It is interesting that both photochemists and radiation chemists speak
of “irradiating” their samples, and a radiation chemist could in some instances
legitimately speak of “photolyzing” a sample, though this is seldom done. In
this discussion, to photolyze will be used to describe a photolytic treatment of
a sample in the sense discussed above, and to radiolyze will indicate a radiolytic
treatment as defined here.

The physical processes of energy transfer to target species from high-
energy photons and from charged particles differ. Likewise, energy absorption
by a sample from high-energy and low-energy electromagnetic radiation is gov-
erned by different physical processes. When high-energy photons interact with
matter, most of the absorbed energy results in ejection of electrons from the
atoms of the absorbing material. The interaction depends to a large extent on
the atomic makeup of the material and much less on the molecular structure,
the controlling factor in irradiation with lower energy photons. Absorption of
energy from lower energy electromagnetic radiation, including infrared, visible,
UV, and even soft X-rays, depends totally on the molecular structure of the
medium. This constitutes the fundamental difference between the effects of
ionizing and nonionizing radiation. The photons cannot be partially stopped by
the atoms in the medium: the individual photons are entirely absorbed or not
absorbed at all, so that energy deposition from high-energy electromagnetic
radiation is described by an equation equivalent to the Beer-Lambert law:

Absorbance = log(Io/I;) = nl (3)

where the proportionality constant . is called the absorption coefficient of the
material, and [ is the thickness of the sample. Typical units are centimeters for
[ and cm™' for . Three energy-transfer processes contribute to the energy
absorption: the photoelectric effect, the Compton effect, and pair production.
The relative contribution of the three processes depends on the energy of the
photons.

The most commonly used photons in radiation chemical studies are the
gamma rays generated by the disintegration of ®Co nuclei. At the average
energy of these photons, 1.2 MeV, Compton absorption predominates. In
Compton absorption, photon absorption is followed by ejection of the most
loosely bound electron and emission of a photon of lesser energy:

A+ hvy— (AY)* + (e7)* + hv,y 4)
The contribution of the Compton process to the total absorption coefficient

(w) depends entirely on the number of electrons per gram of sample. As with
the photoelectric effect, the observed chemistry is due almost entirely to the
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action of the ejected energetic electrons as they pass through the sample and
dissipate their energy.

When a charged particle such as a high-energy electron penetrates a me-
dium, the predominant mechanism of energy transfer in the energy region of
interest in most radiation chemical studies is inelastic interactions with the
electrons of the atoms in the sample. These interactions result in jonization or
excitation of sample species, as the impinging electron dumps some of its excess
energy on its path to thermalization:

A+ (e)f = (AN)* A* + () (5)

The amount of chemical change produced by a particular high-energy particle
depends on the total amount of energy deposited in the sample and the rate
of the energy deposition. Both factors are determining because a high rate of
energy deposition results in high local concentrations of reactive species, which
promotes geminate recombination of species. The deposition of energy in radia-
tion-chemical experiments is not so homogeneous as that seen in photochemical
experiments. Local inhomogeneities along the particle tracks produce large
differences in the yields of reactive species on the time scale of chemical reac-
tions. The “linear energy transfer” (LET), which is the amount of energy trans-
ferred to the medium per unit distance traveled, is used to quantify these
processes. Typical LET units are keV/pum. The LET is essentially proportional
to the density of electrons in the medium. This property has a profound effect
on the production of radical and ionic species in solution, and is the source of
the difference in “photochemical” and “radiation chemical” experiments.

When samples are irradiated with high-energy photons or charged parti-
cles, the average energy deposition (] dm=) may be no different from that of
a photochemical experiment. However, local concentrations can vary enor-
mously. The inhomogeneous distribution of charge pairs and excited species
in “tracks” and “spurs” created by the travel of electrons through the sample,
electrons produced by high-energy electromagnetic radiation or by the exciting
charged particles, produce a very inhomogeneous environment in the immedi-
ate aftermath of the irradiation. It makes no difference whether photons or
particles are used in the radiolysis: most of the chemistry occurring in a ra-
diolyzed sample results from the deposition of energy by the electrons ejected
when a sample species, excited by absorption of a photonionizes, or when a
species ionizes as a result of an inelastic collision with a charged particle. These
secondary electrons travel through the sample, inducing further ionizations and
excitations, until they are thermalized.

There are thus two complications in the irradiation of “concentrated” solu-
tions. First, if a solute is present in high concentration, it can directly absorb
a significant portion of the energy deposited and contribute to the radical popu-
lation. Second, the solute can also affect the primary yield of species by “scav-
enging” additional primary species in the spurs and tracks, species that would
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have undergone geminate recombination in dilute solutions. These two effects
have been thoroughly documented and must be considered in any experiment.
If the solute concentration is at an appropriate level to avoid significant energy
absorption, and provided that the radiation has sufficient penetrating power,
these inhomogeneities due to spurs and tracks rapidly disappear as the species
produced diffuse through the medium. In a properly designed radiation chemi-
cal experiment, the effects of tracks and spurs are minimal.

Inhomogeneities of this type do not occur in photolytic methods. However,
linear inhomogeneities can arise when the absorbance of the photolyzed sample
is so large that a major fraction of incident photons is absorbed, rather than
transmitted, and this is a significant consideration in the design of a photochemi-
cal experiment. The concentration gradients along the irradiation axis can com-
plicate interpretation of kinetic observations, particularly for radical-radical
reactions. Likewise, linear inhomogeneities can arise in radiation chemical ex-
periments when the penetrating power of the particle or electromagnetic radia-
tion is so small that a major proportion of the initial energy is absorbed prior
to the exit of the particle from the medium. This effect must also be considered
in the design of the irradiation cell and geometry.

Under the usual conditions of a radiation chemical experiment, the disposi-
tion of energy among the components of a sample is controlled by the contribu-
tion of each component to the density of electrons in the sample. This is true
for both high-energy photons and high-energy charged particles. Consequently,
in studies of dilute solutions, it is the solvent that absorbs most of the energy.
This is the major point of difference in considering whether a radiation chemical
or photochemical method is best for a particular application. Even solutes that
would absorb virtually all visible or UV light impinging on a sample might
absorb virtually none of the ionizing radiation—all the energy from the ionizing
radiation could be deposited in the solvent. Consequently, a consideration of
optical molar absorptivities of solution components and of solvent may point
to a radiation chemical method as the path of choice in some systems.

Product Yields, Dosimetry, and Units

In every free radical experiment, you want to know the concentration of free
radicals you have generated. In photochemistry, the yield of a species X is
expressed by the quantum yield @, defined as the number of species X formed
per photon absorbed by the sample:

number of species X formed

P(X) = number of photons absorbed

(6)

The quantum yield, ®, is wavelength dependent. In radiation chemistry the
yield is expressed in terms of the G value. Traditionally, in the cgs system, the
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G value is expressed as the number of species formed per 100 eV of energy
absorbed by the total sample:

_ number of species X formed
" energy absorbed in electronvolts + 100

G(X) (7)

In the Systéme International d’Unités (SI), the G value of a species X is ex-
pressed as the number of micromoles of that species produced per joule of
energy absorbed by the sample:

number of micromoles of species X formed

GX) = energy absorbed in joules

(8)

The magnitudes of the G values expressed in these two systems are different
since 1 molecule of a species per 100 €V is equivalent to 0.1036 wmol of that
species per joule of absorbed energy. SI is used in this article. Spinks and
Woods (3) present an excellent review of units used for radiation chemical
studies in both the cgs system and SI.

The adoption of the term G value as the standard for expression of radiation
chemical yields can be traced to 1952. On April 8-10 of that year, a meeting
was held in the Department of Chemistry at Leeds University. The results, “A
General Discussion on Radiation Chemistry”, were published in Discussions
of the Faraday Society in 1952; in the discussion section, Milton Burton (4)
reported on consultations with several participants on the best method for
reporting radiation chemical yields. These participants jointly concluded that
the 100-eV yield should be used. This unit was judged to be superior to “ion-
pair yield”, the M/N ratio or number of molecules of material changed or of
product formed for each ion pair produced. Burton noted that M/N was particu-
larly difficult to use with condensed phases where the number of ion pairs
produced was difficult or impossible to measure. Even though the symbol G
was “commonly used in radiation chemistry” (5) in 1951, there was no standard
for reporting yields prior to the Leeds meeting.

Expression of product yields or reactant consumption in terms of energy
deposition requires a method of determining the dose received by a sample.
The earliest practical chemical dosimeter was the Fricke dosimeter, which uti-
lizes the oxidation of Fe** to Fe** in acidic solution. In his work on the Fricke
dosimeter, which was published in the 1930s, Fricke reported yields as mi-
cromoles of product generated per 10° roentgens of dose. By definition, 1
roentgen of X- or gamma-radiation produces in 0.001293 g of air at STP elec-
trons carrying 1 esu of charge. This way of reporting yield is numerically within
5% of the 100-eV yield G value. In his 1921 monograph on radiation chemistry,
S.C. Lind discussed yields in both gaseous and condensed systems in terms of
the M/N yield. In later work, Lind (6) discussed the need for more careful
studies of appropriate systems to understand the close relation between the
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“yield per ion pair”, M/N, and the “quantum yield”, M/hv. According to Burton
(7), the G value was commonly used during World War II in classified research
conducted at the Radiation Chemistry Sections of the Metallurgical Laboratory
at the University of Chicago. The selection of G as the symbol for the yield
may have come from the interest at the time in relating radiation chemical
yields to photochemical yields, as expressed in the work of Lind (5): y was
often used as a symbol for the photochemical quantum yield in the 1940s, and
this may have suggested the use of G for the radiation chemical yields.

In photochemical experiments, chemical “actinometers” such as aqueous
solutions of ferrioxalate are commonly used to determine the intensity of the
light impinging on the sample, that is, the number of photons per second
entering the cell. In steady-state radiolysis experiments, for example, with %0Co
gamma rays, chemical “dosimeters” are used. In pulse radiolysis experiments,
the amount of energy deposited in the sample is determined using a combina-
tion of physical and chemical dosimeters. The SI unit for absorbed dose is the
gray, where a dose of 1 Gy is the absorption of 1 joule per kilogram of sample.
The cgs unit is the rad, where 1 rd is defined as a dose of 100 erg g™*. Since
1] = 107 erg, a radiation dose of 1 rd is the same as a dose of 10 Gy, or 1
krad = 10 Gy.

The physical dosimeter is a current-measuring device which is fixed in
place in the electron-beam path on the far side of the sample cell. The device
contains a thin foil of Al or Cu, which emits secondary electrons when struck
by the high-energy electrons from the accelerator. The current generated is
nearly proportional to the total energy deposited in the sample during the pulse.
Conversion of the value obtained for the collected current to a value for the
dose delivered to the sample is accomplished using a chemical dosimeter. The
cell is filled with the dosimetry solution and irradiated: for each pulse, the
current and chemical yield are simultaneously measured, yielding a dose calibra-
tion curve. Thus, when samples other than the dosimetry solution are placed
in the irradiation cell, the delivered dose can be computed from the collected
current measurement. The need for a simultaneous dose determination with
each pulse via the physical dosimeter arises from the variability of the delivered
dose with current instrumentation. In steady-state radiolyses such as with ®*°Co
gamma rays, the dose rate is reproducible, so that a predetermination of the
rate with a chemical dosimeter such as the Fricke dosimeter is reliable.

Studies of the Mechanism and Rate Constants of Reactions
of Free Radicals and of Ions of Selected Oxidation States

In virtually all radiation chemistry experiments for which the goal is the determi-
nation of a mechanism or a reaction rate constant for a free radical or metal ion
center, the methods of choice are pulse radiolysis with high-energy electrons, or
steady-state radiolysis with high-energy electrons or ®Co gamma rays. In pulse
radiolysis experiments, transients have been monitored by optical absorption
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spectroscopy, conductivity measurements, and electron spin resonance (ESR)
spectroscopy. Steady-state electron beams have been coupled with sample flow
systems to monitor and characterize transients via ESR spectroscopy. In the
following discussion, the focus is primarily on experiments with optical absor-
bance detection. With ®Co gamma radiolysis, the complete range of analytical
methods can be used, as in steady-state photolysis.

The kinetic aspects of the experiment must be analyzed with care to assure
that the reaction conditions have been optimized for the study of the desired
reaction. It is often the case that not all the primary radicals can be converted
to a single radical species, owing to mechanistic and kinetic constraints. Conse-
quently, the requirement for a careful evaluation of the chemical kinetic aspects
of the experiment is essential.

Radiation Chemistry of Solvents: Water. The successful design
of a radiation chemistry experiment depends upon complete knowledge of the
radiation chemistry of the solvent. It is the solvent that will determine the
radicals initially present in an irradiated sample, and the fate of all these species
needs to assessed. Among the first systems whose radiation chemistry was stud-
ied was water, both as liquid and vapor phase, as discussed by Gus Allen in “The
Story of the Radiation Chemistry of Water”, contained in Early Developments in
Radiation Chemistry (8). Water is the most thoroughly characterized solvent
vis-a-vis radiation chemistry. So to illustrate the power of radiation chemical
methods in the study of free radical reactions and electron-transfer reactions,
I will focus on aqueous systems and hence the radiation chemistry of liquid
water. Other solvents can be used when the radiation chemistry of the solvent
is carefully considered: as noted previously, Miller et al. (1) used pulse radiolysis
of solutions in organic solvents for their landmark study showing the Marcus
inversion in rate constants.

The radiation chemistry of water has been studied exhaustively. An excel-
lent critical review of the properties, methods of production, and reaction rate
constants of hydrated electrons, hydrogen atoms, and hydroxyl radicals
(HO70™™) has been written by Buxton and co-workers (9). Reaction rate con-
stants for over 3500 reactions are tabulated in this publication, including reac-
tions with inorganic and organic substrates. Ross and co-workers (10) have
produced a database containing many pertinent reaction rates. Bombarding
liquid water with high-energy photons or charged particles causes excitation
and ionization of the water molecules:

—AAA_

H,O "~ H,0* + e~ (10)

Within a picosecond, these geminate species are transformed into radical and
ionic products. As shown in reactions 11-14, the primary radical species formed
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Table II. G Values of the Primary Radicals Formed
in the Radiolysis of Liquid Water

G (number/100
Radical species G (pmoll]) eV)
Hydrated electron ey 0.27 2.6
Hydroxyl radical HO' 0.28 2.7
Hydrogen atom H’ 0.06 0.6

SouRrck: Data from reference 9.

in the radiolysis of liquid water are solvated electrons, hydroxyl radicals, and
hydrogen atoms (see Table II). HyOq, Hy, and H;0" are also formed, with G
values (pmol J*) of 0.07, 0.047, and 0.27, respectively.

H,0° —» H' + HO (11)

e” — ey (12)

H,0* — H}, + HO' (13)

(e + Hy0%) - H,0° > HO + H (14)

It is a point of historical interest to note that no nondissociative excited states
of HyO have been observed experimentally or predicted by calculation. Reac-
tion 14 illustrates the geminate recombination of ion pairs in particle tracks,
mentioned previously. To some extent, presolvated electrons and HyO" re-
combine in the tracks, producing an excited water molecule, which can disso-
ciate to HO  and H'. At very high solute concentrations, some electrons can be
scavenged in their presolvation state by the solute, resulting in a higher yield
of scavenged electrons relative to the values from dilute solutions. Yields of
products such as HO" and H' are correspondingly reduced. Under ordinary
conditions of radiolysis, the yields (mol J=!) of hydrated electron, hydroxyl
radical, and hydrogen atom are 0.27, 0.28, and 0.06, respectively (Table II). In
strongly alkaline solutions, the hydroxyl radical deprotonates to give its conju-
gate base, the oxide ion (O~), with pK;5 = 11.9:

HO 2H* + O~ (15)
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Table III. Rate Constants for Selected Reactions
in the Radiolysis of Pure Liquid Water

Reaction k (dm® mol~s71)
€ + H,O— H + HO- 19 x 10'

€z + HO'— HO- 3.0 x 101

eq + HF > H 2.3 X 10'%

€xq + 02— 0y~ 19 X 10'%

H + H,O0 — H, + HO' 1 x 10!

H + HO™ — ey, 2.2 X 107

H + H—>H, 2%k = 1.55 x 10%
H + 0, — HO, 2.1 X 10'%

HO' + HO — H,0, 2% = 1.1 x 10'%
HO + HO- — O~ + H,0 1.3 x 10'°

O~ + H,0 — HO + HO- 108

O~ + 0y — Oy~ 3.6 X 10%

“ Recommended value in the source reference.
SOURCE: Data from reference 9.

Rate constants for some reactions occurring in the radiolysis of pure water are
collected in Table III.

The optical absorption spectra of these primary radicals are given in Figure
2. Of these, only the hydrated electron has a sufficiently large molar absorptivity
in an accessible spectral region, 19,000 dm® mol~! cm™ at 720 nm, to make
kinetic optical absorption spectroscopy “easy”. The other primary radicals can
be monitored optically under optimized conditions. In the absence of strongly
absorbing species, HO' reactions can be followed by monitoring its absorbance
near 250 nm; however, since the molar absorptivity is only 500 dm® mol~! cm™,
the optical system has to be well adjusted, and extensive signal averaging is
required.

Manipulation of the Primary Radicals. In the radiolysis of aque-
ous solutions, the initially formed radicals can be manipulated via appropriate
chemical additives to produce solutions that largely contain a single radical
species. Solutions containing primarily the HO' radical, the hydrated electron,
or the hydrogen atom can be produced to study the reactions of individual
radicals. As discussed in later sections, solutions of these selected radicals can
then be converted to a variety of radical reactants with careful selection of
reaction conditions.

The Hydrated Electron. The hydrated electron is the quintessential
reducing agent, with a reduction potential of —2.77 V vs. normal hydrogen
electrode (NHE) (9). Because of its high molar absorptivity, reactions of ez
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Table IV. A Selection of Rate Constants for Reduction of Substrates by the

Hydrated Electron

Substrate Reaction pH*  k(dm® mol~' s7!)
Fe(CN)s>> ez + Fe(CN)s®>~ — Fe(CN)g*" v 3.1 x 10°
Ru(bpy)s>* €q + Ru(bpy)s** — [Ru"(bpy)s(bpy)I* 7.0 3.1 x 10%°
CO(NH3)63+ e;q + CO(NH3)63+‘—> products 7 8.8 X 1010
IrClg*- exq + IrClg* — IrClg*- 8 1.2 x 10%°
Ni** €xq + Ni** — Ni* Natural 14 x 10"
Ni(CN)~  ezq + Ni(CN),®>~ — Ni(CN)* Natural 3.0 x 10°
Cu* €xq + Cu*— Cu 5.8 2.7 x 10"
Cu?* €yq t Cu®* - Cu* Natural 3.9 x 10!
Nitrous oxide e;q + NO — N, + HO™ + HO' v 8.8 x 10°
Oxygen €3q + 02— 0y~ v 19 x 10%
Benzene e;q + C6H6—> [CGHG]- 9-11.5 9 X 10°
Phenol €z + CeHsOH — products Natural 3.0 x 107

% rv indicates that the rate constant is the recommended value for the indicated reaction in the
critical review cited.

b Ru(bpy);** is the tris(2,2"-bipyridine)ruthenium(II) ion.

SOURCE: Data from references 9 and 10.

are easily followed by monitoring the decay of its absorbance. The hydrated
electron quickly reminds one that gratings pass not only the selected light
frequency but also integral multiples of that frequency, so that the usually
abundant 360-nm light from the light source must be removed with optical
filters. Mostly, €zq sees the world in black and white: the reaction rate constants
are usually either virtually diffusion controlled, or essentially zero. A selection
of rate constants for the reactions of the hydrated electron are presented in
Table IV. In its reactions with many ionic species, exceptionally large rate con-
stants arise as a result of Scheme I. Coulombic effects, e.g., ezq reduces
Ru(bpy);** to [Ru"!(bpy)s(bpy~)]* with a rate constant of 3.1 X 10'° dm® mol™*
s~! (reaction 16 in Scheme I) (11). The ruthenium remains as Ru'!, while one
of the 2,2"-bipyridine ligands is reduced to a radical anion: this species has a
half-life of =3.5 s at pH 10-12.

Typically, e is generated via radiolysis of No-saturated solutions contain-
ing 0.1 M of 2-methyl-2-propanol. Any experiment is easier to interpret if you
reduce the number of variables. Thus, the alcohol is added to remove the highly
reactive HO', which is accomplished by transferring the radical center to a 2-
hydroxy-2,2-dimethylethyl radical, as seen in reaction 19.

HO' + (CH;);COH — H,0 + (CHy)(CH3),COH (19)

Because of the high alcohol concentrations usually employed, the conversion
is complete within a few nanoseconds. The (CHy')(CH;),COH radical is largely
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<bpy>zkuar< ey (bPY)zR“(U<

O
%

HH 2+
| _IR :
N —~ + No -~
(bP)’)zRU(H): <A (bpy)zRum(

Scheme 1. Transient species arising form reduction of tris(2,2'-bipyridine)ruth-
nium(*II), as proposed in reference 11.

unreactive owing to steric hindrance. In addition, its optical absorption spec-
trum is restricted to the UV below 250 nm. After removal of HO', only ez4 and
H' remain, with G(ez) = 0.27 and G(H') = 0.06 (wmol J~!) in neutral solution.
The relative concentrations of these two species can be manipulated somewhat
by varying solution pH, as discussed below for studies of hydrogen atom reac-
tions.

Caution must be exercised in using 2-methyl-2-propanol to remove HO'.
The reactions of the 2-hydroxy-2,2-di-methylethyl radical with many species
are slow. For example, no reaction was observed in pulse radiolysis experiments
with Ni%*, and only a limiting value of <10® dm® mol~! s™! could be assigned.
However, like other carbon-centered radicals, (CHy )(CHj3)2COH can undergo
addition reactions with some metal ions, resulting ultimately in the oxidation
or reduction of the metal ion. These adducts typically have significant optical
absorbance above 250 nm and into the visible region. Some of these reactions
are likewise slow, but others are very fast. For example, (CHy)(CH;3):COH
reduces Cu®* to Cu* via initial formation of an adduct with a copper-carbon
o bond. This addition reaction is relatively slow, with kgo = 5 X 10° dm® mol~!
s~ at pH 6.0 (12): :

(CHg')(CH3)2,COH + Cu®*" — [Cu™CH,(CH3),COH** (20)

The adduct decomposes slowly (k = 4.5 X 10?s7!), producing Cu* and pre-
sumably the alcohol 1-methyl-1,3-propanediol. In contrast, (CHy')(CH3):COH
forms an adduct with Cu*, forming a metal—carbon bond (reaction 21). The
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rate constant for this addition reaction is apparently diffusion controlled, with
koy = 45 X 10° dm® mol™! s7! (13).

(CHy')(CH3);COH + Cu*— [Cu''CH4(CH3),COH]* (21)

The adduct decomposes via B-elimination of hydroxide and release of (CH3)2C
= CH,, (reaction 22). The reaction is acid catalyzed, with ko = (5.0 X 10*
+ 8.6 X 107 [H;0%]) s71 (13).

[Cu""CH5(CHj3),COH]* — Cu®** + (CH3);C=CCH, + HO~ (22)

Similarly, (CHy')(CH3)2:COH oxidizes Ni* to Ni**, producing 2-methyl-1-pro-
pene (14):

(CHg)(CH3)2COH + Ni* — (CH3);C=CH,; + HO~ + Ni** (23)

This reaction is likewise very fast, with kg3 = 3.0 X 10° dm® mol~' s7%. In this
case, an adduct intermediate was not observed, as it was with other aliphatic
alcohol carbon-centered radicals.

In the radiolysis of essentially neutral solutions of [Ru"(bpy)s]** (where
bpy is 2,2"-bipyridine containing (CH3)3COH, ez, reduces [Ru'/(bpy);*'] to
[Ru"'(bpy)2(bpy ~)I*, as described above. The (CHy )(CH3)2COH radicals gen-
erated by HO' from the alcohol rapidly add to the reduced ligand (k7 = (2.5
* 0.8) X 10° dm® mol™! s7!), producing a highly absorbing product with €399
= 11,500 dm® mol~* cm™! (Scheme I) (11). Protonation of this species to give
the final, stable product occurs via general acid catalysis (reaction 18). In this
case, using (CH3)3COH to “scavenge” HO' simply introduces a new reactant,
which may also produce interesting results. In cases where the 2-hydroxy-2,2-
di-methylethyl radical causes complications, use of 2-propanol or formate to
scavenge HO" and H' can give simpler systems. The radicals produced in the
scavenging reactions, with either reagent, are reducing radicals. Use of these
materials is discussed later.

The Hydrogen Atom. Hydrogen atom reactions can be studied in isola-
tion by irradiation of Ny-saturated aqueous solutions of 2-methyl-2-propanol
adjusted to acid pH. The hydroxyl radicals are deactivated by the alcohol, as
in the €aq experiments. Since e, is the conjugate base of H', e;4 can be converted
to hydrogen atoms via neutralization with H*, where kg, = 2.3 X 10'° dm?
mol~! s~! (Table III):

Hy + eqq— H (24)

The pK, of the H atom is 9.6 (9). However, conversion of H' to €34 Tequires
reaction with HO", and this reaction is relatively slow (kg5 = 2.2 X 10" dm®
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mol~" 571, as shown in Table III), so that highly alkaline solutions are needed
to accomplish this.

H + HO™ — ey (25)

The reduction potential of H' (-2.1 V versus NHE) (9) is only slightly less
negative than that of ez4 (—2.77 V versus NHE) (9), so that it readily reduces
many species. Typically, the rate constants are lower for the H' reactions than
for the ez, reactions, especially with positively charged species where Cou-
lombic forces speed the ez, reactions (Table V). The effects of charge are
illustrated by the role reversal in the reaction of these species with Fe(CN)*~,
where the H atom is unhindered by charge repulsion and reacts faster than
€29+ In its reactions with organic compounds, H' can act as a reductant or an
oxidant, adding to unsaturated bonds and abstracting H atoms from saturated
compounds. The reduction reactions are nearly diffusion controlled, as with
benzene and phenol. H' is more effective in reducing these aromatic species
than is e;y, with rate constants more than two orders of magnitude larger than
the €aq constants. In these addition reactions, the behavior of H" is similar to
that of HO'. Acting as an oxidant, H' abstracts H atoms, transferring the radical
center to another atom. The products of reaction with alcohols and a variety
of other compounds are essentially the same as the products with HO'’; however,

Table V. A Selection of Rate Constants for Reactions of the Hydrogen Atom

Substrate Reaction pH*  k(dm®mols™!)
Fe(CN)e>~ H' + Fe(CN)e>~ — Fe(CN)* + H* v 6.3 X 10°
Ru(bpy);;2+ H + Ru(bpy)gz"‘—) [Ru(bpy);;H]z“ 2 9.5 x 10°
Co(NH3)¢®* H' + Co(NHj)e®* — Co(NH,)e2* + H* 1 <9 x 10*
IICl:  H + ICle —> IrCl> + H* Natural 9.2 X 10°
Ni%* H' + Ni** — products Natural <3 x 10°
(no rxn obsd)
Ni(CN),~ H' + Ni(CN)> — [Ni(CN),H]*>- Natural 1.8 x 10
Cu* H + Cu*— CuH* 5.6 5.0 x 10°
Cu?* H + Cu* — Cu* + H* v 9.1 X 107
Azide ion H' + N3~ — HN;~ 6.7 19 x 10°
N,O H + N,O — Ny + HO' Alkaline 2.1 X 10°
Formate = H + HCO,” — H,; + COy~ v 2.1 x 10%
Methanol H' + CH;OH — H; + ‘CH,OH v 2.6 X 10°
2-Propanol H' + (CH,),CH(OH) — H, + (CHs);COH v 74 X 107
2-Methyl-2- H' + (CH,);COH — H; + (CHy)(CHs);COH 20 17X 10°
propanol
Oxygen H + Oy, — HOy v 1.2 x 10
Benzene  H' + CgHg — cyclohexadienyl radical v 9.1 x 108
Phenol H' + C¢HgOH — hydroxycyclohexadienyl radical v 1.7 X 10°

“ rv indicates that the rate constant is the recommended value for the indicated reaction in the critical review
cited.
SoURCE: Data from reference 10.
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the rate constants for the H atom actions are typically several orders of magni-
tude smaller, so that their contributions may be negligible on the time frame
of an experiment.

In many instances when the experimental objective is study of reactions
of a radical other than H', optimized experimental conditions nonetheless leave
the observer with significant numbers of H atoms. For example, studies of
€aq reactions in neutral pH will present the observer with a solution in which
18% of the radicals are H'. Thus, the contribution of H' reactions should be
addressed.

The Hydroxyl Radical. The hydroxyl radical is a powerful oxidant,
which reacts with many substrates at near diffusion-controlled rates (Table VI).
The overall reaction often appears to be a simple electron transfer:

R~ + HO - R + HO- (26)

However, with some metal ions, the mechanism may involve initial addition of
HO' to the metal. For example, the initial product with Cu®* is known to be
[CuOH]J?*. In other instances, the reaction proceeds via initial addition to a
ligand, followed by reaction with the metal center. For example, Ru(bpy)g,2+
reacts via addition of HO' to an aromatic ring. The metal center then acts as
an internal reducing agent, yielding HO~ and the oxidized complex.

HO' rapidly oxidizes saturated organic compounds via H atom abstraction,

Table VI. A Selection of Rate Constants for Reactions of the Hydroxyl Radical

Substrate Reaction pH* k (dm® mol~!s71)
Mo(CN)g*~ HO' + Mo(CN)g*~ — HO™ + Mo(CN)g- 6.5 58 x 10°
Fe(CN)gt HO' + Fe(CN)s* — HO- + Fe(CN)e rv 1.05 X 10%°
Ru(bpy)s** HO' + Ru(bpy);** — [Ru(bpy);OH]** 7.0 6.8 X 10°
IrCl HO' + IrCl — HO~ + IrCle> 3-45 13 X 109
Ni* HO' + Ni*— HO~ + Ni** Natural 2.0 x 10%°
Cu®* HO' + Cu®* — [CuOH]* 3-7 35 x 10°
Thiocyanate jon HO + SCN- — HO™ + SCN’ v 1.1 x 10'°
Azide ion HO + Ny~ — HO- + Ny 79-13 12 X 10
Formate ion HO' + HCO,;™ — HyO + CO,~ a4 32 x 10°
Methanol HO' + CH;OH — H,0 + ‘CH,0H v 9.7 x 10°
2-Propanol HO' + (CHa),CH(OH) — H,0 + v 19 x 10°

(CH3),C'OH (85.5%),
('CH,)(CH;)CHOH (13.3%)

2-Methyl-2- HO' + (CH3)3COH — H,0 + v 6.0 x 10
propanol (CH;)(CH;),COH

Benzene HO' + CgHg — hydroxycyclohexadienyl radical v 7.8 X 10°

Benzoate HO' + C4HsCO,~ — HOC4H5COs™ v 59 x 10°

“ rv indicates that the rate constant is the recommended value for the indicated reaction in the critical
review cited.
Sourck: Data from reference 9.
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as seen in Table VI for several alcohols. With unsaturated organic compounds,
HO' typically reacts via addition to a double bond. For example, hydroxycyclo-
hexadienyl radicals are produced when HO'" adds to aromatic species:

R R
HO- + ©/_. @/
OH

The ortho, meta, and para adducts can be oxidized to the corresponding ortho,
meta, and para phenols by a variety of oxidants. The ipso adduct of aromatic
species with appropriate leaving groups can undergo elimination reactions, re-
sulting ultimately in the production of a phenol. For example, the ipso adduct
of benzoate eliminates CO,. Oxidation of the resulting radical anion produces
phenol. The ipso adduct of methoxybenzene eliminates CH;OH, producing the
phenol radical, which can be reduced to phenol. The hydroxyl radical adducts of
some aromatic compounds undergo acid- or base-catalyzed loss of water, so
that the reaction appears to be a simple one-electron oxidation or H-atom
abstraction. The ortho, meta, or para adducts of methoxybenzene can undergo
an acid-catalyzed loss of water to produce the methoxybenzene radical cation.
Hydroxyl radical adducts of hydroxyquinones can undergo acid- or base-cata-
lyzed water loss, producing a semiquinone.

In strongly basic solution, HO" rapidly deprotonates via reaction with hy-
droxide (reaction 28). With ko = 1.3 X 10'° dm® mol™! s, the reaction half-
life is only 5 ns at pH 12

(27)

HO + HO-— O~ + Hy0 (28)

Reactions involving O’ are very different from those of HO'". For example, O~
prefers to abstract a hydrogen atom from aromatic compounds instead of adding
to the ring as HO' does.

For studies of hydroxyl radical reactions, the hydrated electrons can be
converted to hydroxyl radicals by saturating the reaction solution with nitrous
oxide. N3O is substantially soluble in water: with a Henry’s law constant (mole
fraction scale) at 25 °C of 0.182 X 107, it has a concentration of about 26 mmol
dm™3 at 25 °C. Solvated electrons are rapidly scavenged by the N,O (reaction
29), generating HO" with a reaction half-life of just 3.3 ns. Thus, within 16 ns
(five half-lives), the conversion is 97% complete.

€ + NoO — N; + HO™ + HO' (29)

The yield (wmol J~!) of hydroxyl radicals for kinetic studies is thus the initial
yield of HO' plus the initial yield of e, i.e., 0.55. The only other radical present
after 16 ns will be the H atom, which represents about 10% of the total radical
yield.
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Figure 3. Optical absorption spectrum of the (SCN )y~ radical in aqueous solution.
(Reproduced from reference 17.)

The Thiocyanate Radiolysis Dosimeter. The thiocyanate dosime-
ter is a reliable, accurate, and convenient means of dose calibration in pulse
radiolysis experiments, when coupled with a physical dosimeter of the type
described earlier. An aqueous solution of KSCN (10 mmol dm™2) is saturated
with N2O. The e, are quantitatively converted to HO" within about 3 ns, as
described above (reaction 29). The hydroxyl radicals then oxidize SCN", trans-
ferring the radical center to the thiocyanate radical (SCN’) (reaction 30). The
SCN’ radical rapidly couples with a thiocyanate ion, producing (SCN);~, a
relatively stable radical with a high molar absorptivity (reaction 31):

SCN- + HO — SCN' + HO~ (30)
SCN' 4+ SCN~ 22 (SCN),~ (31)

The production of the (SCN)y ™ radical has been carefully studied, and the G
value accurately determined. With its broad absorption band and generous
molar absorptivity (€472 = 7580 dm® mol™! cm™!), this radiolysis dosimeter
system provides an excellent means of calibrating the radiation radical yield
(Figure 3). The oxidation of SCN-~ by HO' (reaction 30) is virtually diffusion
controlled, as is the subsequent complexation of the radical with SCN™. Since
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Table VII. Inorganic Radicals That Can Be
Produced in Aqueous Solution, and Whose
Reaction Rate Constants have been Measured

with a Variety of Substrates
Carbon dioxide radical anion CO,~
Carbonate radical CO3™~
Ozone (02
Azide radical Ny
Amino radical NHy
Nitrogen dioxide radical NOy
Nitrogen trioxide radical NOy'
Phosphite radical PO,
Phosphate radical PO,2-
Sulfur dioxide radical anion SOy~
Sulfite radical SO5~
Sulfate radical S04~
Peroxomonosulfate radical SO5™~
Selenite radical SeO3™~
Dithiocyanate radical (SCN)~
Dihalogen radical anions Cly~, Bry—, Iy~
Chlorine dioxide Cloy
Bromine dioxide BrOy

SouRCE: Data from reference 15.

K31 = 10° dm® mol?, (SCN),~ is rapidly formed and significantly stable. Hy-
drogen-atom reactions in this system are slow and can be ignored.

Designer Radicals: Generation of the Radical of Choice
from the Primary Radicals

In aqueous solutions, a large variety of radicals have been generated and their
reaction rates and spectra obtained. Often, these radicals provide better radical
reagents for generating a particular species for study. Neta and co-workers (15)
recently tabulated the rate constants for the reactions of 18 inorganic radicals
(Table VII). The authors give “cookbook” procedures for generating the radicals
from the primary aqueous radicals discussed above. In addition to these inor-
ganic radicals, a variety of carbon-centered radicals can be efficiently generated
and used as radical reagents. Neta and co-workers (16) recently compiled and
evaluated substantial listings for a large number of carbon-centered radicals.
In the following pages, three species with high potential as radical reagents are
discussed: carbon dioxide radical anion, 1-hydroxy-1-methylethyl radical, and
the azide radical. In addition, production of the superoxide radical is described.
Hug has collected the optical absorption spectra of numerous inorganic tran-
sient species in aqueous solution (17).
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Table VIII. A Selection of Rate Constants for Reactions of the Carbon Dioxide

Radical Anion
Substrate Reaction pH k (dm® mol1s71)
Fe(CN)g>~ CO;~ + Fe(CN)g®> — CO, + Fe(CN)g*~ 6.0-11.0 7.0 X 108
Ru(bpy)s®* CO;~ + Ru(bpy)s>* — CO, 3-10 6.0 X 107
+ [Ru'"(bpy)a(bpy)]*
[Ru"(bpy)z(bpy)I* COz~ + [Ru''(bpy)a(bpy)]* 1.7 X 10°
— Ru!(bpy)a(bpy-CO,>")
RU(NH(;)G&" CO,~ + RU(NH3)63+—> CO, 4.8 2.0 X 10°
+ RU(NH3)62+
Co(NHj)6® CO5~ + Co(NHjy)e® — CO, 6.9 11 X 10°
+ CO(NH3)62+
IrCle2 COs~ + IrCleZ — CO, + IrCle® 6.0-7.0 17 X 10°
Ni* CO;~ + Ni* — NiCO, 5 6.6 x 10°
Niz* CO,~ + Ni* - CO, + Ni* Natural 100
(est., no rxn obsd)
Ni(CN)2 COs~ + Ni(CN)> — CO; + Ni(CN)2~ Natural 12 X 10°
Cu* CO,~ + Cu* — CuCO, 73 >1 X 101
Cu?* CO;~ + Cu®* — CO, + Cu* 73 2.0 X 10°
N.O COs~ + N3O + Hy;0 — CO, + Ny 44 1.6 x 10°
+ HO™ + HO'
Oxygen COy~ + 0y — COy + Oy~ 8 2.0 x 10°
Nitrobenzene COg'_ + CsHsNOz—) C02 + CGH5N‘02_ 6-7 1.0 X 109

Sourck: Reference 10.

Carbon Dioxide Radical Anion. CO,- is an efficient reducing
agent, rapidly reducing a large number of aqueous metal ions and metal com-
plexes without formation of intermediate adducts, as illustrated in Table VIII.
Reduction of Oy by CO,~ is commonly used to produce superoxide radicals
for study of its reactions. COy~ also reduces a variety of organic species: it
transfers an electron to nitrobenzene, producing a radical anion. The less nega-
tive reduction potential of COy~(~2.0 V versus NHE) (16) relative to that of
€aq (-2.77 V versus NHE) (9) is illustrated by its ability to reduce aromatic
compounds only if they contain electron-withdrawing substituents such as
—-NO,. CO;~ reduces Ru(bpy);** to [Ru'(bpy)z(bpy~)]* (reaction 32), just as
€39 does. However, the CO, ™ rate constant is smaller by a factor of 500.

COz~ + Ru(bpy)s** — CO, + [Ru"'(bpy)s(bpy™)]* (32)

CO;~ + [Ru"(bpy)z(bpy~)]* = Ru"(bpy)a(bpy-CO2*") (33)

Like the 2-hydroxy-2,2-di-methylethyl radical, CO,~ can add to the reduced
2,2"-bipyridyl ligand in the ruthenium complex (reaction 33). In contrast to the

electron-transfer reaction, the addition reaction is nearly diffusion controlled.
Rates of many of the electron-transfer reactions of CO, ~ are sufficiently below
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the diffusion-controlled range where correlations between rate constants and
reduction potentials can be made, in accordance with Marcus theory, showing
that CO,~ can undergo outer-sphere electron transfers.

CO; ™ is produced by the reduction of CO; with ez, or by the abstraction
of a hydrogen atom from formate by H' or HO" (reactions 34-36).

CO; + €5 — COg~ (34)
HCO,™ + H' — CO;~ + H, (35)
HCO;~ + HO' — CO;~ + H,0 (36)

If the objective of an experiment is to convert all the primary radicals to strong
one-electron reductants, addition of formate to the solution and saturation with
N; will accomplish the goal. Both H' and HO' will be rapidly converted to
COy "~ via reactions 35 and 36, and €3q Temains, ready to reduce without compli-
cations that could arise from the presence of dissolved COs,.

In some cases, CO;~ forms adducts containing metal-carbon bonds, such
as with aqueous metal ions like Cu* and Ni*. In the case of Ni*, the protonated
product, NiCOH*, is quite stable.

1-Hydroxy-1-methylethyl Radical. The 1-hydroxy-1-methylethyl
radical, (CH;)oC'OH, and its conjugate base, (CH3)C'O", are excellent reduc-
ing radicals, which exhibit more selectivity than the hydrated electron (Table
IX). The driving force for the reducing power of these radicals is the production
of acetone (reactions 39 and 40). These radicals are generated in the radiolysis
of NyO-saturated aqueous solutions containing 2-propanol. ez, is converted
rapidly to HO" by reaction with N,O, as discussed previously. HO" rapidly
oxidizes the alcohol via abstraction of a hydrogen atom from the secondary
carbon (reaction 37). Of the hydrogen atoms abstracted by HO', 85.5% come
from the secondary carbon, while the remainder come from one of the methyl
groups, producing the (CHy' )(CH3)CHOH radical (18). This radical is a weak
reducing agent, so that its reactions can generally be ignored. The hydroxylic
proton of (CH;3),C'OH is very labile relative to the hydroxylic proton in the
parent alcohol: pKsg is about 12.03, so that Ksg is more than five orders of
magnitude larger than the corresponding value of the parent alcohol (19).

HO + (CH3):CH(OH) — H;0 + (CH3):COH (37)
(CH3);COH 2 (CH;3),CO~ + H* (38)

S + (CH3);CO~ — S~ + (CHj3),CO (39)

S + (CH3);COH — S~ + (CH3).CO + H* (40)
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Table IX. A Selection of Rate Constants for Reactions of the 1-Hydroxy-1-
Methylethyl Radical, (CH3);C'OH, and Its Conjugate Base, (CH3);C' O~

Substrate Reaction pH k (dm® mol~* s7V)
Fe(CN)g*- (CH3),C'OH + Fe(CN)¢*~ — Products 7.0 4.7 x 10°
Ru(bpy);;z*" (CH;3),CO~ + Ru(bpy)32+—> 12,7 75 x 10°
[Ru"(bpy)s(bpy)I* + (CH;).CO
(CH3);COH + Ru(bpy)s* — 7 <10°
[Ru"(bpy)2(bpy~)I* (CH;),COH + [Ru"(bpy)a(bpy ~)I* — 1.4 X 10°
[Ru'{(bpy)z(bpy-C(CHj)2(OH)")I*
Co(NH)e (CH3)sCO~ + Co(NH,)e® — (CHa),CO + 12 50 X 10°
CO(NH3)62+
(CH3);C'OH + Co(NHj)e>* — (CH;3),CO + 0-3 41 x 10°
Co(NHj)¢>* + HY
IrCle (CHy);COH + IrClg® — (CH,),CO + 46 47 X 10°
IICle + HY
Ni* (CH;3);C'OH + Ni* — [NiC(OH)(CHj),]* Natural 1.4 x 10°
Ni** (CH3);COH + Ni®* — products <1 x 10°
No Ni* obsd
Cu* (CH3)2COH + Cu* — products 45 50 x 10°
Cu® (CH3);COH + Cu® — (CH,),CO + Cu* + 6 50 X 107
H+
Zn* Zn* + (CH;3);C'OH + H* — (CH;3);CH(OH) +Zn2* 1.3 x 10°
Vitamin K,* (CH3);COH + 2-Me(3-phytyl)NQ — 7 1.7 X 10°

(CH3),CO + 2-Me(3-phyty)NQ™ + H*

“ Vitamin K, is 2-methyl-3-(3,7,11,15-tetramethyl-2-hexadecenyl)-1,4-naphthalenedione.

Sourck: Data from reference 16.

Neta and co-workers (16) have compiled published rate constants for reactions
of a large number of aliphatic carbon-centered radicals, including
CH;C(OH)CHj; and (CH;3)2C'O-, with inorganic and organic substrates. As
seen from the selection of rate constants in Table IX, the rates of reaction of
these radicals can be very high, approaching the diffusion-controlled limit in
many cases. With many inorganic and organic substrates, the reaction is a clean
outer-sphere electron transfer, as described by reactions 39 and 40. The elec-
tron-transfer reactions have been shown in some cases to actually involve an
addition—elimination mechanism.

As with formate solutions, all the primary radicals can be converted to
strong one-electron reductants in alcohol solutions: radiolysis of Ny-saturated,
alkaline solutions of alcohols (R;R;CHOH) yields solutions of e, and
R;R;C'O". The deprotonated alcohol radical anions have higher rates of elec-
tron transfer, and are less likely to undergo addition reactions than the proton-
ated radicals. Hexaamminecobaltate(III) is reduced to hexaamminecobalt-
ate(IT) by (CH3)2;C'O~ or by CH;C(OH)CH3, with rate constants of 5.0 X
10° and 4.1 X 10° dm® mol™' s7!, respectively. The high rate constant for
(CHj3)2C'O™ suggests outer-sphere electron transfer for this complex. This case
illustrates a typical aspect of electron-transfer reactions: protonation of the
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electron-donating atom in a species can dramatically reduce the rate of electron
transfer. The radicals display a similar trend in their reactions with
[Ru''(bpy)s]**. Like ez,, (CH3)2C'O~ acts as a straightforward reducing agent,
producing [Ru"(bpy)s(bpy~)]* with a near diffusion-controlled rate constant
(reaction 41) (11).

(CH3);C'O™~ + Ru(bpy)s** — [Ru'(bpy)s(bpy)]* + (CH3).CO (41)

(CH3);COH + [Ru"(bpy)s(bpy)I*
—> [Rul(bpy)s(bpy~C(CHy)o(OH))I*  (42)

In contrast, (CH;3);C'OH gives no observable reaction with Ru(bpy)32+, so that
only a limiting value, ks < 10° dm® mol™ s}, is obtained. Although
(CH3).C'OH does not readily reduce Ru(bpy)32+, it does readily add to the
carbanion in [Ru®(bpy),(bpy~)]* (reaction 42), as seen with the 2-hydroxy-2-
methylethyl radical and CO, . Addition of (CH3);C'O" to the carbanion is not
seen because the rapid reduction of Ru(bpy)s** consumes the radical.

(CHj3),C'OH reacts rapidly with Ni*; however, the reaction occurs not by
direct electron transfer but via formation of an adduct with a metal-carbon
bond. These examples illustrate the utility of the 1-hydroxy-1-methylethyl radi-
cal, and its conjugate base, in studies of electron-transfer reactions in aqueous
solutions. They also caution us to always evaluate the possibilities of alternate
reaction pathways in our experimental design and interpretation.

Superoxide Radical. Reactions of the superoxide and hydroperoxyl
radicals are studied primarily because of the role of the radicals in normal and
abnormal biological systems. Bielski and co-workers (20) compiled a list of
reaction rate constants for HO' and Oy~ and other properties of the radicals.
Unlike the majority of the radicals discussed here, the self-reactions of HOy'
and Og~ are slow (Figure 4). In particular, it is probable that no self-reaction
occurs with the superoxide radical itself, and that observed decays result from
reaction with HOy' or solution components or contaminants.

For production of the superoxide radical in radiolytic studies, HO', ez,
and H' are all utilized via oxygen-saturated formate solutions. The solvated
electron and the hydrogen atom produce Oy~ equivalents by direct reactions
with O, (reactions 43 and 44).

e;q + Oy —> Oy~ (43)
H + 02 i H02 (44)
HO, 2 0,~ + H* (45)
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Figure 4. Observed second-order rate constants for the self-reactions of
HO3/0;~. (Reproduced from reference 20. Copyright 1985 American Chemical
Society.)

The superoxide radical and its conjugate acid, the hydroperoxyl radical, rapidly
equilibrate with pKy5 = 4.9. The hydroxyl radical center is transferred to a
superoxide radical in a two-step process: HO' abstracts a hydrogen atom from
the formate ion, producing the carbon dioxide radical anion, which then trans-
fers an electron to oxygen (reactions 46 and 47).

HO + HCOy~ — H,0 + CO;~ (46)
COQ.— + 02 — CO,; + 02._ (47)

All the reactions leading to HO, and O, are rapid, so that all the primary
radicals can be converted to these radicals in a matter of a few nanoseconds.
Ironically, the superoxide radical reacts with many substrates at such slow rates
that they cannot be studied by pulse radiolysis methods, which are adapted for
the study of rapid reactions.

Azide Radical. The azide radical (N3) is a strong one-electron oxidant
with a redox potential of +1.3 V versus NHE. Neta and co-workers (16) com-
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Table X. A Selection of Rate Constants for Reactions of the Azide Radical

Substrate Reaction pH  k(dm®mol™s™)
Fe(CN)g* N3 + Fe(CN)¢*™ = N3~ + Fe(CN)g>~ 9.0 2.5 x 10°
Fe(bpy)f"’ N5 + Fe(bpy)32+—> N3~ + Fe(bpy)g3+ 7.0 2.9 x 10°
Ru(bpy)gz"‘ N5 + Ru(bpy)gz*—> N3~ + Fe(bpy);;3+ 7.0 1.2 x 10®
Mo(CN)s*= Ny + Mo(CN)g* = Ny~ + Mo(CN)s> 9.0 2.2 x 10°
IrClg>- N3 + Irclg® — N3~ + Irclg® 7.0 46 x 10°
IrBre® N3 + IrBre~ — Ny~ + IrBre® 7.0 1.8 X 10°
I- Ny + "> Ng + T Natural 45 X 10°
Ascorbate ion N3 + ascorbate ion — N3~ + ascorbate radical ion + H* 5.8 3.0 x 10°
Phenol N3 + CeHsOH i N3_ + CeHsO‘ + H* ~6 5 X ].07
Phenoxide ion N3 + CgH50™ — N5~ + ¢gHs0' 11-12 4.3 x 10°

SoURCE: Data from reference 10.

piled rate constants for 117 reported reactions of N3, and they presented an
informative discussion of the radical properties. In its reactions with many
organic and inorganic substrates, N3 exhibits rate constants corresponding to
reactions that are nearly diffusion controlled (Table X). This radical has the
significant advantage relative to HO' of usually reacting by direct electron trans-
fer without formation of intermediate adducts. The azide radical has a weak
absorption maximum at 274 nm with €377 = 2025 dm® mol™! cm. Because
of the narrow bandwidth of this peak, and its relatively low molar absorptivity,
most reported rate constants are based on absorbance growths of products.
N3’ is generated by radiolyzing NyO-saturated solutions of sodium azide. The
hydrated electron is converted rapidly to HO" by reaction with the N3O, as
discussed previously. HO' rapidly oxidizes azide ion, transferring the radical
center to the azide radical (reaction 48):

HO + N3~ — HO™ + Ny

(48)

The rate of oxidation of N3~ by HO' is nearly diffusion controlled (Table VI),
so that with only 10 mmol dm=2 of N3, the half-life of reaction 48 is just 6 ns.
The overall result is that the yield (wmol J™!) of N3 is 0.55, with a residual
yield of hydrogen atoms of 0.06. The H atoms react only slowly with the basic
solution components, and adjustments for their contribution can be made. The
rate constant for oxidation of phenol is about two orders of magnitude smaller
than that for oxidation of phenoxide, again illustrating the powerful effect of
protonation of the electron donating center.

Where to Find Information

A number of compilations and critical evaluations of rate constants for radiolyt-
ically and photolytically produced radicals are available. References to these
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documents are given throughout the text. Most of these have been produced
through the Radiation Chemistry Data Center (RCDC) of the Radiation Labo-
ratory at the University of Notre Dame, (NDRL) Notre Dame, IN, under the
direction of Alberta B. Ross, and through the National Institute of Standards
and Technology (NIST), U.S. Department of Commerce. The RCDC was es-
tablished in 1965 with support from the U.S. Atomic Energy Commission Divi-
sion of Technical Information. In the period 1965-1995, the center was jointly
supported by the National Bureau of Standards (now NIST) as part of the
National Standard Data Reference System. RCDC is now supported solely by
the U.S. Department of Energy Office of Basic Energy Sciences. The Center
is located within, and is part of, the Radiation Laboratory at the University of
Notre Dame. The central historical role played by the scientists at the University
of Notre Dame facility, including Dr. Ross, in the development of the field of
radiation chemistry is well presented by Kroh (1989) in reference 8.

Reprints of the publications in the Journal of Physical and Chemical Refer-
ence Data may be purchased from the American Chemical Society. A complete
listing of available reprints is given in the back of some issues of the journal,
along with ordering instructions.

In addition to hard-copy publications, the RCDC, in association with
NIST, has produced the NDRL-NIST Solution Kinetics Database, Version 2
(10). The database may be purchased from NIST, Standard Reference Data,
Building 221/Room A320, Gaithersburg, MD 20899. This database runs locally
on MS-DOS compatible computers. The current version contains 14,000 rate
determinations on 10,800 reactions involving 7800 chemical species. The data-
base can be searched for reactants, products, citation, or author. An updated
version, compiling data from the literature through the end of 1994, will be
released shortly.

Major portions of the data collections of the RCDC are stored in electroni-
cally readable form, including a bibliographic database of over 120,000 refer-
ences, a chemical registry database, a solution rate constant database, and a
triplet—triplet optical absorption database. The data collection is now structured
as an Oracle relational database. An implementation of the database query
interface based on the World Wide Web (WWW) is currently under develop-
ment. The WWW site of the RCDC is accessible from the home page of the
Notre Dame Radiation Laboratory (Internet address http://www.rad.nd.edu)
or directly from the RCDC WWW server at http://allen.rad.nd.edu. The center
will answer questions about its offerings and access to them via e-mail at
ndrlrcdc.1@nd.edu. The printed compilations of the center are being placed
on the WWW, starting with Rate Constants for the Decay and Reactions of the
Lowest Electronically Excited Singlet State of Molecular Oxygen in Solution.
An Expanded and Revised Compilation, by Wilkinson, Helman, and Ross.

Rate constants and other data quoted herein are taken from these materi-
als, unless noted. Original references are given only in a limited number of
cases. I have also included a list of several of the most recent books on the
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general topic of radiation chemistry. Buxton and co-workers (9) present an
especially informative discussion of practical aqueous radiation chemistry along
with their compilation of more than 3500 reaction rate constants, critically
reviewed. Many of the critical compilations present cogent discussions of basic
principles relevant to radiation chemistry.
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Accelerators and Other Sources for
the Study of Radiation Chemistry

James F. Wishart

Department of Chemistry, Brookhaven National Laboratory,
Upton, NY 11973-5000

This chapter is intended as a guide to aid in the design of radiolysis
experiments for researchers who are new to the field. It summarizes the
Jfeatures and limitations of the several kinds of particle accelerators and
X-ray and gamma radiation sources used in the study of radiation chem-
istry. The chapter describes (1) the types of ionizing radiation and their
interactions with matter, (2) the architecture and use of X-ray and
gamma radiation sources, and (3) the electrostatic and radio-frequency
methods of particle acceleration. The advantages and disadvantages of
four types of accelerators are compared. A description of proton and
heavy-ion accelerators completes the chapter.

Radiolysis, the initiation of reactions by ionizing radiation, is a powerful tech-
nique for studying chemical systems. In radiolysis, energetic charged particles
or photons transfer their energy in varied increments to the molecules of the
medium, inducing ionizations and molecular excitations. The rate of energy
loss depends on the type of particle, its energy, and the density of the medium.
These interactions occur in a confined region around the path of the particles
(the “track”), wherein the concentration of molecular fragments is high. Out-
side the track the solution is unperturbed. Ionization events frequently result
in secondary electrons with enough energy to induce further ionizations and
excitations within their own tracks or “spurs”. At subpicosecond time scales,
radiolysis results in an inhomogeneous distribution of ionized and excited sol-
vent molecules, which cross-react to yield solvated electrons, ions, radicals, and
molecular products. These primary products can then react with solutes to form
transient species of interest.

Photolysis, on the other hand, deposits excitation in specific molecules
through light absorption. The spatial pattern of energy deposition mirrors that
of the chromophore distribution. In some cases excitation directly generates
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the species of interest, whereas in others, reaction with a precursor is required.
While direct excitation offers advantages in time resolution over schemes involv-
ing second-order reactions, in some cases high-background absorption, low
quantum yield, or the lack of a suitable photosensitizer system precludes the
application of photolytic techniques to study certain chemical systems. Many
such systems are amenable to study by radiolysis. Without the need for a
strongly absorbing species in solution, a wider range of the spectrum may be
available for detection.

This chapter is meant to serve as a guide to the type of accelerators and
other radiation sources available for the study of chemical reactions. Radiolysis
techniques are in widespread commercial use in applications such as the prepa-
ration of materials, sterilization of medical supplies, preservation of foodstuffs,
as well as medical therapy. The devices used for these applications will not be
covered here, although some of them are also used in chemical kinetics research
(1).

When designing photolysis experiments, parameters such as wavelength,
pulse width, and pulse energy are critical factors. In much the same way, operat-
ing parameters of accelerators are critical to the design of radiolysis experi-
ments. The particle type and energy determine the spatial distribution of energy
deposition within the sample and the yields of primary radiolysis products.
The particle-beam pulse width and pulse structure define the available time
resolution. The charge-per-pulse is analogous to laser pulse energy; at lower
doses, signal intensity varies with dose, whereas at higher levels, higher-order
effects appear (significant bimolecular reactions between radiolysis products,
for example).

Types of Ionizing Radiation and Their Means
of Interaction with Matter

There are two types of ionizing radiation: energetic photons such as X-rays
and gamma rays, and energetic charged particles such as electrons, protons,
neutrons, alpha particles, and other atomic nuclei. Low-energy X-rays (<100
keV) produce energetic electrons by the photoelectric effect. Compton interac-
tions, which are elastic collisions between photons and loosely bound electrons
that produce an energetic electron and another photon of lesser energy, domi-
nate between 0.5 and 30 MeV. Production of electron—positron pairs by X-rays
becomes significant above 3 MeV. Energy loss by X-rays to nuclear processes,
(*v,n) reactions, become important above 10 MeV and contribute little to radioly-
sis but do create safety concerns because of nuclear activation to produce radio-
isotopes. As a result of all these interactions, photon radiolysis reduces to parti-
cle radiolysis because most of the energy is dissipated by fast electrons.

In relative terms, the distance between energy deposition interactions (and
penetrating power) is very large for X-rays and gamma rays (hence their utility
for visualization within opaque objects), and moderate for electrons. For more
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massive and more highly charged particles, it is short because of their lower
velocity (at a given energy) and the strength of their electrostatic interactions
with the electrons of the material being penetrated. Heavy ions have a high
linear energy transfer (LET) value. As the density of interactions increases,
cross reactions between initial radiolysis products become more probable,
changing the absolute and relative yields of the ultimate radiolysis products.
Although precise examples of this effect are beyond the scope of this chapter, it
is important to remember that the different types of radiation result in different
distributions of products.

Particle energy is another important criterion. The probability of interac-
tion between a charged particle and the medium it penetrates is a function of
energy. Fortunately, the interaction probability in water is relatively constant
for an electron in the 1-50-MeV range, resulting in a near-linear relationship
between the energy and penetration depth as shown by the dose—depth profiles
depicted in Figure 1 for electrons of several energies.

X-ray and Gamma-Ray Sources for Radiolysis

Certain radioactive decay processes can be used to provide a source of gamma
radiation for radiolysis. One particularly useful isotope is ®Co, which is pro-
duced by thermal neutron bombardment of **Co. ®Co has a half-life of 5.27
yr and emits gamma radiation with an average energy of 1.2 MeV. Another
commonly used gamma source is '3’Cs (half-life 30.17 yr, 0.66 MeV).
Radioactive sources must be shielded to protect workers from occupational
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Figure 1. Dose—depth profiles for electrons of several energies in water. (Data
from reference 11.)
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radiation exposure. Shielding schemes for sources fall into two types, depending
on how the source is to be used. The first type, often referred to as the “well”
configuration, uses a steel-clad source shaped like a hollow cylinder or a cylindri-
cal array of source rods. The source is completely enclosed by shielding material
except for a vertical shaft leading to the center of the source. Samples to be
irradiated are lowered into the source for the desired amount of time. The
cylindrical source geometry assures a uniform radiation field inside. Sample
volume is limited by the design of the source.

The second type of radioactive source structure is the labyrinth. In this
design, the source is used to irradiate materials within a room that is separated
from occupied areas by a maze of shielding material. The source is stored within
a shielding block to allow access to the room for the placement of samples.
Once the room is secured, the source is withdrawn from the shield by remote
control to irradiate the samples. The access doors and the source control mecha-
nism must be interlocked for the safety of personnel. This type of facility is
more elaborate than the well design, but the large volumes of material it can
accommodate make it well suited to processing.

Both types of sources are useful for continuous radiolysis or even time-
resolved studies on the several-minute time scale or longer, such studies are
limited by the time required to move the sample in and out of the source.
Competition kinetics is often used to obtain kinetic information about reactions
too fast to measure directly by time-resolved methods (2). Continuous gamma
radiolysis is also a convenient method of generating radiolysis products for
identification and chemical analysis (instead of using pulsed sources, where the
average dose rate is much lower).

Particle accelerators may be used to generate pulsed or continuous beams
of broadband X-radiation through the process of bremsstrahlung (German for
“braking radiation”). An electron beam is directed into a thin target of high-
atomic-number material such as tungsten, gold, or lead. As the electrons are
slowed by their interactions with nuclei in the material, they emit X-rays, mainly
in the forward direction with respect to the electron beam. The distribution of
X-ray energies is a function of the incident electron energy and the type and
thickness of the material under bombardment. Bremsstrahlung generation is
an excellent means of generating very short (pico- or nanosecond) pulses of X-
rays for time-resolved studies.

X-ray tubes were used by early researchers because they were the most
powerful radiation sources at the time. For radiation chemistry, tube voltages
as high as 250 kV were used; in comparison, voltages of 150 kV are used for
industrial radiography and 60 kV for crystallography. Although X-rays of wave-
lengths characteristic to the anode material are generated, the bremsstrahlung
continuum (which peaks at one-third of the incident electron energy) domi-
nates.

A synchrotron can be used as an intense source of X-radiation over a
wide range of energies. Synchrotron radiation is generated when high-energy
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particles are steered along a circular orbit in a storage ring. X-ray emission
from such a source is very broadband; monochromators are often used on
synchrotron beamlines. Wigglers (devices with alternating magnetic poles) can
be used to increase radiation intensity and enhance a particular energy range.
Time-resolved studies are limited by the orbit period of the storage ring and
the distribution of the multiple particle bunches simultaneously stored in the
ring. Synchrotron X-ray sources excel in their intensity and the ability to tune
the energy of the incident radiation. The complexity and physical size of syn-
chrotrons necessitate large facilities. The major synchrotron facilities have a
proposal review process for access to beam time and extensive experimental
and lodging support for visiting scientists.

Particle Accelerators for Radiolysis

Acceleration of a charged particle requires a force applied by an electric field.
The field can be derived from an electrostatic potential, as shown in Figure
2a, or from the sinusoidal electric field component of electromagnetic radiation
(typically, but not exclusively, radio frequency (RF) or microwave), as shown
in Figure 2b The electrostatic potential gradient is essentially constant in time
and space, providing constant acceleration to the particle. The electric field of
electromagnetic radiation oscillates in time and space, so the acceleration that
charged particle undergoes is time- and location-dependent. The result is that
the particles will tend to settle at the point where they receive enough accelera-
tion to keep up with the oscillating field as it moves in time and space. Particles
that ride higher on the wave will receive more acceleration and will catch up
with ones riding lower. The RF field thus tends to group the electrons into
“bunches.”

Generally speaking, electrostatic accelerators operate at lower particle
energies (1-5 MeV). RF accelerators (e.g., linear accelerators and RF electron
guns) can accelerate particles to much higher energies (GeV).

Radiation Safety in Accelerator Facilities (3). During opera-
tion, accelerators can generate a large X-ray flux from bremsstrahlung produced
by the particle beam, from loss during transport as well as from the beam
striking the target. The radiation flux depends on many variables, including
particle type, energy, current, and the layout of the facility. For accelerators
with particle energies below 10 MeV, the radiation hazard is nonexistent once
the machine is turned off. (Above that threshold, nuclear activation by the
absorption of X-rays can produce radioactive isotopes in common materials.)
In order to protect workers, concrete or lead block enclosures may be assembled
around the accelerator and beamline, and the entire facility may be located in
an underground vault. Typically, experiments are set up while the accelerator
is turned off. During operation, a rigorous, redundant interlock system is used
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Figure 2. (a) Schematic representation of electrostatic acceleration. (b) Schematic

representation of acceleration by an oscillating electric field. Arrow lengths indi-

cate the strength and direction of the acceleration that electrons undergo at differ-
ent points in the RF phase.
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to exclude personnel from the areas in which the accelerator and particle beam
are located. Experiment manipulation and data gathering are done by remote
control from a nearby room that is protected from the radiation by a given
thickness of concrete.

Van de Graaff Generators

Virtually every person who has taken an introductory physics course or visited
a science museum has seen a demonstration of a Van de Graaff generator (4).
Such machines operate on a principle of electrostatics that states that if a
charged conductor is brought into internal contact with a hollow conductor, all
of the charge on the internal conductor is transferred to the external one,
regardless of its potential. A motor-driven pulley at the ground terminal drives
a belt of nonconducting material that passes over a second pulley inside a metal
sphere or hemisphere (Figure 3). The support structure between the ground
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Figure 3. A Van de Graaff accelerator. The actual orientation of the machine
may be horizontal or vertical.
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terminal and the sphere is insulated. A charge (negative or positive) is applied
to the belt at the ground terminal, and the excess charge is removed by a
metal brush within the sphere. Charge accumulates on the sphere and a large
electrostatic potential develops between the sphere and ground. The generator
reaches its maximum potential when the current dissipated to surroundings by
corona discharge and insulator leakage matches the charging current. To sup-
press corona discharge, the accelerator is enclosed in a pressurized tank of
insulating gas such as sulfur hexafluoride or a nitrogen—carbon dioxide mixture.

A Van de Graaff accelerator (Figure 3) contains an evacuated beam tube
(~10~" Torr), which passes from the high-potential end to ground. The tube
itself consists of an alternating stack of metal plates and insulating glass spacers.
Each plate is connected to the next through a resistor (typically 1000 M(2) such
that a chain of resistors connects the high-potential end to ground. The resistor
chain provides a controlled path for charge dissipation, thereby providing an
accurate means of controlling the potential of the machine by variation of the
belt charging current. The resistor chain is also a voltage divider: the potential
between each consecutive set of plates depends on the value of the resistor
between them.

The structure just described generates a large, uniform potential gradient
across the length of the beam tube. Electrons or ions emitted from a cathode
or ion source placed at the high-potential end of the tube are accelerated to
the full potential of the machine (typically 2-5 MeV) when they reach the
ground terminal. The electrons or ions are then directed to a target for radiolysis
experiments.

Most Van de Graaff generators used for radiolysis are electron machines.
Depending on the type of cathode, a Van de Graaff can be equipped to operate
in continuous or pulsed emission. A tungsten filament can be used to generate
a continuous beam. For pulsed operation, a fine metal grid is placed over an
activated metal oxide thermionic cathode. The cathode is biased by a sufficiently
positive potential with respect to the grid to override the field gradient and
prevent emission. The machine is pulsed by momentarily driving the cathode
bias negative to allow it to emit. Pulse widths of 10 ns to 5 ps are common,
but the total charge in a pulse will scale with the pulse width. The long drift
space at constant potential gradient characteristic of Van de Graaffs precludes
currents of more than a few amperes because focusing is not available to coun-
teract space charge effects. The shortest pulse width is limited by the response
of the pulsing circuit, although an intricate method for generating a subnanosec-
ond pulse has been developed (5). Very long pulses drain the charge off the
sphere, resulting in a decrease in energy toward the end of the pulse. Repetitive
pulsing is possible (up to a few kilohertz), but the total beam current must be
limited to avoid burning through the beam window at the output of the machine.
The width of the revolving belt limits the charging current, and by extension,
the beam current.
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Advantages. Because the Van de Graaff is an electrostatic device, there
is very little electromagnetic emission that could interfere with experimental
detection systems. This makes it particularly well suited for magnetic resonance
detection systems. The electronic systems are relatively straightforward and the
mechanical parts are few, so maintenance is not difficult. System reliability is
high, and operating cost is moderate. There are no critical alignments or delicate
adjustments needed. Available radiolytic doses range up to 400 krad (a moder-
ately large value, equivalent to 2.4 mM OH radicals in NyO-saturated water).

Disadvantages. Most machines used for pulse radiolysis operate in
the 1-5-MeV energy range. The penetrating power of the electron beam is
therefore limited to 0.25 to 2.5 g/cm?, respectively (equivalent to a 2.5-25-mm
path in water). In the lower end of this range, experimental equipment design
must accommodate the limited beam-penetration depth. The relatively long
limited beam current precludes the study of very fast reactions.

Febetrons

The Febetron is a type of Marx-bank impulse generator. The name Febetron
is a trademark of the Field Emission Corporation. It consists of a bank of large
capacitors that are charged in parallel. A spark gap is used to generate a high
potential by switching the capacitors from parallel to series, whereupon they
discharge through a large cathode tube. The Febetron delivers a large charge
of electrons over a wide energy distribution. Two models deliver nominal beams
of 600 keV or 2 MeV. The limited penetrating power of the electron beams
from these devices requires the sample cell to be placed very close to the face
of the tube. The very high doses (up to 2000 krad) produced by the Febetron
are well suited to the study of radical-radical reactions and gas-phase reactions.
Due to the necessary recharging process, however, repetition rates are mea-
sured in minutes. The spark gap and electric discharge generate a significant
amount of electrical noise for detection systems to pick up. Although the initial
machine cost is modest, the cathode tubes are relatively expensive consumables.

Linear Accelerators

Linear accelerators (linacs) use a traveling wave of electromagnetic radiation,
typically in the radio or microwave range, to accelerate charged particles. The
electron linac itself is made of a highly conducting material such as copper,
fabricated into a cylindrical radio-frequency waveguide. Within the waveguide,
a series of copper disks with apertures divide the structure into resonant cavities
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